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VIAK 548.0
BBK 22.37
mi2

fbedepwm YeAeRaAA NPOZPAMMA
xuuzousdanud Pocouu

PengenieHTRE

TBEpIOTO Tad BOPOREXCKOIO YERBEPCHATET
sap. xatdenpoit npod. I.M. Jomawescxan)

Tarnos IL.B., Xoxaos A.¢,
I12 Qusuxa TREpACro Teaa: Yueb. — 3-e maj., crep. — M.
Bricm. mx.; 2000, — 494 ¢.. ni.
ISBN 5-06-003770-3

B yeefadxe MUIONCHN OCHOBERC Paimennl GHIHKN TBCPIOID TENA, HiyTe-
HEE XOTODHIX DPEIYCMOTPERO NPOTPAMMON COOTBETCTBYIOmErs Kypca. Pac-
CMOTPCHR! 3IEMCHTH CIPYETYDHON IpEcTAmnorpadsn, cuocobul ONpSneIesEEs
KPECTAJLTHYSCKEX CTPYKTYD, PA3/HYHLC THIR CBI3H B TBEPALIX TenaX, NedexTd
CTPYETYph. OnBcaBE MCXAHFMECKHE CROHCTBA TBEPAHX Ted, EOachHamus
ATOMOB KPHCTAJLTHRCCROM PEIDCTEH H TemIoBRE cBOiicTBa kpactaLton. Dbcyx-

- fASTCA 30MEAN TEOPESL TBEPARIX TelX H HA €¢ OCHOBE HICKTpHAYECKES CpoiicTaa
META/UIOB, MOYIPOBROISREOD W AMVICNTPEEOCB, 2 TAKKE ONTHYECKAS § MAIHHT-
BEle CBOHCTBA TBepabx Tei. PaccMoTpeHE! TAXKe poORpocH OYpHO palmMBa-
Hieifct B gaCTOMICE BpeMs GEIEEE REICOKOTEMIEPATYDHOE CREPXIPOBOIAMO-
CTH H $HIAEE AMOP{PHEIX TBEPAMX TEIL

BrOopoe BEto B 1993 rogy.
HArn cmydenmos eyaoa, obyumowmpuxcs no wanpassenur «Dusuxay.

VIK 548.0
BBK 2237

ISBN 5-06-003770-3 ® I'YII Uagarenscrso «Brcmas mroams, 2000
-MAKCT AAHHONO HIJAHAR KEBJISETCH coBCTBEHHOCTRIO HAOATENLCTAR

«BRCIIAK MIXOMA», W €ro PenpoXyIEpORAEAe (ROCTpOE3BeJeRRe) MOCHM cnocoboM
6e3 COTaces H3IATENLCTRE A OPENACTCR.
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TNIPEIHCJ/IOBUE

B nwb6ok obnacTH coBpeMeHHOH TEXHHKH TAK HJH HHAYE HCOOMb-
3YIOTCH TBepPAHE MATEDHAJH ¢ CAMHMH Pa3/MHYHBIMH MEXaHUYeCKH-
MU, TEIJIOBHMH, 3JACKTPHYCCKHMIH, ONTHUECKHMH, MATHHTHLIMH #
apyrumu csofictpamu. [Ipu 3TOM noctosyHo Bo3HHKaeT NoTpeGROCTD
B CO3AAHHH K4K HOBHX MaTeDHAJIOB ¢ 3apaHee 3aAaHHEIMH Xapak-
TEPHCTHKAMM, TaK M B YJAVULIEHRH CBORCTB H3BECTHHIX TBEPABIX Tell.
CoBepUIeHHO OYEBHAHO, YTO CNEHHAJHCTH, paboTaioliue Hax pemie.
HHEM 3STHX 3ajay, AOMKHL o6JaaaTe TrayGOKMME 3HAHHAMH B
o6acTH GH3AKA TBEPAOro TeNa. YueGHLIMM NIaHAMH PAAA YHHBED-
CUTeTCKHX CHEeIHaNbHOCTeH, a TaKKe OJAaHAMH HEKOTOPHX cile-
nHajdbHOCTe TeXHHIECKHX BY30B NMPeAyCMOTpPEHO H3YueHHe Kypea
$usHKH TBepAoro Teaa, Onlako COOTBETCTBYMHOHIEro yueGHHKZ B
cTpaHe MO CHX Mop HET.

K HacrosiimeMy BpeMeHM H3AaH psii KHHI N0 (H3HKE TBEpLOTO
TENA KUK COBETCKHX, TAK H 3apyGexHHX aBropoB. Kampas H3 HUX
Xopolia No-cBoeMy. DoJbIUHHCTBO H3AAHKY, ONHAK], MOTYT CJAYXKHTb
yyeOHHMH Nocofuamu nuGo JHIWE mo pasfeny <«®Pusuka TBepioro
Telaz B Kypce ofuich (H3HKH, JHOO O COOTBETCTBYIOIIEMY Cileil-
KYpPCYy BO BTY3aX. B cBA3M ¢ Takod HanpasieHHOCTbIO YYCOHBIX
nocoGHR B HHX HELOCTATOUHO NMOJHO OTpaXKeHo coBpeMeHHoe co-
croduue (bU3NKH TBepAoro Teaa. K Haubosee yrayHBIM ROCOGHSAM
caepyer ornectd xaurd H. Amxpopra u % Mepmuna «®usnka
1Bepporo reaas (M., 1979) u U, Kurrens «Bpejenue B OH3HKY
tepaoro teaax (M., 1978), B KoTopHX, NpaBaa, TNaBHOC BHEMaHHe
yIAeJEeHO TeoDHH TBeploro Teaa. (JaHaKo B HHX, TdK Xe KAK H B
GOJIBIIMHCTBE APYrHX KHHT, HefloCTaToyHoe BHHMaHHe o6palieHo Ha
TaKue BasKHBle Pa3feNbl, KAK $HINKA NEKPHCTANIHYECKMX BEILeCTB,
AedekTsl u Auddy3na B TREPAHX TeNax, BA3Koe H XPYNKOe paspy-
nieHne TBepAbx Tea. Kpome Toro, pasiuude B MJaKax H NpOTrpam-
MaXx MOATOTOBKH CIEHHANHCTOB B 3apy0exHuIX (a 9TH KHHTH H3-
J1aHK Kak yueGHble mnocoOHsi AAs aMepHKaHCKUX BY30B) W HRIHHX
BY30B He MO3BOJISET B IOJHON MEpe HCIOJb3OBAThL Jadiunie ydel-
Huie mocobusi.

B 1985 r. namu Ouino Hanamo yuebHoe mocobue (I1. B. Tlap.os,
A. @. Xoxsnoe. ®u3HKa TBepaoro Teaa. M.: BII, 1985), nanncan-
HOEe Ha OCHOBe Kypca JeKoufi, YHATAeMOro aBTOPAMH B TEYeHHe
MEOTHX JIeT CTyAeHTaM-dH3HKam HukKeropoiCKoro yHHBEPCHTETZ
wm. H. H, Jlo6aueBckoro. B HeM MH nofleTajsHch A0CTATOYHO WIH-
POKO ¥ nonpofHO OCBETHUTHL OCHOBHBIE BOMpOCH (PUIHKH TBEPAOro
TeJa, OPHEHTHDYACH, B MEPBYIO OYEpelh, HA CTYACHTOR (PHIUECKHX
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ClieUHARKHOCTEH YHHBEPCHTETOB. 3a MPOLISAINEe BpeMS MH moJy-
UHJH MHOTO [OMOXKHTENBHEX OT3BIBOB O KHUTe QT NpenojaBareed
BY30B H C1YIEHTOB, a T4KKe psifi 3amedaHHil W noxenanult no ee
yayuuienno, Knanra Gnna nmepeBefeHa ua HCIAHCKHE d (ppamirys-
CKHH S3HKH, .

B ocHoBy nacroswuero yuebHuxa MmoJoikeHo 3To yueGHoe noco-
Gie. pomo/siHenkoe u nepepaborapyoe c yuyeToM TpeGopanuil yr-
BepACACHHON MporpaMMBel COOTBCTCTBYIOIWLErC Kypca H OCJAEAHHX
JOCTHXKeHHH B o0JaCTH QHIHKH TBEpROro Tesaa.

Mut pansl  BOCHOJHh3OBATRCH  BO3MOMKHOCTBIO. yTOGH eme pas
BHpa3uTh OAarofapHocTh PelUeHIeHTAM  [epBOTG  H3ZAHHA —
nped. I'. M. Enudanosy u coTpyasnkas Bo3rrapaseMol M B Moc-
KOBCKOM HMHCTHTYTE 3JCKTPOHHOrO MAIIMHOCTPOEHHA KadelpH,
AoxTOpYy H3HKO-MareMaTHueckHx uavk H. M. [Laakujpe u3 OOb-
CAMHEHHOTD HHCTHTYTA SAepHbIX uccaegoBanuit  (r. Jy6mna), a
Taxke npodeccopy IJ. I1. lomauescko!t u coTpynHHkam Kadeapwl
(pu3uxu TeEpAOro Tena BoponeXcKOro yHHBepcHTeTa, MPOPeleH3H-
POBABUIHM PYKOMHChH yueOHHKA. 32 KEHIIWE 3aMeYaHusl H COBETH,
criocoGCTBOBABILNE YIVUILICHHIO KHHTH.

Cnasw 1, 2, 4—6 nacresimero vuebuuxa namucand [1. B, Tlas-
JOBHM, riasel 3, 7-—13 uanucannl A. ¢. X0oXJA0BuM.

[Ipy noATOTORKE 1ACTOAULETO H3MEHHA HEONEHHMYle TOMOUIL
okasanu HaM npodeccopa M, A. Kapnosuu, B. §I. Jdemuxopckui,
A, . Lliypos, E. B. Uynpynos, gonents A. B. Anwon, E. C. deMn-
jaos, E. B. Kypuasuug, Q. H. lopukos, K. J1. Makcumos. Mu
HCKpeH!e NMPHIHATEAbHL HM 33 T COBETH H KPUTHUECKHE 3aMeya-
HHf, KOTOpLE OFM chenaii B npounecce Hawed. paforel man py-
Romucko. Mu BHpawaeM Ttakxe Ooapllyie  6.1arofapHocTh
JI. B. JKapxonoii, E, K. €apunoit u [. C. Xox/oBof 32 OrpoMHHil
TPYA DO TeXHUUSCKOMY GhOPMICHHIO PYKOITHUCH.

ABTOPHI,
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BBEJEHUE

Puzuxa raepdozn Teaiq _lipescTaBaser coGoit OfMH H3 BaXHed-
LIKX PA3NEN0B cospemeﬂnon Haykd. Daaromaps ycnexam Qusmku
TBEPAOTO TeNla CTaj¥ BO3MOMKHH OlPOMHBE AOCTHIKEHWUSN KBaHTOBOH
9NEKTPOHUKH, TMONYNPOBOAHHUKOBOH TEXHHKH, AOCTHXEHHS B 00.a-
CTH CO3[AHUS MATEpHaNsB ¢ YHUKAJIbHEIMH ‘Qu3MUEKHMA CBOHCT-
BAMH, OMPeAeNsIONine B 3HAYUTENbHOR CTeNeHH - BamHeHINHE Ha-
paBAeHHs HaYYHO-TEXHHYECKOTO MpoFpecca. Hey,u,uamenbﬂo no-
3TOMY, YTO MPHMEPHO NONOBHHA BCeX (U3HKOB Mupa — HECHeNOBA-
Tenedl M AHKEHEPOB — 3aHHMAOTCA TEMH HJNW HHHMH  BONPOCAMH
GH3HKH TBEPAOTO Tesa. Dosbliol BrIAj B paspuTHE QH3HKH TBep-
Joro Tesa, HapAay ¢ 3apyDemEHMH YyuSHLIMH, FBHeCIH COBETCKHE
yuenie St M. ®penkess, JI. B. Jlampay  B. JI. TwraGypr,
A. B. Uly6unkos, H. B. Benor, H. H. Boronio6os u Miorne apyrue.
O6BeKTaMP HCCTeN0BARHS ¢JH3HKH TBEPLOTO Te/la ABJMOTCH THEP-
aue Tena, [IpaKTHUECKH NpH OCTATOYHo HH3KUX TEMIeparypax Bee
gelIeCTAd HAXONATCA B TEEPAOM COCTOSHHH. [lon TBepABIMU TelaMy
fIOHUMAMOT Bele¢TBa, KOTOpHE o0B6nanaioT HeKoTopol KECTKOCTBIO
6 OTHOINEHHIO K ¢ABHTY: CTPYKTYp2 TAKHX BeutecTR OGBLIYHO SBJAA-
eTed Kplcrannuteckoll. B oxpyxamonmeM Hac MHpe HMEETCH OrpOM-
HOE KOJHYECTRO BEHIeCTB B KPHCTANIHY2CKOM COCTOAHHH, KOTODHM:
AIPUCYLIH MHOTHE BécbMa pa3Hoo(pasHue CBoHCTBA, onpe jesisieMble
KaK pa3jiuyHbiM BHYTPEHHHM CTPOEHHEM, TAK H TNPUPOAOH ATOMOS,
BXOJAMINX B HX COCTaB. ODco0eHNOCTLID CTPOSHUR KPUCTAAAURECKUY
BewyeCTs AGANCTCA NAAUUle TAK HA3LIBREMO2O «OGAbHE20» NOpAd-
‘K@ — KOPPEAALUL B0 B3GUMNOM DACNORONERUL ATOMOE (MOnEKYA)
K@ PACCTOAHUAX MHO2O OORGWLUX, HeM creduue Mexaromusie pac-
crosnus, Takas Koppemsius oﬁycmnnena AMBAMHYECKHM pPAaBHO-
BGCHEM * MHOTHX CHJ HAW NPOICCCOB, BO3HHKAIMHUX fNpH B3auMo-
AeHCTBHA ATOMOB M HMEIONINX cnerH(HYeCKoe CTPOSHHE 9JICKTPOH-
fBX o6onguek. B cocToaanW TAKOro paABHOBECHA ATOMB (MOJCKY-
Jbl) pacionaraeTcs YIopAxduedHo, o0pasys CHMMeTPUUHBDIH, [e-
PHOAHYECKH TIOBTODSIOMIHACH B MPOCTPAHCTBE Y30p, XapaKTepubii
A%l 12HHOFO KPHCTAMA3d. YKasauHoe paBHonecue MOJKET Hapy-
WaTbes 3a cueT JeeKTOB CTPYKTYPH — - TOYeUHHX AedeKToB,
AMCAOKANHKA, TYCTOT,  1ACTHL APYroft aswl, BkAOueHHHl. Muorne
CBOfiCTRA. pealbHBIX KPHCTANNOB (HOHHASA M HOJAYNPOBOIHHKOBAaS
3JIEKTPONPOBOAHOCTH, (GOTONPOBOAHMOCTD, MKIMHHECHEHUHA, MPOY-
HOCTh H MITACTHYHOCTD, OKpacka, THD(ysna) ABASIOTCH CTPYKTYPHO-
YYBCTBHTEJABHHMH, T. €. 3aBuCAT oT RedekToB cTpyKTypH. Ha3pau-
Hble HADYUeHHH, BBEJSHUE KOTOPHX CYLIECTBEHHO H3IMEHSIOT CBOH.'
CTBA TBepABIX TeJ, AOCTHIAIOTCH NYTeM KaKHX-Nubo BHEliHUX BO3-
HEACTBUH — MEeXaHHY2cKHX, $JEKTPHYECKHX, MAarHUTHBIX, HOHHO-
JY4YeBbIX, JeruposadHua. IT0 OTKPMBAaeT YPe3BHYAHHO HIHPOKHE
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BO3MOXHOCTH YNPABJICHHS CBOHCTBAME TBEPAMX TeJ, HCMNDJb3Ye-
MHX B Pa3IHYHHX 06A3CTAX COPPEMEHHOH HAYKM M TeXHHKH.

KpHcrasaHyeckye TBepAHe BEUIECTBA BCTPEYRIOTCH B BHAE OT-
‘BeJbHHEX ONHHOMHHIX KPHCTAJJ0B — MOQHOKPHCTANJOB — H B BHRE
NONHKPHCTAJNAOB, NPEACTABASAIGINHX CoO0H CronueHHA Gecropamod-
HO OpHEHTHPOBAHHHX MEJKHX KPHCTAJAHKOB -— KPHCTAAJIHTOB,
HJH, KaK HX elle Ha3HBAaloT, 3epeH.

Moaoxpucm.‘mm HACTO PACTYT B BHAE MPABUALHLIX MHOrOTpaf-
HAKOB € NJIOCKHMH H ITajKHMU, K2K 3epKano, TpaHAMH H NPAMBMH
pe6pamy. @opMa MHOTOTDGHHHKA ONpeAenAeTcs CHMMeTpHel u 3a-
KOHOMGDHMWM BHYTPEHHHM CTPOEHHEM KDHCTANMA H3 YaCTHI, €rg,
COCTABASIOIMAX, DTH XK€ MOHOKPHCTAJIH B NMDHPOAE MOTYT BCTpe-
yaThCsl M He B BHJe MHOrorpamHHKOB, Bee 34BHCHT oT yeaoBmil, B
KOTOPHX BHIPOC MOHOKPHCTaM/J. MOHOKDHCTAINH, B KOTODHX B
Pa3HBIX Hanpaaneﬂuax PA3JAHUHHE DACCTOAHHA H CHAB CBA3H, B OT-
HOUIEHHH XOTH OH HeKOTOPHX CBOHCTB ABJASIOTCH dHH3OTPONHHIMH,
r. 'e. HX CBOACTBZ 3aRHCHAT OT HAaNPaBJCHHA B KpHCTANJAX.

PeanpAne MOHOKDHCTAAMH, “KaK NOK234JH MHKDOCKONHYECKHAE '
H peHTPEHOCTPYKT}'pHHe HCCJICJIOB&HHS-I, PEARC HMEWT HAaea/NBHOE
crpoerne, (OBYHO ONH HUMEIOT MO3AMMHYIO CTPYKTYpPY. Beck MoHo-

. ®KDHCTAJAN B TOM Chydae pa3OHT Ha Tak HasuiBaeMHe OJ0KH MoO-
3aHKH, pasmepoM okono 10-¢ M. Bnokn mMo3anKu cierka pasopueH-
‘THPOBaHH APYI OTHOCHTENbHo APYra, YroJ MaKcHMaJabHOE pasop-
eHTaHH HopMaJiefl K MAOCKOCTAM GJIOKOR COCTaBMACT AJs pasHu-
BHX MoHOKpHcTaaao0B 0T 10—157 no 10—15.

B noJHKpHCTANNaX KPHCTAMIHTH (3epHa) YaCTo IO CTPOCHHIO
©O1eHb GAH3KH K MOHOKPHCTAJAaM, HANDAMED, KPHCTAJANHTH PEKPHC-
TAANABORAKHHX MeraJaoB. KpHCTaaAnTH TakXe pas3fuBaloTes Ha

" G20KH MO32HKH, HMEIOHIHe pasMepn nopsika 10-¢ M, Kaxiui 610K
MO3UWKH HMEET TMOUTH HACAABHYIO CTPYKTYPY, Ho OJAOKH pacnono-
XedH HE B OAYH psj, a NOBEPHYTH APYr OTHOCHTE/bHO jJpyra Ha
Yrab 0T HeCKOJbKHX MHHYT A0 HECKOJbKHX TpafycoB.

Kpome KpHCT2aNJHUECKHX BEINECTB, B NPHPOJie HMEKTCH TaKkKe
aMopeune TBepAbe TeJa, B KOTOPHX OTCYTCTBYET. MPHCYUIHHA KpH-
crannaM «jpassHuii> nopsagox. B 1o xe ppeMs Habaiopaercs onpe-
HesIeHHast COTMIRCOBAHHOCTh. B PACHOJIONKEHNH CMEXHHX 9acTHI B
MpOCTDAHCTRE. C pacCTosiHHEM 3Ta COrJaCOBAHHOCTEL YMEHbIDAeTCH
W H2 DACCTOSHHSX, CPABHHMHX CO CPETRHMH McxaToMHHEMH (0,5—
1 uM), — Hcuesaer. B sToM cnygae reBopsT, 4YTo B aMopdHEX
. TBEDJHX TENaX HMeEeT MeCTOo- «CNMKHHMA» NOPALOK B PACTOJNONKEHHH
. aToMoB {moJexya). CtpykTypa «OayKkuero» Nopaaka aMopdHBIX
Tesl, KaK NpaBHJAC, COOTBETCTBYET CTPYKTYPHHM MOTHBaM, THNHT-
HHM AfIsl STHX BENIECTB B KPHCTANJIHYECKOM CoCTosHHH. Makpo-
CKONHYecKass Oco0eHHOCTb BelmecTs B aMopdHOM COCTOSAHHH —
eCTEeCTBeHHas M3QTponds uX ceoficTB. Pasnnuve B CTPYKTYypax
KPHCTAJJIHYECKHX H auopdmﬂx TBePEKX TeN anBOH.HT K pa3JIHIHIO

B HX HIHUECKHX CBOACTBAX. .
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Pusurxa T8epd020 Tead — ITO RAYKA O CTPOEHUL, C8OLCTAAX
76epObIX Tea (KPUCTQARUHECKUX U QMOPPHBIX) & npoucxofsujix
6 HUx Quauneckux sérenusx. Kaxk Hayka, ¢usuka TBepioro Tena
poansach B HavyaJge XX BeKa B CBSSH ¢ PA3BHTHEM DEHTTEHOBCKHX
METO/IOB ONPEAETeHHA CTPYKTYPH TBEDAMX TeJ, aTOMHON (MBHKH M
KBaHTOBOH MeXaH#KY. PH3HK2Z TBEPAOTO TCJA 3aHHMAETCH YCTAHOB-
JICHEEM 3aBHCHMOCTEH MEXAY AaTOMHO-3JIeKTPOHHOR CTpykTypoift
TBEPABIX TEJ, HX COCTABOM H DAa3JHYHLIMH (PU3NUECKHUMH CBOHACTBA-
MH -~ MeXaHHYCeCKHMH, TENJOBHMH, 3JIeKTPHISCKHMH, MATHHTHEMA,
OATHYCCKHMU M APYTHMH. YKasaHRHe 3aKOHOMEDPHOCTH YCTaHaB-
JAUBAIOTCA OYTeM HCMNOJb30BAHHA OFPOMHOTO APCEHANA COBpPeMEH-
HBIX METONOB HCCACHOBAHHA — 3JNEKTPOHHO-MHKPOCKONHUECKAX,
PeHTTEHOBCKHX, 3AeKTPOHHO-rpaduueckux H HefitpoHorpadnaecknx,
SNEKTPOHHO-NIAPAMArHATHOTO, $eppo- ¥ aHTH(EPPOMArHHTHOTO pe-
30HAHCOB, ONITHYECKHX H APYrHX METONOB, AHAJH3 NOAYYEHHHX
3aKOHOMepHOCcTe TPOH3BOANTCR € HDHUBJCYEHHEM JOCTHXKEHWH B
obsacTd GYHAIMEHTAIbHEX HayK.

®H3HKA TBeploro Tela cpeld (QyHAaMenTalLHBX HAayk 3aHH-
MaeT BIOJHe ONpeAe/eHHOe MECTO C YETKO BHpPaMKEeHHBIM npeaMe-
TOM HccnenoBaHuA ¥ 3ajavamu. [lodoxenue ©GHSHKA  TBepaoro
Tesa MOXHO NpeACTaBHTh B iEHTPE KBajgpaTa, B BEpUIMHAX KOTO-
pOro pasMeillaloTCsi MATEMATHKA, ¢ BKJIOYEHHEM B Hee MeTOROB
MaTeMaTH4yecKol (DH3NKM, xUMHSA, PH3MKA ¢ 3JeKTPOJHHAMHKOR H
MeXaHHKOH CNNOIIHEX CpeA, KBAHTOBAas MeXaHHKa €O CTaTHCTHYe-
ckoit Pu3HKok H 3JeKTpoAHHAMHKOA. Hepes 9TH HaYKH NPOMCXOLHT
cOAnxenHe HH3HKH TBEPAOro Tend C TeXHHIECKHMH HayKaMH.

Uenbio HAacTOANIETO Y9eHEHKA ABMSETCH CHCTEMATHUCCKOE H3J0-
XeHRe ocHoB (H3HUKH TBEpAOro Teja, BKJIOUAINHX ofLlHe npef-
CTABJEHHS O CTPOEHHH KPHCTRJNOB X aMOPQHHX BEIECTB, MeTogaX
HCCJAe0BAHHA CTPYKTYPH, 4 TaKKe pasNHUHBX (PHIHUECKHX CBOHCT-
B2X! TEMAOBBX, MarHHTHLIX, CBEPXNPOBOASAINHX H AD.

Onnofi w3 Hanwbonee BaXKHHX 3aaad, CTOSIHMX B HacTodilee
BPeMS Dlepe] VYeHRIMH M CHeNHaJHCTAMH, SBJAETCSH 3afkada Co3Aa-
HHSA CBepXMATePHANOB ¢ 3aA4HHNMH CBOACTBAMH, TOYHOIO HpeacKa-
328U WX OOBejeHHs B SKCTPEMANbHHIX YCAOBHAX, VCTaHOBJEHHS
pecypca paGorkt MaTepHanoB H T. A. PelieHHe 3Tofl ® aApyruax He
MeHee BaXKHBIX 32434, HANDHMeEp, CBA3AHHHIX C 3JIEKTPOHHOH Tex-
IHKOH, HeRo3MoXKHO Ge3 rayboKoro ocBoeHusi H panpHefillero pas-
BUTHA H3IAKY TBEPAOTO Teja, AJs dero HeobXoxdMa MOATOTOBKA
CnenMaNHcTOB-(PH3HKOB, BOOPYKEHHHX 3HAHHSAMHE HE TONBKO CBOETO
lpeaMera, HO H CMeXHbIX Hayk. HenocpeacreeHHoe ygacTHe (pH3H-
KOB B HCCNEAOBATENBCKHX M IKCONYATAMHOHHHK paboTaX MOBHCHT
KayecTBo 3THX pabor H OGyAeT cnocobeTBOBATL PEIUCHHK BaXHef-

WHX 3anay H camol pH3HKH TBepAOrO TeJla M HAPOLHOTro Xo3ff-
CTBa,
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rnABA 1

CTPYKTYPA KPHCTANJIOB H CNOCOBbl EE
ORPENEJNEHNWS

1.1. TOUEYHAA CHMMETPHA KPHCTAJJIOB

CuMMmeTpus — o0JHO H3 (YHZAMEHTA/AbHLIX NOHATHH (DHU3HLH A
ecTecTBO3HAHKA. B caMOM WHPOKOM CMEICTE CIOBA CHMMETPHH NOA-
pasyMeBder HaJHUHe B oOBEKTax HAH S§BIeHHSX TPHPOAB! Merc-tTo
HeH3MEHHOTI'C, HHBADHAHTHOTO N0 OTHOMICHHIO K HEKOTOPHIM mpeot-
P43CBRHHRM B IPOCTPAHCTBE MepeMeHHHX, OMHCHBAINUX paccMaT-
puBaeMHe ofbeKrol uaH sBieHus. Hanbonee SpKo MNOHATHE cuM-
METPHH NPOSB/ASeTCH B KpHCTaJnorpadun, CHMMeTPHS SBJISETCH
CBOCTBOM KpHcTaanoB. KpueTanaW npH pocTe B TeDMOAHHAMH-
YecKH PaBHOBECHBIX VCJAOBHUAX NMPpHOOPETAT MPABHABHYK BHElHO0
¢opMy B BHIE MHOTOTPaHHHKCB ¢ MJAOCKHMH TDaHAMH H NDSMBIMH
pe6paMi, ¥TJBl MeXAY COOTBETCTBYIOUIHMH TIPAHAMH KDHCTRJJOB
JNaHHOTO BelreCTBA MOCTORHHH H XapaKTepHH ANS ITHX KpHCTAlN-
JIOB — 33KOH MOCTOAHCTBA VIJAOB, SIBJSIOIIMICH NPOABJCHNEM Ipa-
BHABLHOrO BHYTPEHHEr0 ATOMHOTO CTPOCHHS KPHCTaJMJIHYECKOrD BE-
uiecTB2. B TaKHX MHOTOrpaHHHMK2X paBHO3Haunbie rpain n pebpa
HepPHOAHYECKH TOBTOPSKOTCA. B 2TOM ciydae roBopsAT, 4T0 KpUCTAR
ofnanaer cuMMerpRed. EcTectBeHHO, 4TO YKA3AHHKHA MHOMOIPAHHUK
OBOPOTOM BOKPYT KakKofi-nn6o ocH, oTpaxedHeM B TOUKe HJH B
NAOCKOCTH MOXET COBMENIAThCH caM ¢ coOOH BCEMH CBOHMMII TOMKA-
MH, MPH 39TOM paccrosHliie Mexay /M0G0 Mapod Touck B HEM
ocTaeTcd HenaMesHHM. OnepanHn (MOBOPOT, oTpayKeHHe. CMeile-
HUe), B pe3yibTaTe KOTOpHIX OOBEKT (KPHCTRAM, recMeTpHUeCKas
.urypa) npeofpasyercs B cefs, Ha3WBRIOTCH CHMMETPHYECKHMH
npeoGpasopanusimi. [IpH 3toM mpegnonaraeTcs, 910 B 06BbeKTe
HMEIOT MecT0 paBHHe (B ofmeM clyuae acHMMETPHUHblE) H
onHoo6pasno pacnosdoxenntie yacTy, Caeayer pasjxyaTe IBA BHAA
paBeHcTBa 4acTeil GUIYPH HIH caMEX PHIYD -—— cOBMeCTHMoe (KOH-
TPysHTHo¢) M 3epKajdbHoe. B mepRom caywae uUrype (HAH HX
YaCTH) COBMEMIAIOTCH BCEMH CBOMMH TOYKaMid MYTEM HAROXKEHUSA
HJAM BJIOXKEHHS, Bo BTOpoM — COBMEIEHHE BO3MOMKHO TONBKO
nocje {IpeNBAPHTENBHOrO OTPAMKEHHS OJHOH M3 (bUryp B 3epkane.
JBe 3epkaibHO paBHbie (QUrypH HasHBAOTCH SHAHTHOMOPQHLIMH
no OTHOIIEHHIO APYr K Apyry (HampHMep, mpaBas H JeBas pyKa,
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npasnfi B aeBufi rerpasap). Eehn onma durypa nprHumaercd 3a
neBylo, Torga Bropas Oyger npasoi. ITocne mnpoBedeHus Kako#t-
JAHG0 onepayHH CHMMeTpuH, npacyniel o6beKTy, 0OH He oTJNHYaeTcH
0T ofbeKTa B HCXOAHOM cocTosHHH. [Ipu nlofoM cHMMeTpHYeCKOM
npeoDpasOPaRMH KaxJasd H3 KOHeUHHX (HIyp, Mo KpadHedk Mepe,
AMEET OAHY TOUKY, KoTopas ocraeTcsd Ha Mecre. Takas Touka
sasasercs ocofeHHoR, T, e, He npeofpasyiomiefica (HHBAPUAHTHOMA)
NIPH CHMMETPHYCCKHX ofepanusX. B sToM ¢muciAe KpHcTaaan ofJaa-
JAI0T TOYEYHOH CHUMMETpHeH B OT/AHYHE OT NPOCTPAHCTBEHHOH CHM-
METDHH, XapakTepHof ANf KPHCTANAHYECKHX pelIeToK, OCHOBHOH
‘onepanueii CUMMETPHH KOTODHIX ABJSCTCH TPRHCAHUUA.

- TI'eomerpuueckne ofpazu {NpSMHeE JAMHHH, TOYKH, IJOCKOCTH},
C fIOMOIIBK) KOTOPHIX OCYILECTBARIOTCS OTASNbHEE CHMMETPHUECKHE
npeofpasoBanus (onepanny), HA3HIBAKITEA 3/EMEHTAME CHMMETDHH.
Hcxona w3 BHEUiHEH, BUAWMOH CHMMETDHH TCOMETPHYECKHX ¢HIYD
(xoHyC, I5ap, UHAHHAP, Pas3JIHUHEE MHOTOrPAaHHHKH), XKHUBHX H He-
*HUBHIX OPraHkaMoB B NOpHpOAe (pPaCTeHHS, MOJJIKCKH, MHHEpaJbl
¥ Ap.), PA3NHUAIOT CACAVIOHIHE OCHOBHHE 3IEMEHTH CHMMETDHH:
MIOBOPOTHAaA 0Cb CHMMeTPHH (MpoCTas M 3epKallbHasf), scpKaldbHasA
OTOCKOCTE CHMMETDHH, HeHTP CHMMETPHH HAYM HEHTP HHBEPCHH.

IIpocTasi moBopoTHa® oCh CHMMeTPHH — BooOpaxacMast Ips-
Mas JHHHA B (HIYPe, NPH NOBOPOTE BOKPYT KOTOPOH Ha 3JeMeHTap-
Hfi Yroa g durypa coeMellaeTca caMa ¢ cobofi BCeMH CBOHMH
TOyKaMH. BeNHUARA « ompefckAeT NORALOK OCH 7, T. & HHCJIO,
yKa3HBalolLlge Ha To, CKOJBKO paz QUrypa. COBMECTHTCH caMa ¢ Co-

360°
).

B kpucrannax, B OTAHYHE OT reOMETPHUECKHX ¢Hryp, BCTpeua-
10T¢A OCH CHMMETDHH TOJBKO NATH PA3JHYHHX HAHMEHOBAHHA HIIH
OPSIAKOB: [EePBOro, BTOPOTO, TPEThero, YeTBepToro H iecroro. Ocw
NATOrG MOpsiagKa, CeAbMOre H BHIIE B KpPHCTA/NAX 3anpeilleHH, Ho-
CKOJIBKY" HX CYIECTBOBAHHE HECOBMECTAMO C- MpPEACTABICHHEM O
Kpuctainuyeckofi peuieTke. [oKas3aTedbCTBO 3TOT0  NOJOKEHHN
MOKHO HalTH 8 AK60OM ydeSHWKe No Kpucradaorpaduu. [1pocThie
NOBOPOTHHE OCH B CHMBOJIKKE BpaBs oBoznayawtcs uepes L,, rae
(n=1,2,3,4,6) yxaswBaeT mNopsaoK ocH. B «MexaynapoaHoi»
CHMBOJHKE (mo ['epmany — MoreHy) HoBOpoTHHE ocH 0003HAYAIOT
UH{paMH, COOTBETCTBYIOLIMMH MOPAAKY ocH f: Ly=1, Ly=2, L3==3,
Li=4, L¢=6. ’

3epKanpias JI0CKOCTh (HMMETPHH ~ COQTBETCTBYET MDOCTOMY
OTpaxenHio B NMJIOCKOCTH, KaK B 3epKaJje. Takas INOCKOCTb JNENHT
TENO Ha ABE paBHHE YaCTH, COBMajalonike APYr ¢ APYIOM BCEMH
CBOUMK TOYKAMHM NPY OTPAXKEHHH B 3TOH IIOCKOCTH.. 3epKasbHas
NAOCKOCT, CHMMETPHHE B cHMBohnke Bpaps ofoznauaerca gepes P,
B «MeXKAYHapoAHOM» CHMBoJHKe — OyKBo#l m.

LlenTp cHMMETPHH HJIH LEHTP MHBEPCHH — ocofasi ToUKa BHYTPH
$urypu, npu oTpamenny B KoTopod Hrypa coBMeIlaeTcs caMa ¢
Co6ofl, T. ¢, OREpaKA MHBEPCHH COCTOMT B OTPaXKEHAH (PUIYPH B
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Touke {Kax B 3epKane), Gurypa mnocje OTpakKEHHA NOAYHALTCA Ie-
peBepHyTOfl # ofpamensof, [lo Bpaps nentp cuMMerpur ofo3nava-

or 6ykBof ¢ 0 1 (o T'epMany — Moreny).

KpoMe npocTHX NOBOPOTHHX oced B KPHCTAANaX pasiHualoT
CHAOKHHE OCH CHMMETPHH — 3epKalbHO-OBOPOTHHE H HHBEPCHOH-
Hee, FIpH HaMyuuH B KpHCTAJ/Ie 3EPKAJNLHOR OCH ONepailds COBMe-
MIeHHA YacTel KpHCTaAaa [OCTHTASTCA 33 CYeT ONHOBPEMEHHOro
[EOBOPOTA BOKPYT HEKOTOpul ocH L, H OTpaxeHHs B 3epKanbHOH
MJIOCKOCTH (KOoTOpas caMa o cebe MoXeT H He OHTb IMTOCKOCTBEY
CHMMETPHH T2K K€, K&K H OCb CHMMETDHR}, NepneH AHKYNAPHON ocH
noBopota. [Ipu HHBepCHOHHON OCH KPHCTZ/NJ COBMEIAeTCH CcdaM C
cofol0 IEPH NOBOPOTE BOKPYr HEKOTOPOH ocH L, H ero mocaeaymno-
IIEM OTPAMKEHUM B NEHTpEe TAMECTH KPHCTAJla KdK B HEHTPe CHM-
meTpHu. Ha puc. 1.1 npuBesen MHOTOTP2HHUK ¢ HHBEPCHOHHON OCbIO
qeTBepTOro NMOPHAKA. ¥ STOTO MHOTOrpaHHMKAa HeT HA MpocTof
ocd 4, ¥ UCHTPZ CHMMeTPHMH, HO €CTh MHBEDCHOHHAas OCh uYeTBep-
toro nopsiaka. Jaa Toro yToGH MHOTOrpaHHHK COBMECTHNCH CaM
¢ coBofi, HeoGX0AHMO MPOBECTH ONEPallHI0, BKAWYAIOMIYIO OLHOBpE-
MeHHo moBopaT Ha 90° H oTpaMCHHE B LEHTPE THAXKECTH.

OnepanHs 3epKaNbHOTO TIOBOPOTA C JAEMEHTAPHHM YoM «
MoxeT GEITh 3aMeHena onepaluedt HHBEPCHOHHOTO MOBOPOTA C YINIOM
noeopora ¢«'=180°—c. [lo ykasaHHOH TUPHUHHE B <«MEXAYHApOA-
HOH» CHMBOJHKE 3epKa/JbHO-MOBODOTHBIE OCH He YKasbBalores. a
WHBEPCHOHHHE OCH o06o0sHauaT apabckod umdpodt, oTBevalomed

nopsaKy. MoBopoTa 1 ¢ ueprofl ceepxy: I, 2, 3, 4, 6. Jlerko noka-

3aTh, q'ro_T=c_. 2=m,'EEL3P, 3==/[,c¢, rae Ls P yxasuBaer Ha

TO, YTO HHBEPCHOHHaf ocb 6 ecTb coyeraHye
npocTol MOBOPOTHOH ocH Ly B 3epKalbHOA IoC-

KOCTH cHMMerpun P, a 3 — coueranne ocn Lj
H [IeHTpa CHMMETPHH €.

it TlepeuncaeHHNE BHIE 3NEMEHTH CHMMETPHH

(m 1,2 3 4,6, I, 3, 4, 6) ncuepnbBalOUIHM
06]3330M OIUCHBAIDT BHEHUIHWK), BHIHMYK) ClIM-
MeTPHK) KpHCTalJNOB, _

Kaxapi# 2/JeMeHT CHMMETPHH CBS3dH C Om-

peneneHHHM HaBopoM  onepanud CHMMETPUH.

/L‘ Tak, ecnn ¢urypa ofsanaer ocklo YETBEPTOTO

MopsiAKa, TO 3TO 03HA4YdeT, YTO OHa MOXeT

6nThL COBMeingHa caMa ¢ coboft ¢ TOMOLUBK? I01-

Hofl H3 caenyiomux omepaunfi: Ro=1, Rj=4!=4,

Rp—42-=2, Rg=43=4-!  rpe R; — moBOPOT Ha

Puc. 1.1, Musepc-  qe pogpyr ocn 4, Ry — noBopor Ha 180° 1 Ry -
ouEaf ock 4 no- M o

nmosopor Ha 27(0°, KOTOpHH 32KBUBAJEHTEH MO-

pagka, O — nedTp A
camectn purypn  BOpory wa 90 B [POTHBOMOJOXHOM  Ha-
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npapjeHuH. [TocneacBarennHoe BHNOJREHWe ABYX (HJH HECKOJb-
KHX} ONepauvi CHMMETPHH TaKkKe SBJsercd oNepanuedi cHMMer-
pud H Ipeacrasnser coboit NpoH3BeAeHHe ONEPALMA CHMMETPHHE,
HATIPEMep, B ciyvae ocH 4 — RR =R *=R,. Ilpr 3ToM, eciu npo-
H3BEACHHE eCcTb R:R;, To Ry#Rj, R NMepBHM BHNOJHAeTCH NPeot-
pasoBaHiue R, a 3aTeM R;, NMOCKOJbKY peayJjbTaT ABYX ROCAEH0-
paTeNAbHHX ONepallkil MOXKer 3aBHCETh OT NOPAJAKA HX NPOBEACHHS,

Cpeau npuBeneHHBIX omepalliil ecTb onepauus Ro=1, xoropasn
HMeeT MecTo AJs Jobolt urypH H nOJyumBmAS HasBaHHe onepa-
UHH OTOXAECTBACHHA (HHuero He npeolpasyiomas onepanns) HIH
ennnuynol. Tlpu stoit onepanum Grrypa Jubo OCTaeTcA HA MECTe,
Au60 NOBOPAYHBAETCA HA yrod 2s BOKPYr Jio6od ocH, Epuununan
onepauHrs, KaKk MH YBHAHM HHXKe, HTPaeT BaXHYIO poab B dopMa-
JR3Me TEeODHE CHMMETpPHH,

CoBokynHoCTh ONEpankA, XapaKTepH3yiolas CHMMETpHIO JioHOof
KOHeUHOH  GurypH, YAOBJNETBOPAET MOHATHIO MATEMATHYECKOH
rpyunsl, CreaoBaTesibHO, COYETAHHA ONEpayMil CHMMETPHH, a 3Ha-
YHT H 3J€MeHTOB CHMMETPUH, He cAy4afnH U A0JXHBH NOAYHHSTLCA
CJIeYIOMHM TPYNNOBHIM AXCHOMaM: :

1. 1lpousBenenne AByX mio0Hx omepanufi R; W R; W3 cOBOKyN-
HOCTH JIOJIXKHO 7aBaTh TPEThIO ONEpAnHio Rx, NPHHALJICKANLYIO
5TOR K¢ cOBOKYNHocTH: Ry Ry=R. B ofimem ciydae R, R;*R;R;;

2. YMHOXeHHe A BCeX onepallifi COBOKYIHOCTH JAOJMKHO MOA-
YMHATLCS AcCOLHATHBHOMY (coveraresibHOMY) 3akory: R,{(R; R)=
=(R¢Ry)Ri, rue (R;jRi)) — npouszBepexne onepauuit R; u R, a
(R:R;) — onepanufi R; u Ry; _

3. CoBokynmHoCTb Onepanufi 1oAXHa BRJAUYaTh B ceGA efHHMY-
HYW0 onepanuio £, Takyio, yto aas aoGofi onepauuu R; 3Tofi coBo-
KYIHOCTH BRINOJHAETCH yeaosue: E Ri=R, E=R;;

4, ns xaxjaofi onepanur R, COBOKYNMHOCTH JOJXHAa UMETHb
MecTo oGparHas onpelelieBHan onepauus Ry-!, yaOBleTBOpsIOMan
yeaosuio: R RA=R,! R=E.

I'pynna HaswiBaeTca KoHeunofi, €CJIE OHA COCTOHT H3 KOHEYHOTO
YHCTA omepauuii; B NPOTHBHOM CJyUae OHZ Ha3mBacTea OecKoueu-

HOH. UHe/0 HeIKBHBAJIEHTHHX ONEPARNA KOHeYHOR IPYNNH Ha3hBA-
€TCH ee NOPALKOM.

Ecnu cpeau omepauufl, cocTaBAMIOMIHX HEKOTOPYi0 AAHRYIO
TPYNny, MoXKHO otToOPATh TAKYIO COBOXYNHOCTH ONEpPANRE, KOTOpAs
YhoBjeTBOpAeT TPYNNOBHM AaKCHOMAM, T0 3Td MEHbilad COBOKYyN-
. HOCTb HaskBaeTcHd NOATPYNNof HCXOOHOA FPYNNH.

Ecir Mexny onmepaumsmu ABYX IPYNN  MOXHO YCTAHOBHTD
B3aMMHO-0J]HO3HAYHOE COOTBETCTBHE TAaKOE, 4YTO IPOH3BEIEHHIO
ABYX omepanHfi OAHOH W3 TpyMN OTBeYaer NPOH3BeleHHe COOTBeT-
CTRYIOIIHX HM ONepauni Apyrofi rpyniL, TO TaKHe Ipynnbl HASH-
Bawrca uzomopdHuMH. Echu e MexAy AByMs rpylnnamMu MoxeT
OLITh yeTAHOBJEHO JHIIL OABOCTOPOHHEE COOTBETCTBHE (KOTOPOE
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He 10JKHO GHTR 06PATHO-OLHO3HAUHEIM), TO TAKHe TPYIIH HA3H-
BRIOTCH TOMOMOPOHHEMH.

Yucao rpynn CHMMETPHE KOHEUHBIX drryp Geckoneuso. Hro Ka-
caeTcsl CHMMETPHH KDHCTANI0B, TO B CHJAY TOTO, 9T0 HUHCI0 QCEH
CHMMETPHH (4, CIel0OBaTeJIRHO, H onepanuit CHMMETPHH) OrpaHH-
yeHo, TO OTPAaHUYEHO H YHCAD KpHCTaJN0Tp ahHYeCKHEX (TOYEYHHIX)
rpynn. OcHOBHHE 32KOHOMEPHOCTH B FPYNNAX CHMMETPHE CBOLATCA
K 32KOHY <yMHOMEHWs», N03TOMY, 3Had IDABHUJA B3AHMOAEHCTBUSA
(ymBOmeHRs) 3AéMeHTOB (ONMepauHd) CHMMETPHH, HETPYXHO BLIBE-
oTH BCe BOSMOMHBE B KpHCTajjorpaduu COYCTAHHA JIEMEHTOB
cumMmerphE. OCHOBONOJATAIONIAME TEOpPeMaMH, KCNOJIL3YeMHMR
IS sBBOja KpHCTANJNOrpaduyeckHX rpynm, ABJIAIOTCA CASAyOIIKE
(Mul npuBOAUM HX Oe3 A0KAa3aTEAbCTBA)

1. BaagMojeiicTBie OBYX OCed CHMMETDHH 2-ro NOpsAKa, Iepe-
CeKaloIAXCH NOJ YIJAOM g, NMOPOXKIAAIT NOBOPOTHYI) OCh CHMMET-
pHY C 3NEMEHTAPHEM YrioM f=2a.

2. PapHojcHCTBYIOIIER ABYX NEPECEKAIOUHXCH MIOCKOCTEH CHM-
METpHE ABJIAETCA OCh CHMMETPHH (COBNAAAET ¢ JHHHCH Nepecede-
U MJIOCKOCTEH) ¢ 3JeMeHTapHHM YIVIOM IIOBOpPOTa, PaBHHIM YI-
BOCHHOMY VIJY MeXAY IVIOCKOCTAMH.

3. Touxa nepeceueHHA 4YeTHOM OCH, CHMMETPHMH C NEpPIEHAHKY-
JAPHOA effl MJOCKOCTbI BCelAa ABAACTCH LEHTPOM CHMMETPMH.

- MaremaTryecKnil aHAJIK3 BCeX BO3MOXHHX CJIy4aeB KoMOHRaLHR
37€MEHTOB CHMMETPHH, BCTPeUaeMbIX B KpPHCTAJJ4X, NOKA3ak, YTO
YHCNO TAKHX KOMOHHAuMHK OLPAHHYCHO, K CHMMETPHA  BHellHefl
(hOPME KPHCTAMJIOB MOXKET GHITh ONMHCAKA 32 TOUEYHBIMK FPYNIAMH
CHMMETPHH. JAMETHM, WTO TOYEMHEE TPYNINH CHMMETPHH OMHCH-
BAIOT HE TOJABKO BHEWIHIOW DOpMY KPRCTAJNIOB, HO H KX CBOHCTEA.

CoBOKYIHOCTL KPHCTAJJIOB, NPHH2AJIOKAMINX OJQHOR H TOR XKe
Ipynne, HasHBAOT KJAaccoM (BHAOM) cHMMerpHE. UHelo Kiaccos
CHMMETPHH CTOJIBKO XK€, CKOJbKO MAKPOCKONHYECKIX TPYII CHMMET-
p#tu KpHCTALI0B, KJIacCH cHMMETpHH 0603HAYAKOTCH TeMH XKe CHM-
BOJIAME, UTO H TPYNNE CHMMeTpEE. B Kpucrajaiorpadrs npuHAra
(Ha KoHrpecce KpucTaatorpaoB MHPA) MEKAYHAPOAHAS - CHMBOJK-
ka ofGoszuavenud (no T'epmany—Moreny). B payunof nureparype
HHOTa NPORO/IKAKT NOAL30BATbCA 0603HAUEHHAMH XJACCOB IO
Mlendaucy (1891 r.}, KoTopHe He ABAATCA OGH{ENPHU3HAHHEIMH,
B tabmmue 1.1 npuBeneH mepewedb 32 KAaCCOB CHMMETPDHE M HX
oGosHaueHdsn no Illendancy # Tepmany — Moreny. B MexayHa-
PONHOH CHMROJHKE B CHMBOJ TPYNNH, KaX NPABHIO, BXOAAT He
BCe IJIEMEHTH CHMMETPHH, COCTABJAIOIHe [PYNNY, a TOJBKO TE H3
HHX, KOTOPHMH OHA NOJHOCThIO ompenpeasierefl (mopoXaoniye aJe-
MeHTH cHMMerpuH). Tak, B CHMBOJIe Tpyiunu 2/m, rie xocag uep-
Ta YK43RBaeT Ha TO, YTO OCb 2 NEPNEHARKYAAPHA ° 3ePKajbHOH
TIOCKOCTH i1y, HE YKa3aH LEeHTP CHMMETDHHM ¢, NPHCYTCTBHE KOTO-
poro B 5Tofl TPynne o6A34TeNLHO B COOTBETCTBHM C TeopeMoH 3 o
COUeTAHHM 3JeMeHTOB cHMMeTpHA. Jpyrire rpynnel uMeioT o603HA-
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qeHHA: A — OCh CHMMETPHH 7-TO MOPAAKA H A IJIOCKOCTEH CHM-
METPHH, TPOXOAAIMX BAOJb oCH; A2 — OChb CHMMCTPHH A-TO NOPRA-
K4 ® # oceit 2-ro NOpAAKa, TepHeHANKYJIAPHEIX OCK N n/mm — ocb
CHMMETPHE H-To NOPAAKA M IMOCKOCTH CHMMETPHH, NEPICHAMKY-
JAApHEE K NapaJjiellbHbe OCH.

Knacewt cammerpuu no llendnncy ofoszHayaorcs HavaJLERIMHE
gykeamu C, D, S, T, O cioB: <HUKAHYECKHH», <AR3ZPHUUECKHI,
«3ePKANbHHIP, «TeTpazapHUYecKHfi» m <«oKrazapHueckuid», IIuKian-
YeCKHE KJACCH ¢ OJHOM EAHHCTBEHHON OCBIO CHMMETPHH 060a3HA-
yaiorcg vepes Cn, r2e n — HHDPOBOH HHAEKC, COOTBETCTBYIOLIMM
HOpARKY ocH, Hanpumep, Cq -— 3Aech elHHCTBeHnaa ocb Ls Ecau
k nutpoBOMy EHaekcy RoGaBiserca Gykpa f, TO 3TO GYAYT KiacCH
S ¢ @AHHCTBEHHOM 3ePKaNbHON ocbly. Tak kiaace Cj; MOXHO 3amu-
cath Kak S;, BMecTo Oy v C; — Sg # Sy cOOTBeTCTBEHHO. BYKBOR
D ofiozHauanT KJacck ¢ NOGOTHHMH OcAM¥ 2-ro TOpANKa, NEpHeH-
LHKYASPHBIMH T1aBHO# ocH. LluwdpoBo# HHIeKC YKasHBaeT MOpH-
AOK TA4BHOH oCH M WHCJAO NOGOMHNX ABOHHEIX ocelt, Hanpumep,
Dy (=Li4 Ly) (raaBHag ocb YeTBEPTOTO MOPAAKA H UETHpE nobou-
BHX ocd Broporo mopsipka), Dg (=Ls3Lg), Ds (=Le6L2). B xnac-
ce Dy He nbe ocH Lg, KaX 3TO CJEAYET W3 HHIEKCa, a 3Ly T. K. ABE
B3AHMHO-MIEPIJEHAHKVISIPHHX OCH- BTOPOrD TNOPALKa MNOpPOXKAAOT
TPETbIO OCh Lo. ' :

B uMKIHYeCKHX H AM3IAPHUECKHX KJaccaX AAf% 00O03HAUCHHA
3ePKAAbHEIX IMOCKOCTER K UHDPOBOMY HEACKCY AobamisirTcs A0-
noAuMTeAbHHe GYyKBeHHHe HHACKCH: p — YKasnBaer HAa HajJHYHe
BEPTHKAJbHEX IJIOCKOCTEH, MPOXOAAINEX BAOAL eAHHCTBERHOR TO-
BOPOTHOM ocH (Hanpumep, Czpy=Ly 2P); A — yrasHBaer H4 HAJH-
uHe TOPHIOHTAJLHOH IJIOCKOUTH, NEPNEHAHKYJAPHOR K eXWHCTBEH-
Aot inm raaBHoRA ocd cummerpud -(Dg=ILs6L,7 P, ¢, 3jech raas-
nas ock L¢), d — 19 BePTHKAJBHHX FIOCKOCTed, AeAIlAX YIVIH
MeXAy- ocAMA 2-ro [DOpHjKa TNOnojaM (Doa=S:2Ls2 P, Dgy=
=833 L:3 P, c). Hulekc s BBOARTCA AAS% 0G0IHAUEHHS NJIOCKOCTEH
GespassuuHof opHentanny (C,=P). :

OkrazApHyeckie W TeTPasapHueckHe Kadcchl olo3Hauaores
(I?KMMH O (=3L44dLs6Ly) u T (=3Lz4Ls) coorBercraenno.

aKABA #H3 3THX KJACCOB BKJIKYAET HECKOJbKO oceff BHCLIETO MM0-
PAKA, TAKHX, cOYeTaHWe KOTOPHX XapaKrTepusyerT npaBHIbHHEE
MHOTerpanHukd. B mpHBejleHHNX NpuMepax 8 cKofKax yxasaH Noj-
HEIH Halop 3JEMEHTOB CHMMETPHHM (DOpMYya CHMMETDHE), XapaK-
TepPHaywUH# TOT WKW HHOH Kiace, B dopMylie CHMMETPHH HCROJb-
80Banu oO603HAYEHHS, KOTOpHe HPHEMEHAIOTCH A0 CHX NOP B Yuel-
HOH nurepatype: L — och, ¢ — HEHTP, P — IIOCROCTL CHMMETPHIE.
[epen KamaWM CHMBONOM CTOHT YHCAO COOTBETCTBYIOIIKX 37eMeH-
ToB. B xnaccax On, Ty, % T4 uHiekcH kb ¥ d YKa3HBAIOT HA KOOpPIH-
HaTHule ¥ QUATOHAJBHHE IJIOCKOCTH COOTBETCTBEHHO. Ecan B kaacce
UMeoTes 06a THIA NAOCKOCTEH, TO NHLIETCS WHEEKC AJA KOOpAH-

HaTHux naockoctel, Tak, B knacce On (=3L:48:6L,9P, ¢} ume-
13
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eTCH TPH KOOPAMHATHHX DAOCKOCTH H UIECTh AHArOHAJNBHHX, HHJAEKC
y 6ykeH O Syzer h. . :

1.2, RPOCTPAHCTBEHHAS PEMIETKA KPHCTAJIIOB

G MaKpOCKOMHOEeCKOR TOUKH 3peHAS KPHCTAMA €CTb OAHOPOA-
HOe aHH30TpOnHOe Teso. OABOPOAROCTL 03HAYAET, YTO JIOGHE dH-
3MYeCKHe H (U3AKO-XHMHYECKHe ‘cBOACTBA KpHCTAJlJa OAHHAKOBH
Bo Bcex €ro rtoukax. [Ipm 3ToM, Korfa Haer peusr o6 H3IMepeHHd
CBORCTB, TO NOAPasyMeBARTCHA, UTO H3MCpEeHHA NPOBOAATCS BAN
TAKAMH OObEMaMH N0 BeJHYHHE, KOTZA He NPOABJAAeTCH AHCKper-
HO@ ATOMHOE CTPOeRHe, T. €. Korga Vi=L3343, rne L — jpiuHa H3-

- MepsteMoro ofpaana, a — HarGOMBOTHA M3 DEPHONOE  pEINeTKH.
IIpakrhueckn, npH BCeX H3MePeHHSX MaRpPoCBOHCTB o6pasuil HMe-
10T TaKue pasmepsl, ato L3> q Bcerga BHNOARAETCH.

TlonATHe OLHOPOXHOCTH 4pe3BHYafHO MOJNE3HO, TOCKOJLKY OO-
3BOUISIET PACCMaTpPUBaThL KPHCTAMN KaX ReMpPEPHEBHYIO cpeny, s
KoTopolt cnpaBepinBo (eHOMeHONOTHIeCKOR pNKCAHHE (PHIWUECKHX
cBolicTe 683 HCNOJb30OBARHA NPEACTABJGHXA O NHCKPETHOM aTOM-
BoM crpoeHnd. OcHOBHAs 0COOEHHOCTh KDHCTAJJIHYECKOTO COCTOHA-
HHA - 3aKJI04aeTcd B TPeXMepHofl NepHOAWMHOCTH DacloJoXKeHEs
MATEepHAJbHHX YACTHI, :

C yueToM AHCKPETHOro 2TOMHOFO CTPOBHEA KPHUCTALJH — 3TO
BellEeCTBA, B KOTOPHX COCTABNSIOIIME HX JaCTHOH (ATOMBL, MoJeE-
KYJH) pacnofioxeRH CTporo NepHONHYECKH, 006pas3ys reoMeTpHye-
CKH 3aKOHOMEpHYIO KpHCTalMAHYeCKYlo cTPyXTypy. Kaxigoe RpHc-
TAAAUGECKOE BeHIECTRO OTAHYAeTcs OT JAPYTHX KPHMCTA/LIHIecKHX
BENIECTB 10 ero aToMRo# crpykrype. BejencTBHe 3aKoHOMEPHOCTH
H CHMMETDHH CTPYKTYPH KPHCTAJAJH OAHOPQGANL M aHH3IOTPOMHLL
B crpykrypeofi Kpucraanorpaduu B NOHATRE OAHOPOTHOCTH, YUH-
THRAIOMEe AKCKPETHOR CTPOEHHEe KDHUCTARJa H3 YACTHN OXHOTO
H/IH pasHHX COPTOB, BEAAJHBAeTCA onpefeneHHumfl cmuca. Kpuc-
TaNn HASHBRETCS OAHOPOLHHIM, ecaH. AJs J060# TOUKH, B3ATOH
‘BUYTPH Hero, HafAeTcs TOUKA, COBEPUICHHO HIEHTHYHAS §O CBOH-
'CTBAM MepBOR H OTCTOAIA® OT Hee Ha HEKOTOPOM KOHeMHOM pac-
cTosHHU. JIJIA KpHCTanAoB HeopraHHuecKuX BEUIECTB, KAK 3TO CJe-
AyeT H3 SKCOBPHMEHTOB, STO DPACCTOSHHE COCTABASCT OKOJO He-
cKoJbEUX HamomerpoB. [ToauepKHeM, YTO HCXOAHOH MOXeT GHTH
Aban, HeoBI3aTEABHO CBA3ARUAA C KAKHM-THO0 aTOMOM TOUKA.

Hicxols H3 onpeleleHHA OJHOPOLHOCTH M YYHTHIBAH ATOMHYIO
AKCKPETHYK} CTPYKTYPY, MOMKHO NOKA34Tb, WTO HAEHTHYRHE TOUKH
(B naspEefimem MH OyIcM HMEHOBATH MX Y3/aMH), CBA3AHHBIE C
nepBoNauanbHOfi, NPOU3BOJALHO BHOGPAHHON TOYKOH TpeMs HeKoMI-
JAHADHHIMH BeKTODAMH MepeHoca, HX TpaHCASuuaMu, obpasyoT
TPEXMEPHYIO MepHOIHYecKYI0 DeHIETKY, OXBaTHBAIONIYI0 BCE [pPO-
CTPAHCTBO KPHeTAAAa. Tak pelmeTxy Ha3BaJH NOTOMY, 9To HIEH-
THYHBIE TOYKW KpPHCTAJJa MONKHO COSAMHHTh TPexMepHOH cet-
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Prc. 1.2. ¥Yanopas pemerxka, Kpyxka- Pmc. 1.3, Paszanmioie crocobu
Me ofoaHageRnH «ysAmy — mAeHTan- (1—4) pwbopa  s;eMenrapHof
HHE TOYKH. AgefikE (ZBYXMepHHf cayuah)

KOA H3 NpSAMEIX JHHYA, XaK 3710 DOKazaHo Ha puc. 1.2, Cuaenver
PAa3nHYaTh MOHATHA CTPYKTYPaA KpHCTANJIA H NPOCTPAHCTBEHHAA pe-
urerka, CrTpykrypa KpHcTaina — 3To (DH3HYECKan peaJbHOCTh.
Koraa rosopAT o CTPYKType XpucTajlla, TO HMMEIT B BHAY KOHK-
peTHO® pACIONOKeHHe yacTHE (HaOpHMep, HEHTPOB MACC ATOMOB)
B KpPHCTAJJNHYECKOM npocrpadcrse. [IpocTpancTBennan ke peuer-
Ka, OCHOBHAfA POJib KOTOpOW cBOIHTCH XK Pa3MHOXKCHHIO HAEGHTHY-
HBIX TOYeK, He obasarenbHo MATEPHANbHEX, ABJAAECTCHA JHIHbL T'eo-
METpHUYECKHM MNOCTPOeHHeM, NOMOTaloUIHM BHABHTL 3AKOHEl CHM-
MeTDHY CTPYKTYPH KpHcTasJla.

PeneTky MOXHO OIMCATH C NOMOLIBI IEPHOAHYECKH [IOBTO-
pHIEroCst B NPOCTPAHCTBE 3JIeMeRTapHOTO napasjaedenunega —
sneMenrapHoft swefixu (O, A, B, C, D, E, F, G #a puc. 1.2), no-
CTPOEHHOM Ha TPeX HEKOMIIARAPHEIX BEKTOpAX NEPEHOCA, MJIH e1H-

b S B
HHYHHX TPAHCJAAUMAX &, b, c, KoTOpHe MOryr 6blTh, BHOpaHH, Bo-
ofie roBops, GecYHCHAeHHEIM KOJAHdeCcTBOM cnocofop (puc. 1.3).
Tpancasuuu 2eACTBYIOT He Ha KaKYIO-HRGYAb OIHY TOMKY DELIETKH,
2 Ha BCIO pelleTKy B MeJoM., Hauanom Tpex BEKTOpOB TpaHCHALHR
MOXHo BHOpath moGylo Touky. Ecan xakof-uubyIs ysen Bmbpax
—

33 HAYAJI0 OTcYeTra, TO PamHyc-BekTOop R J0foro Apyroro yaaa pe-
ILETKH MOXKeT GHITh OnpeseAed K3 PopMyaH
-

—t - -
R=ma+nab+pec, (1.1)
Tle m, n, p — 4HCAA, KOTOPHE OOHYHO BHPAXKAIOT B A04AX pebep
AYCHKH ¥ HA3HBAIOT MHAEKCAMH AARHOTO y3Ja. COBOKYIHOCTL Tpex
HHJeKCOB OORIYHO 3aMHCHWBAIOT B ABOHHEIX KBAAPATHHIX CKoOKax
1[mnp]] u vaswBawoT cuMBOsIOM y37a.
DneMeHTAPRAA AueRKa B O6LIeM cJydae HpelNcTaBiasier coGoi

L R

KOCOYroJibHHA napainenenunepr ¢ pebpavu a, b, ¢, H yrJaMu
- L) -

i g — -
o {=bc), B (=ca) uy (=ab) (puc. 1.4). lllectr yxasaHHHX Be-

JIRYME HA3HIBAIOT napamerpumy peuterxu. Tlapamerp a, b u c, on-
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peleadiouiHe pasMep 3JeMeHTAp-
HOH HYeHKH, YacTO HA3HBAIOT Ao-
CTOSRKBIMIL PEUETRI.
DiieMeHTapHBIE  napajiienens-
nea, mocTpoeHHE i Ha KpaTuafimux
TPAHCAAUWAX &, b # ¢, ABIAsSeTCH
OCHOBHBIM napaiiesenunedom pe-
werku. Takolt napasurefienunes He
HMEET AONOJHHTENbHWX Y3J0B HH
B KaKOH TOuKe BHYTPH HJH Ha MO-
BePXHOCTH, XPOMe BEpUIWH, e€ro

E“;;pla-:ﬁgggefag“a: AIEAKE . HAILIBAIOT MPUMUTUBHBLM WIH npK-
1, XAPAKTCPUIYOWHMH pPOCT- MUTUGHOU 3ACMEHTAPROL Adelixod.
PAHCTBEHAYIO DeUleTKY B le- Ha o6bem ocHOBHOrO nNpHMUTHB-
JIOM; X, ¥, ¥ — KpHCTajmorpa- Horo 3»JeMeHTapHOro napalnede-
@H'IECK&SI CHCTEMA KOOREHHAT IHIIenAa HPHXO,U.HTCH OJHH Yae‘ﬂ

peuleTkd. B caMom pedle, Xamami
ysen, HaxoAsamuica B BeplIAHe NapajleJenHmena, NpHHAK-
JeXHT OAHOBPEMEHHO BOCHMH NapajiefielHIenaM, sHaYHT, KaX-
ZOMY napaniiesenHneAy 3TOT y3ea npuHaarexnt na 1/8. Ilockoas-
Ky BEpPIIMH ¥ NapaJJe/ienHNesa BOCEMb, TO NOAHOCTbIO MY MpH-
naanexur 8X1/8=1 ysen, BhHine MH roBOPHJIH, 9TC BO3MOKHH
pasfinyHble crniocoGs BHOOpA dneMeHTapHON Avefiku (cm. puc. 1.3),
a 3T0 O3HAyaer, YT0 MH MOXeM BHOPaTh 3JeMEHTApHYIO AYSHKY
TaK, 4T0 ¢¢ 06beM papeH 00beMy OCHOBHOH (NPHMHTHBHON) 3Je-
MEHTAPHOH AUelKH, ¥ Ha 3TOT O6BEM IPHXQAHTCS ONHH y3ed pe-
WIETKH, XOTA TPAHCJIALNH B 3TOM CJIyYae H HE SMBJIMIOTCA KpaTdad-
muMH, Tak, Hanpumep, Ha puc. 1.3 guedika | MocTpoeHa Ha Kpar-

—— -

vadivX TPAHCHALMAX 2 H b H ABJASETCH GCHOBHOM, a B Avefikax 2,

-

3 u 4 — TOJILKO OfHa KparTuafiias TPaHCAAUUA b, TpaHCIAAURA Me

- .

a yx®e He Kparualean. Ilpomanu syeex 2, 3, 4 0JHHAKOBH H PaB-
HH nJomand ocHOBHOH suefixu | (BeICOTa BCex Napalsenorpam-
MOB O/IHHAKOBA K DaBHA PacCTOSHHIO MEX1Y COCEAHHMH Y3MOBBIMH
panaMu). AHanorUYHAs CHTYallHs, KaK JIeTKo I0Ka3arh, HMEEeT Me-
CTO M ApH BuGope 3JeMeHTapHOro Rapanjesnenyneaa. Takam ob-
pasoM, cBoRCTBO MPHMHTUBHOCTH (HANKYEE ORHOTO y3Jaa Ha 00BeM
3JleMeHTapHOH Avefiku) OCHOBHAH 3MeMeHTApHAA AuefiKa pa3fiens-
eT ¢ GeCYHC/ICHHSIM MHOMXECTBOM APYTHX. TIpHHATO NPHMHTHBHYIO
fyefiky o6o3nayaTh OykBok# P. -

Huorga unenecoo6pasno BHOpaTh 3.aeMEHTapHYIO S4YelRy He
NPUMHTHBHYIO, a GoJbliero o6beMa. 3To CBA3AHO ¢ TEM, UTO MpH-
MHTHBHHE MNapajifelenuie] MOMKeT OKa3aThCd KOCOYTOJbHHM, &
pACYETH, HAPHMED, NPH ONPEACACHUH CTPYKTYPH KPHUCTAJIA BCEr-
Aa ypofGHee NPOH3BOAHTB HE B KOCOYTOJLHOH CHCTEME KOOPAWHAT
{pebpa 3neMeHTApHOR AYESHKH. KaK Npasuio, NPUHEMAXOT 3a OCH
KOOpPHHAT), 2 B NPSMOyrohbHof. SeHo, yto BHbpaHnas B npamo-
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YroJbHOH CHUTEME KOOPAHHAT fueitka B OTJAMUME OT NPUMHTHBHOH
OMHMO Y3JIOB B BepIIHHAX JOJKHA CONEPKATb AONOJAHETENbHBIE
y3JH, ¥ 06beM TakoR sueiku Gonbige obbeMa npHMATHRHOA. CloK-
A4A AYeHKa XapaKTepH3yeTcsd KOOpPAHHATaM# v3J0B. COBOKYNHOCTD
KOOPAHHAT Y3JIOB, HPHXOAAWIKXCS HA 3JACMEHTAPHYIO AYEHKY, HA3H-
paloT Oasucoxm siedfy., QOOHYHO CJIONKHYIO 3/IEMEHTAPHYIO SIuedKy
BHOHPAOT TaK, YTO0H JOMONHKTE]bHHE Y3/ HaXOAuJuch auGo B
geHTPaxX rpaHed, auBio B néHrpe obbema. Hume npHBoAHTCA me-
peueHb Ha#bOXee pacHPOCTPAHEHHHIX AUCEK.

ObBenno-yenrpupogannas adeflxa (puc. 1.5). B raxofi auefixe
RONOJHHTSABHHH y3ed JICXKHT Ha NEpecedeHHN TOJCCHRX NdaroHa-
‘et (ysen B). Ha Takylo suefiKy npaAXOmuTCs ABa yand: ysen A
‘B BEpUiHHEe AYeRKH ¢ KoopamHaramu [[000]] u mpyro#i, B, Haxons-
muiica B HeHTpe sueliKn, MPHHAANEXKKHT MOJHOCTEIO AUSHKEe H HMeeT
roopaunats [[1/2 1/2 1/2]]. KoopanHars panbl B A0JAX COOTBET-
cTBYIONlero meproAa Aueikun — 1/2a, 1/25, 1/2¢.

Basuc avefixu: [[00D]}; [[1/2 1/2 1/2]]. :

Ira.1oro uT00H NMOAYEPKHYTD, YyTO AYEHKa ABIACTCA UEHTPHDPO-
BaHHOH Mo 06BeMY, YCJIOBWJINCh TaKYyO A4eliKy HaswBaTth J-fgeH-
Ko#, S '

Bazoyenrpuposakias suelika — ato? guelixa, y Koropoft uedr-
pepoBaie ocHopaBye (puc. 1.6). Takyw Auefiky elle Ha3HBAIWOT
C-aqclikoR AAR TOrO,  HUTOOH YKaszath Ha TO, HYTO IIEHTPHPOBAHA
Tpaub, NepHeHAHRYASpHAdA ocH ¢ Ha GazonenTpUpoBaAHHYI0 AYCHKY
IPUXONKTCS ABa y3aa: A -— B BepmuHe ¢ Koopakratamu [[000]f u
ysen B B rpanu € .¢ koopasnaramu [{1/2 1/2 OF}. Jlerko Bugers,
yTo ysen B npuHANAGKHT TRAaHE TOJbKO HAMOJOBHHY, NOCKOJbBKY
BTopas NOJOBHHA NPHHAAJNEKHT cocenvel suehike. Ho Tak xak
rpaseff B fuefike nBe, TO Aueiike npuBaademHT 2)1/2=1 yses,
Haxonsaui#ica B rpaHy. o

Basuc syenikm: [[000]}; f{1/2 1/2 0]).

Boxayentpuposannga aqedxa (puc.. 1.7). TagHx ageex MoxKet
OrTh nBe: A — avefikd, Korla HEHTpEPOBAHA FPpaHb, NEepneRAHKY-
JAapHadg ocH a; W B-Auefika — ueHTpHUpPOBaRa TIpaHb, NepNeHIHKY-

Y
i ]
A |
el ¢
| X8 !
| b\ i
e
e g ————
A ‘L7 8e
A

Puec. 1.5, OO0peMEC- i’uc_. 1.6, BazouesTpuapo-

UEHTPRPOBARHAS _Bahmas suefixa, wma C-
syeRka, aan J-nuel- anefika {tenTpuponana
Ka : TpaHb, epNeHAHKY -

HAs OCH €)
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d .
Pac. 1.7. EBokouenTpuponannas suef- Pue. 1.8. TIpane-
Ka: a) A-auefika, 6) B-auefka HeHTpHpORAHHAS
Avefka, U
F-puefixa

JaspHas ocu b (MONOJNHHTeJbHBIE Y3Jbl JeXar B HEHTPAX COOTBET-
cTBywomtax rpasefi). CHoBa Ha Takylo suelRy npHXOIKTC jABa
Y3714, KOODAMHATH KOTOPHX Takue: y3ea A — [{000]] u ysean B —
[[1/2 0 1/2}) xu6o [{O 1/2 1/2]].

T'paneyenrpuposannas, uaw F-aueiika (puc. 1.8). Hononnu-
TeJbHBIE Y3Jul HaxoAasAred B HeHTpax rpaHel. Ha sueliky npuxomur-
¢l yeTHpe y3na. Dasue suehkm: F[O(](}]]'; flo 172 1/2]1; [[t/201/2]);
[[1/2 172 0]].

1.3. TPAHCJIAEHOHHAA CHMMETPHA KPHCTANJIOB,
KPHCTAJAOTPAPHYECKHE CHCTEMBI KOOPIEIHHAT,
14 TPAHCAANHOHHBIX PEINETOK BPABS

B kpucrannorpadgui AJ4A aHaJHTHYECKOro ONHCAHUA KpHCTal-
708 NOJIb3YIOTCA TPEXMEPHOH CHCTEMOR KOODAHHAT, KOTOPY0 BHI-
GHpAIOT B COOTBETCTBHH ¢ cHMMeTpuel kpucraana. [fexaprosa cH-
cTeMa KOOPAHHAT B KpHCTAANOrpadHH HeyAOOHA, NOCKOJILKY OHA,
ABJIAACH NPAMOYTLOJbHON H ¢ ONHHAKOBHIME MaclITabaMH MO OCHM,
He NO3BOJAAST NOCTATOYHO MOJAHO. W HATAAAHO OTPA3HTE OCHOBHHE
0COGEHHOCTH KPMCTANAOE — CUMMETpwi0 i aBusorpomdio. Ock Xo-
OpARHAT, K4k IPaBHJIO, COBNAfaloT ¢ pelpamd 3/EMEHTAPHOA
AuEHKH, XaPAKTEDH3yEMoll WecThi0 NapameTpaMu @, b, ¢, a, B, ¥y
(cm. puc. 1.4 u taba. 1.1},

Ipu BmGope xpucraljorpaduueckux ocef HeoGXONHMO NMPHAEP-
KHBATbCH NMPasAa (cM, Tabx. 1.]1), NPHAATHX B KpHCTANJIOrpapHH
1 o6a3aTeJbHBIX AJ7 BCeX Hceceposartedefl. DBrupogHenke 3THX
NpaBuJ CBOAHT K MHHHMYMY BOSMOXHBIE B 3TOM caydae OPOH3BOL
Cueayer Beerna NOMHHTD, YTO OT PACMOJOXEHHA OCER KOOpAHHAT
3aBHCAT KpHCTaMJorpadHueckre HHIEKCH, OMNpeaesdioliine MNoJO-
MeHHe Y3N0BHX IIOCKoCTER ¥ HaNpaBJeHWR B KpHCTAJJTe.

Ocu — pefipa aleMeHTapHOA Avefiky — BHOUpaioT TAaKHM OG-
pasoM, 4TOGbl OHM COBNAJANH ¢ OCOGHME W IpeXae BCEro C I71aB-
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TaGaena L.1 PacnpegexeHde KAACCOB No CHHMOHHAM

—

CHHrOHHA H TapaMerpH

KaaccH caMMeTpEH,
HX olpsEatdenne

H @PaBEN3 XKPRETAAAOCPAPHISCKOT YCTAHOBKH

[IpuastHe npasuna

LOCHORHOTO
rapajiieneIHNEIa ‘mo | MeWAywa- pactostoxenns ocef
: Lilendancy | poanbie
L G : 1 Ho 6paM K
HENUHAAA T pedp PHCTANA
T e 2:.C=S | 1 c<ca<h
a7 BT #90°
MoHOKJRERA 3.6 .2 Gcs 4 Boome ocm 2 Am
as=beke, 4. Cip=Cy m BAGAL HOPMAJE K LLIOC-
a==y== =90°=% § 5. Cop 2/m KOCTH m
PouGnmecxas 6. Dy=V 222 Ocm x, y, 2 Baoms Tpex
atbAC; 7. Cao mm2 B3aHMHO TEpTeHRHKY-
a== B= 1 =90" 8. Dop=V,y| mmm ASPHEX oceli 2 wnE BAOML
- : HOpMadefi K TAOCKOCTAM
Terparosarnaadt 9.°C 4 Ocb 4 mma 4 — och 2,
azl:;qéc; 10. Sy 4 Ocransiue —¢ 8 HAOCKO-
0= G =1 :90° II.. D;y 422 CTH X}
12. Cy4 4mm i
13. Cdg ‘Hm .
14, Dgg==Vy| 42m
15. Dyp 4lmmm
TexcaroRancaas 16. Gy 3 Och 6 wmm 6 (oce 3 HAM
g=bwc; - 17. Csf=5; 3 5 i
& — 8.=90° 18. D, 29 B TPMIOHANBHOR CHE-
120 19. C e IOHHE) — o¢b 2, OCTadb-
1=1 90. Doy am  |HHE — B REOCKOCTH Xg
21. Cs 6
22. Cak B
. Dg 622
24, Cs-y bmm
26, Cep 6/m
26. Dyh 6m2 .
27. Dga 6/mmm’
KyGmmeckas 28..7 23 Oci %, § =# Dapaineas-
Q=p==c; 2.0 432 HH TPEM " B3aUMAO Nep-
C=f. =g 30,7 43m NEHAUKYAADHHM ocaM 4
AT m3 anw 4 amm 2
32, Op

mim .

HHMHU -0CO6BIMI  (ONHHOYHEIME VISl JAHHOrO KPACTANJA, HAIPHMEp,
AN wecTHrpaHHON NPHIMH TAXKHM ONUHOURKM HanpapieHHeM sB-
J€TCA och IMECTOrO MOPAAKA)- HANPABJCHHAME PEUIETKH H GHUIH
PaBHH KparyafiiuaM TPAHCAAUMSM B ITHX HampasienusX. Ocofumu
HanpapiefusMy ABAAIOTCA OCH CHMMeTPHE MJIH HOPMAaldH K NJOC-

XocTaM cummerpun. EciH 0COBHX wanpamieRuii Her,

T0 pebpa
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3 Ayeliky BHORpAIOT MQ pANAM KPHCTAA-
mgdeckofi peleTKH HAA no pebGpaM KpH-

T CTAJAMYECKOr0 MHOTOfpAHHHKA.
Ilpu rakom BHOOpe 3/MEMEHTAPHEX
SNEEK BCE KPHCTANIW MOXHO OObeiu-
HHTh B IIECTh ' KPHCTaAorpadHygCcKHX

7 [ CHCTEM  KOQpAHHAT HJ/IH CHHTOHHE
¢ o

/ %

(7

(raba. 1.1). B Raxnofi cHHroHEE 0GB~
EAHHAKTEA T€ KPHCTAMIN, AJS KOTOPHX
OAMHAKOBA CHMMETDHS IJEMEHTAPHbIX
| AYLEK HX CTPYKTYPp B OAHHAKoBa CHCTe-
Ma ocefl KOOPAHHAT.

< 3 Bo MHOTHX yyeOHHKAX MO KPHCT3JMIA0-
' rpaduE CceEbMON CHHI'OHHeH  CUHTAIOT

. TPHIOHAJLHYID, KOTOPOH COOTBETCTBYET
3 pomGo3ipuyecKas NPHMHTHBHAS A4CH-
ka. OnHako jerxo BuaeTs (puc. 1.9),

Pic. 1.9.. 3zeMenTapa®  ypg 97a smefixa He yAOBJAETBOPHeT mpa-

auefika, ABaKAH LEHTpH- !

pOBAAAN MO OBBEMY TeK- Bngam Bblﬁ()péi ocefl KOOpAWHAT B
p———— pemerka . HeH HeT HH pebpa, napaniejsHOro TAaB-
(KHpHHE JUHMHE) H CoOT- HOMY 0COGOMY (ONHHOYHOMY) HAnpas-
BeTCTBY®LIAA eH pombo- MACHHIO, 4 WMEeRHOo TPORHOA OCH, HK pe-

sfpAveckas swefixa. Basuc  fep, mapannenpHBIX 0cofuiM HampaBde-
r[%c&rf’"a’;'fg?;‘ ) ,3”"%‘;’]‘ HHEAM. DBHJeJeHHe #3 eKkcaroHasbHOR
.[[} ' /1] CHHTOHHH TPHTOHAJILHOR CTBH3AHO C TEM
00CTOATENbCTBOM, YTO TeKCATOHAJbHHE

H peMOpIpHYecKie  KPHCTAILIE  HMEIOT, KaK MW YBHIMM HUXKe,

pasaHyNBe npUMUTHBHLE perueTk# Dpams (raba. 1.2).

Kaxayio KpPHCTAJNNHYECKYIO CTPYKTYPY MOMKHO 0XaPaKTepH30-
Bath onpejeseHHHM HaGopoM afeMeHTapHHX TpaHcasumit. B sa-
BHCHMOCTH OT OTHOWICHAS 3HAYeHH ¥ B3aWMHOH OPHEHTAUHH OC-
HOBHHX TPAHCJANHE 4, b, ¢ DOJy4yawTcs pelleTKH, OTAUYALAeCH
Ipyr OT Apyra no cBoefi cuMMerpur, CHMMETPHS KPHCTAJIIHYECKOrO
NPOCTPAHCTBA OTPAHHYMBACT THCAO BOIMOXHHX DelICTOK.

B 1848 r. O. bpaBs MareMaThUecKHM IyTEM YHaJOCh QOKA3aTh,
YTO CcylwectTayeT seero 14 THIOB TPAaHCARUMOHHHX pPEHICTOK, OTJIH-
yaKINUXCca N0 ¢Boefi cuMMerpud. BpaBy Oblak chopMyaHpoBaAHM
TPH YCJOBHS, HOCJeA0BATENBHOE BHIIOJHEHHE KOTOPHX NO3BOJIAET
#3 OCCUHCAEHHOT0 MHOMKECTBA 3JNEMEHTAPHHX sueeK BHGpaTh ' 04-
HY ONpPEeseNeHHYIO, XapaKTepHAYIOINYIO BCIO PElIeTKy B HEeJoM. JTH
YCHOBRH ClTeAyIoIHe:

1) cuHrOHHA BHGPaHHOM suefiku nnoxma 6HTh TAKOR XKE, KaK
1 CHHI'OHHA Bee PelIeTKH, T. ¢, e¢ CHMMETDHSA JOMKHA COOTBETCT-
BOBATL CHMMETDHH. BceHl pemeTKH | (cHMMeTpHS AuefiKH AoJaXHa
MAKCHMAJNBHO COBHAAATh ¢ TOMEUHOW CHMMeTpHEH KpHcraala);

2) HYHCJIO l'l[JFiMHX YIJ0B ® paBHHX CTOPOH AOJIMKHO OHTH MaK-
CHM&JIbHEM;
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Ta6auma 12 Tpancasuuosukie pemierkn Bpasas

Pewemna :
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’ . 40y
Kyduwgenan - :L.!

3) Iipu co6I0JEHHH NePBHX ABYX YCAOBHA o0beM suefir 1oa-
XeH ObTh MEHHMAJNBHEM.

Takum o6pasoM, IIpH CTaHAAPTHOM BHIOODE 2JeMeHTapHoOR suelf-
KH B COOTBETCTBHH C BHeIHEil cUMMETpHeHd KpHcTanna (mpasuia
ycraoske cM. B TaGa. 1.1) 4 coGawfeHun TPEX BHILIS NPIBEAEH-
HHX ychoBufi JwoBast KpucraljiHuecKad CTPYKTYpa MoxKer GHITh
npencraBieRa € OOMOIBID OfAHOH H3 14 TOMOMOTHUECKHX PAINIHY-
HHIX penierok bpass (rafa, 1.2). Cpean stux 14 pemrerok ronbKa
mecrs (¢ yderoM ApHMHTHBHOH pOMOUILPHYECHOH - sUeHKY — CEMB)
ABJSIOTCS MPHMKTHEBHHMH, O KOTOPHIM H D23fH4a0T KPHTalJo-
rpadmveckne cHHroRHH. OCTaBiIMEcs BOCEMb [EIICTOK HMEDT RO-
DONHATENbHHE Y3JH, T. €, TAKHE DEIIeTKH SBJAAIOTCSH NEHTPHPOBAH-
HuMu, Takux «J0NOAHATENBHBIX» V3J0B MOMKET OBITh TOJBKY ORHH,
ABa, Tpu, H OHH pacnoiaraiorcest aubo B o6beMe PEIUETKH, 1Mbo B
rpaxsax. _ T

Panee 6uso nokasano, 4ro CBOWCTBo APUMHTHBHOCTH (HIJIHYHE
ONBOro y31a Ha o6beM 3NeMeHTapHOH SYEHKH) oCHOBHAA AEMEH-
TapHan suefiKa pasgelser ¢ GeCUMCIEHHHM MHOXECTBOM IPYTHX.

C3TGMY BCerJla MOXHO BHIGPATH TAKYI0 NPHMHTHBHYI sueiky, Xo-
Topas o6aagana GW NoJHOA cuMMerpued pewerkn Bpans. lupux-
Je OHJ npenJoXeH OoIMH H3 NPHEMOB MOCTPOEHHA TAKHX SYeeK.
Hpu MocTpoeHHH suefiKH NPOH3BOJAbHO BHOpAHHHR ysen pelIeTKH

Pass (puc. 1.10—1.12) coeauHMOT NPSFMEIMH JHHHAMH C Gaxatli-

- | a1
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Pac. 1.10. QOfaacts Bopo- - Puc. 1.11. O6bxacts

Horo - Oupuame (3allTpHXo- Bopororo - [dupuzae
Bana), AByMepHHA ‘caywali; I8 obbeMAOLEHTRH-
ZED — efHHEuHHe BeKTO- " pobamHOA KyOHWecKOR
pH  TpamcaaumR  sryedike pewrerka Bpass. Vee-
Bpass gennHE oKTasnp

Puc. 1.12, Ofaacte Bopouoro-HupuXse Iaa

rPaBeneRTPHPOBaRHC] Kybudeckofl pelHeTKH

Bpaps. Pom@uuecknii Aogexaszp. Ilpr mo-

CITPOEHAM B KaMecTBe HCXOJHOTO BHIGpan vsen
B LeHTpe TpaHd

" IIHME; SKBHBAJIGHTHWIMH y3JaMu; 3aTeM [IPOBONST NJIOCKOCTH, Tep-
HeHAHKYASPHHE 3THM JPSMBIM ¥ NPoXoislliHe yepe3 HX CepefHHY.
B pesyabrate nodyyaroT 3aMKHYTYIO o006Jactb NPOSTPAHCTRA ¢
LNeHTPOM B BLIGPAHHOM y37e, Bece TOUKH KOTOPOH Jdexar OamKe K
HeMY, ueM K JwoboMy ApyroMy yaiay pewrerkd. O6wvem siueiikn JIn-
pHxJe paBeH o0beMy OCHOBHOH NDHMHTHBHON fuefiKM, NOCTpOeH-
Hofi Ha KparyalilHx TPaHCARIHAX pemerkd. Takywo ofJacrs B pe-
a7bHOM NpOCTpPaHCTBEe HA3HBaoT obiacteio Bopouoro—[upuxie, a
B o0pATHOM TNpOcTpaHCTBe — suefixofi Burrepa—3eiitna. Takue
SYEAKH HMCIOJB3YIOTCA AJS ONHCAHAS 3HEPreTHYECKHX 30H B KpDHC-
. "ranjax,

14. KPHCTAJIIOTPA®HYECKHE CHMBOJIB ¥Y3JIOBbIX MJOCKOCTER
H NEAMBIX

B xpucraanorpadsy TpHESTO NJIOCKOCTH # NPAMBIE TPOBOJNHTD
geped y3Jel NpOCTPpaHCTBEHHOH peUIeTKH, OTCIORA H HA3BAHHE «y3-
JOBHE NAOCKOCTH® H <y3A0BHE NpsMbler. B panpHedimeM nac 6ynyT
HHTepEeCOBATh TONBKO TAKHe NJAOCKOCTH H TMpAMLIE,

3J0BBE NJIOCKOCTH. Bcakas MJOCKOCTh, KOTOPas HPOXOAHT 4e-
pes TPH yaja peHIerTKHd, He Jexalllue Ha OAHOMN TpiaMo¥, COAEPXHT
HeAyo Cerky yaaon. CHcTeMa NapaanebHHX Y3JOBUIX NI0CKOCTEH,
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paclOJOKeHHNX Ha OLHHAROBOM MEXNioc-
KOCTHOM paccTrosHuu & Apyr or Apyra, ob-
pasyer ceMeficTBo miaockocrefi. Jlwbas
NpOCTPAHCTBEHHAA pelleTKa MOXeT GHTb
MpeACTaBJIeHa CeMEHCTBAMH Y3JNOBHX TAOC-
xocredl OecuHC/ISHHMM THCIOM CHOCOGOB.
Ias toro, urobs XapaKTepH3OBaTh M0O-
JOXKCHHE CEeMEACTBA B HPOCTPAHCTBE, He-
06X0LAMO 3afaTh OPHEHTANHIO KaKo&k-jH-
60 ONHOA IJIOCKOCTH ceMelcTs8a OTHOCH-
TeAbHO BWOPAHHHX  KpHCTaajgorpabuqe-
CKHX OCefl KOODIMHAT M YKa3aTb MeX- '
TNIOCKOCTHOE DACCTOSINKE. D10 ofcrodrenp-  Poe. 113, Klonpeze-
cTBO TO3BOJNIET AJS OpeNeJeHHs T0Jo-  [eoio SEVStion oo
MeHHs MJIOCKocTell  BOCHOAL30BATHEA CO- c,fﬂmﬁ
KpalieHHBIM s3blKoM  KpHCraaaorpadbuye-
CKHX CHMBOJOB. '

Bubepem p xauectse obumies cHcTeMH KOOPJAHHAT pefpa MpHMH-
TuBHOA siuefixu. lipomesemM B mpoOCTPaHCTBEHHOA pellleTKe KaKylo-
AHOO IJIOCKOCTb, HPOXCARAILYI0 uepes Y3Jul, OTMEUEHHBIE Ha OCRX
koopaundaTt ToukamH (puc: 1.13). B BHOpanHofi cucreMe KOOpAHHAT
Takafd NJOCKOCTh BHPAXKAETCA YPABHEHHEM IEpPBOH CTENeHH:

A X+B YA4-C ZA4-D=0. | (1.2)

Hepes Hauano koopauraT ( NPOXOLHT MAGCKOCTL, HAPAAAENbHAS
HCXOAHOH, KOTOpAR ABASETCS TPAHCAAUMOHHO effi MAeHTHUHOR.
YpaBHedue 3Tofl IIOCKOCTH HMET BHA '

AXLBY+CZ=0. o (1.3)

BosbmeM Ha 3TOR MAOCKOCTH ABA y3Ja ¢ KOODAHHaTaMH
Xi=xia; Yi=ipnb;, Zi=2.¢; Xo=x3a; Yo=yob; Zy=2sc,
TEe Xy, Y1, 21, X3, Yo, 20 — UEAHE UuCHA, 4,-b, ¢ — NApaMeTpH sje-
MenrapHoR sfuefixy. OuemHAHO, MTO XOODAMHATH Y3JIOB JOAXHH
YAoeaerpopaTs ypaBgerHo (1.3):

Aax+Bby+4Ccz=0; Aaxpt+Bby,+Ccz=0.

Hs Teogua JIMHEHNBIX ypasHeHUH cJaeAyer, 4TO B 3roM cayuae A4,

—

-

Lt ————

fb Ht ¢ LOMKHB ONPefeNsThesl ¢ TOYHOCTHIO A0 OGLIEro MHOXH-
ens b
z 21x :
Aa:Bb.Cem | 1A I : | 14 l : | xi,yi =ht:xt:d L (1.4)
Yz 22 X2 Xa Y -

Hocxonbxy_ X, ¥, 2 — Hejble uKclia, To KaKAKA u3 onpeiefnTeneh
Takxe aABasercs UEAHM YHCAOM, a CAEJOBATeNbHO, A, &k, [ — TpH
B3aimuo mpocruix yuena. Ecam reneph » ypaenemue (1.3) Bmecto
Koadrpuunenros A, B u € NMOACTABHTS HX 3HAUECHHSH, BHUMC/eHHHE
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Puc. 1.14, Pazluenue 3xemed-
TapHOrC MapalfcaoTpaMMa  LJio-

ckoCTAMA {430) — NyRKTHPHble © Pue, 115, Ope npuma-
A¥HAH. YEKa9amH HOMEPA MexX- THEHHE RUERKH, mocT-
IJOCKOCTHHX - DAaccTOSEHA  OT poexHHe Ha Gaae cac-
Hagana #9efikW BROAL JIHATOHA- XHOA oOBEMHO - NedT-
i (h+k=44+3=T) : PHPOBAHHOH AUEHKH

corstacie (1.4), ro ypasHeHMe INIOCKOCTH, NPOXOAALIER depez Ha--
qajo, HPHMET BHJI i

hxtry+Hie=0, (1.5)
rne x=X/a; y=Y/[b; 2=Z/c, 1, e. eauuNUN BAOJb KaXKAoH ocH pa3-
Hbi€ H DaBHBH TpaRCAALHSM — pebpaM 3jJeMmeHTapHOf  AUCHKH,

Ypasuerne M000fi NJOCKGCTH, NapaJienbHoll NAOCKOCTH, TPOXOAs-
mell yepes Haqano, 3aMAILETCS TakK:

hxt-xyt-i2=1. (1.6}

riie.? Bcerna Hesoe YHcdo. Jns naockoctd, MNOXOoAslled depes Ha-
gan0; =0, a pas 6amwxalimed K vavany — f=1. '

- Tpu HecoKpaTumelx B3GUMRO NpocTHix wucaa h, x, I xapaxre-
pU3YIOT yeade cemelcTe0 nApAALeAbHbIX y3aosuix naockocreli. Hx
HASLIBAIOT MUALEPOBCKUMU UHOeKcamu nAockoctu, ECHH HHIEKCH
‘wanHcaHbl TMOAPRK M 3aKIIOUEHH B KPyrawe cKobkm — (Rxl), TO
MX HA3BIBAIOT CHMBOJOM MJIOCKOCTH. ECMH cAMBOJ 3allHcaH B RHAE

(hxl) man (A& !}, To 3TO O3RAUAET, YTO COOTBETCTRYIOIIAN HHIEKC
HeoB6X0AUMO B3STh CO 3HAKOM MHHYC.
Beanyuun f, x, ! ofpaTHo NpPONOPIIHONAJbRE OTPE3KaM, OTCe-
KaeMEM BHOGpPaHHON MJIOCKOCTDbIO, Ha OCHX KOODAHHAT. _
Ecnu ypasuerne (1.6) ansa cayuas f=! HankcaHO KAk ypaBHe-
HHE [JIOCKOCTH B OTPe3Kax:
X_ ¥ oz _,
— =4
{(a/k) (b/x) (efl)

10, Kak BuaHo ¥3 (1.7}, maockocets (Rxl), Gauxafmas X Ha9agy
KOODAMHAT, OTCeKaeT Ho ocsM X, }, Z oTpeskH, COOTBETCTBEHHO

(1.7
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papHbe alh, bix u cfl, a 370 03HaUAeT, UTO CHCTEMa NAPaIENbHBIX
IMIOCKOCTER PACCexaeT CTOPOHH @, # W € 3MeMCHTAPHOH S4eBKH Co-
oTBETCTBEHHO HA f, k¥ U [ uyacTeil. Bonee TOro, B ciAyuyae MPHMETHR-
HOfi 3JTeMEHTADHOd sueHKu CUCTeMa NapanfdelbHHEX NJIOCKOCTER
(hx 1) paccexaer nuaroHaiu rpaHedr auedkn {ab), (b¢) n (ca)
ga h~+x, &4 1 -4 vacredl COOTBETCTBEHHO, 4 TEJECHYI) NHATO-
naJe — Ha Atx! gacred. Ha puc. 1.14 ppiBefeH mpuMmep Takoro
acceueHusl OIBYXMEpHOA f4eHKH cHcTeMod NapanjefbHHX MJIOCKO-
creft Tuna {430).

B cayuae cNOKHHX peUIeTOK, T. €. PEHIETOK c 0a3HCOM, Ael0
pGCTONT HECKOJBKO HHAZE,

CI0XKHYIO pellleTKY MOXKHO DacCMATPHBATh Kak peIleTKY, Co-
cTaBJEHHYIO W3 HECKOJBKHX OJHHAKOBHIX H B3aHMHO Hapa/jiedbHHX
ApUMHTABHBIX PEHIETOK, BCTABJICHRHIX OLHA B ApYIyl. Yuclo aTHX
NPUMHTHBHEIX DPEMIETOK PaBuC HHCHAY Y3/10B, NPUXONRILHXCA  Ha
HENPEMHTHBHYIO siuefiky (T. €. PABHO 4YMCJIY Y3JI0B, ONPeleIRIOLHX
fa3ic CAOXKHON PEIteTKH), A HX HauajbHWe Y3AK HAXOAATCS B
y3/1aX HeNpHMHTHBHOA peiuetkn. TaK, 3#eMeHTapRYIO SUEHKY, UEHT-
PHPOBAHEYIO Mo 00BEMY, MOXHO pacCMATPUBATH KAK COCTOSILYIO
U3 JBYX ONHHAKOBHIX M B33KMHO NapajJelhHHX NPHMHTHBHEIX
AYeeK, BCTABJEHHBIX OfHA B JPYIyI0 Co CME[EHYEM, paBHEIM TO0-
JIOBHHE TeNecHofl fHarouanu (puc. 1.15).

Ecan sueiiga nedrpHpopaHa no o6beMYy, TO e TejecHasl Rnaro-
HaJib npu YerHod cymMe A--k-/=2n, roe n — uenoe yuciho, pac-
cedeHa MOCAEAOBATRNLRLIMA V3J0BEIME  MJOCKOCTAMH ceMeiicrBa
{hx!l) na A-}-x-! wacreii, ecan ®e cymma A4xtI=2n-41 Heuer-
Ha, ImaroHadb paccexaercd Ha 2(hJ-x-1-!) gacred uau mexnioc-
KOCTHHX PAcCTOAHHA, a4 OCH 3NeMeHTaPRoH siueliKH npu HeueTHOR
cymMe A-;k-4-1 — ua orpe3ku /2R, /2. ¢f2{. Ilaa apyrux ciy-
Yyaes MeHTPHPOBAHHOCTH CHTYA[HN aHaj0THYHA ¥ 3alady o ddcae
pacceyeHHH HeoOXOZHMo peulath B KAXKAOM KOHKPeTHOM cJaydae
oTaennHo. Bolipoc 0 uMcle pacceue-
Huit ocefi aNeMeHTapHOR duefixd NO-
CNeNoBATRNLHEMH  Y3JOBHMH ILJIOC-
Koersimu cemedicrea {Ax{} sBRseTCA
BAXHHM TIPH pelieHWH MHOTHX 3ajad
$u3nkn TBEpROrc Teda, HampuMep,
TIPH paccMOTpPEHHH DACTPOCTPAHEHHA
BOJIH B TBEPLOM Texe.

CemeficTBo TapalrerbHHX IJOC-
KOoCcTel,, KAk MB rOBOPHJIH  BHINE,
O0o3ravator cuMsojioM (Axl}. B na-
YYHOR JIMTEpaTYpPe CYUIeCTByer Tak-
#e ofozHaMeHHE, YKA3HBAOUIEE HE
TOMbKO ONHO ceMeHCTBO IVICCKOCTEH,
HO y Bce npyrHe cemeficTBa, KOTOpPhIe De. 1.16. K BHBOLY CBA3H
JKBHBAJIGHTHW B CHJAY  CHMMETDHH. yeTREPTOro HHAEKCA E € HH-
Tag, HanmpuMep, B KyOHUeCKOM KpHC- aexcaMu h o R
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Talie naockoctr (110}, (101), (Oil) skeupadenTHu, CoBOKYI-
HOCTh Tax#X 3KBHBAJCHTHWX IUIOCKoCTedl 0603HAYAIOT CHMBOJIOM
{110} unu » obmeM cayuae {hxl}.

B rexcaroHalbHHX KpHCTaJANax s onpefeedus NOJOXeHHS
naockocTefi, a TakXKe BHNBJEHHS CHMMETPHYHO 3KBHBAJNEHTHBHIX
ceMeficTB TIOCKOCTell MOJB3YIOTCH CHCTEMOR e Tpex, a ueThipex
OCeH KOOPAMHAT H KaXA0fi MJOCKOCTH HPUANACHBAIOT YETBEpTHA HH-
JeKe {, KOTQpHH NHINYT HA TPETbHEM MecTe, TOI'RA CEMBOJ ceMeHcr-
BAa 3aNKCHBAIOT B BHAe (A xil). Yernepryio BCIOMOTraTeabHYIO OCh
@3 PA3MEINaloT B NJIOCKOCTH, NepHeHIHKYIspHoll ocH £, KaK MoKa-
3ano ua puc. 1.16. TIpamas AB — caen mnockocra (hxfl), OD=
=p — OTPE30K, oTceKaeMult NAOCKOCTEI0 (AX{) Ha ocu a3 OC=
=BC=h. 113 nonobus AABC nu AADO caenyer:

1 1 .. e
—T T Tar s Ty T et T h T h

—;—- =g; ht+xt+i=0.

Cnoco6 yeTHpex HHIEKCOB yAofed TeM, uto OH Cpasy N03BOJA-
€T OIpedesHTh B TeKCAroHa/bHOM KpHCTaAne paBHO3HAYHBIE (SK-
Bnaanenmue) NAOCKOCTH, UT0 3aTPVAHHTEJbHO IDH CHCTEME H3
TpeX HHACKCOB.

Paccmorpum npumep, [JomycraM, HaM HYXKHO BLISABHTD Bece
paBHO3HAUHHE Ilockocrn Thna (213). 3anumesm naockocts (213)

B CHCTEMe YeTHpex MHAeKcoB i=— (2+41)=3. Toraa (213)—(2133).
Jlanee, HCNOAB3Yys NUKAHUECKYI0 mepectakosky (cm. puc. [.17),
JIerKO BBHIUIACATE BCE OCTANLHBME HIOCKOCTH:

hxil 2133
sikt -} 1323
ihkl 3213

Briyepkuys Tpernii crojfeln, MH Cpasy NepexofiM K Hpexncranie-
HHIO DABHOZHAUHEIX MJOCKOCTEH B CHCTEME TPeX HHIEKCOB.

B rexcarodadbHuiXx KpHCTANJ1aX TAOCKOCTH, NEPREHTHKYNAPHASR
ocH ¢, — IJ0OcKocTs Gaszyca — SABJASIETCs OCHOBAHMEM TeKcaro-
sanbrofd npusmul( puc. 1.18) u umeer uujexcw (0001). Ilnockocra,

napadiiebREe GOKOBBIM TPAaHAM NPU3Mu, umelor uagexcu: (1010).

(0110), (1100), (1010), (0110), (1100).

Vanoswie npsmpie. [TocTpoHM B NPOCTPAHCTBEHHOH  PeEIIETKE
KpucraJaorpathHyecKyio CHcTeMy Koopauxar X YZ u uepes Haua-
20 KOOPAMHAT NpoBefieM YyaJdoByre mpsmyio (puc. 1.19). Bnose
3Tolt IPAMON Ha PacCTOARKAX, PABHEIX NEpKORy d, JeXar HIEHTHY-
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Puc. 1.17. K onpene- Puc. 118, Tpn rekca- Pue, 119, ¥anmopas
JIBHAI0 PABHOINAUALIX  TOHAALHLIE IASMCHTAP- npaMaa (mnp), xapax
MIOCKOCTER NyTeM IHK- HEE A9efkH obpasyioT TepA3YINAR ceMeiicT-
gmuecKofl MepecTasoB- TeKcaroHaABKYe HpHa- BO MapajnefbBEX ¥3-
KA My. Hragexcn nmocko- JIGBHX {IPAMEX

¢rA ocHopanua (0001)

nue y3aH. [lyers [fmonp]] — camBoa yana, Gamsafiiuero Kk Haua-
ay. Bunno, aro ysen [[mnp]] smecre ¢ yanom [[000]] ompeneaser
HalpaBIeHHe TNPAMOl, TpoXoAsilledl uepe3 HauaJO KOOPAKHAT.
Cumpoa yzaa [[mn p]] npuHuMaloT 3a CHMBOJ NPSMOA H THIUYT
B KBAZDATHHIX ckoGKaXx [mvn pl, rie veasle 4ucaa m, n, p SBJSIOT-
ck uunekcamu npamofi. Cumson {mnp] xapakrepusyer ueJoe ce-
MeHCTBO MApaJNE/IbHEEX Y3JNOBHX NPAMBIX, NOCKOJBKY B KDHCTamd-
Jax Bce TaKue HalpaBJeHHs mneHTHunsi. CHoBa, nJs TOro,. 4ToGH
MORYEPKHYTE, UTO MBI MMEEeM JEe10 ¢ COBOKYIHOCTHIC CHMMETPHUIIC
3KBHBAJEHTHHIX Y3JOBHX NPAMHX, BBORAT ofo3HaueHwe B Buje
CHMBoJla <{mn p>>. Hanpumep, HanpapieHus KOoOpIHHATHHIX oceif

B xybuueckux Kpucraadax [100], [010], [100], [001], [010], [001]
B CHJy CHMMETPHH 3KBHBAJEHTHH, INO3TOMY TaKyic COBOKYNHOCTb
0003HauawT OAHHM cuMmBodom < 100>>. CoBoKynmdocth HampagmJie-
HUH HOpMaJledi K SKBHBAJIGKTHHIM TLIOCKOCTSM cemeftictBa {111} B

KySuuecknx xpucraaax [111], [111], [111], [111], {111), {1113,

[111], [111] o6o3HaualoT cuMBosOM << 111>>, YKa3uiBaloWuM, 170
BCE HaNpaRJEHMS TAKOIO THNA GYLYT CHMMETPUSHO SKBYBAJEHTHEL

L5, TPAHCAATIHOHHBE 3NEMEHTH CHMMETPHH

Hcenenosanne prewnneit CHMMETPHH KPHCTAAMOB NPHBEJO K yC-
Tawosnenio 32 kaaccos (rpymn) cHMMeTpud. JTa CHMMETpHS
Haxonures B npsMofi 3aBHCHMOCTH OT BHYTPEHHel CTPYHTYPH K
Onpexensercs pacnonoxesneM JHCKPETHBIX YacTHI, B NPOCTPAHCT-
BeHHOR pemerxe. B HpoCTPaHCTBEHHON DeUIETKe K PACCMOTPEHHBEM
BHIne snementam — 3€pKaJibHAs MAOCKOCTL CHMMETPHH, NPOCTHE
HOBopoTHBe OCH CHMMETDHHE, NEHTP CHMMETPHH — JobaBisercs Ho-
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BRI SJeMeHT CHMMETpPHE — Tpaxcaayus T, koropasi peiicTByeT He
Ha KaKylo-HHOYAL TOYKY pelIeTKH, a Ha BClO peureTKy B nenom. [pu
MepeMellleHHH DeIleTKH Wa. TPAHCASUHIO B HanpaBJeHdM BeKTopa
TPAHCASLUHH pelleTKa COBMeIaeTcs caMa ¢ coDof BCeMH cBOHMH
toukamu., KoMOHHalHS TPAHCASUHM C 3JE€MeHTaMH CHMMETPHE, Xa-
PaKTEPHLIMH JJIST KPHCTAJANOB Kak KOHEYHWX (UTYyD, HaeT HOBLE
BHJH 3SJeMEHTOR cuMMerpuH. TakuMu 37eMeHTAMH RBJAAIOTCA: M0-
BOPOT OKOJO OCH - MapajienbHRH epeHoc = BHHTOBas OCh; OT-
pamesnne B NJOCKOCTH 4- DapaffAeNbHEIA NepeRoc BAOIE IIOCKO-
CTH = IJIOCKOCTH CKOJILASEro OTpaxeHus.

Paanuyalpr TpH THA MIOCKOCTEH CKOJIB3AIIEro OTpaXkKeHHs: ¢,
g(a,b), n. Byrsa «c» ysasplBaer, 4TO HaNPaBJACHHE CKOAbXKeHHS
mapajJelbHRO BePTHKAJBHOA ocH Z KpPHCTanna, GYKBa «g» yKasnl-
BAET Ha TOPH3OHTANbHOe CKOJNbXeHne. [OPH3OHTaAbLHOE CKOJbXKe-
Hue pMecto obmed GyxBul «g» OOLINHO ACTATHMSHPYIOT, 3aMEHAS e
OVEBOM, vKa3blBajolleH, K4KO# 'OCH f4eHKH NApAJMNENLHO JaHHoe
cKonMbkenue («a» nma «b»). Bykpo#t «n» o6o3HavyalOT NNOCKOCTH, C
MHATOHAJIbHEIM CKOJMbKEHHEM — KJIMHONAOCKOCTH. [lefictBHe Iuoc-
KOCTH CKOJB3SLIETO OTPAKEHKHA CBOJHTCS K OTPAKEHHIO HCXOIHOH
TOUKH B TIAOCKOCTH (KaK B 3epKaje) M oAHoBpeéMeHHomy (Ges 3a-
AEPKKH B TOM MECTe, KyhAa OHA OTpa3fiach) Mepesiocy ec BAOTH
MJIOCKOCTH ¥ B HATPABJIEHHH, TPAHCASIHH HA BEAHUHRY, PABHYIO
noJoBHHE TpancasiEh '/,T napanaensHol miocKocTH, JnaroHame-
HOE CKOJIbKEHHE SBJAETCS eOMETPHYECKOR CyMMOH JBYX CKOJbIKe-

HHi —;—- (a+b), -é—- {at+c) nam _é_, (b3-¢). PazauuaorT TaKKe
KJTHHONJOCKOCTE THA d HJIH MJIOCKOCTE ¢ AJMA3HBM CKOJIBEEHHEM
(RanGosee yacTo BCTPEHASTCH B CTPYKTYPAX THNA asimMasa). KOTO-
pasi HMEeT NepPeHOC HCXOAHON TOYKH IOCHAE OTpPaKeHHs B MJIOCKOCTH
ga Y47, Tlpn rpaduueckoM H300paxeHHH NMPOEKIYS HA IIOCKOCTH
yeprexa (cMm, pue. 1.20) BepTHkanbnas, sepxalbHaf MIOCKOCTE
0003HAYAETCS CHJIOUIROK AmHuel; IPOEKIHS MJOCKOCTE ¢ Bep-
TREKAMLHEIM CEONBKEHHEM — JHHHed B BHJE TOUEK; LITPKXOBOH M-
HHefl — DPOEKIHA TMJIOCKOCTH ¢ TOPH3DHTANLHBIM CKOJILIKEHHEM;
MPOEKIHs. KAHKOIIOCKOCTH —— IITPUXOYHKTHpHOH nuHued. KauHo-
ocKoeTh THA d 0603HAYaeTCs B BHAE KOHycoB. [lo BRIV KoHy-
COB MOXHO CYIHTBL He TOJbKO O HANPARJCHHH CKOJABXEHHA B N0C-
KOCTH NIPUEKIHH YepTexa, Ho H B NPOCTpaHCcTBe. TaK, JeBui XoHYC
Ha puc. 1,20 n3o6paxaer cKOJbXKeyue cleBa—HANPAaBO, CBEPXYy—
BHH3, a TIpaBulfi — ClpaBa—HaJNeBO, CHH3Y--RBepX. [ OPHIOHTANL-
HBlE NIAGCKOCTH 0003HAYfIOTCA YTOAKOM B BEPXHEM NpaBOM Yray
yeprexa. Eclia 3T0 NAOCKOCTh CKONbMKEHUS, TO YrOSIOK pHCyercd
co cTpedikofi, YRa3mBaliuel HanpasJedue cKoapxenus, Ha pue. 1.20
[puBeeHsr YCJoBHbE 0603HaueHHs MIOCKoCTefl, [ie KPYXOK ¢ gh-
poii 1 — 3To MpOH3BOAbHAS HCXOAHAA TOUKA, KPYMOK ¢ Luppoi
2 — npoH3BOAHAH TOUKA, KGropad AAs NJOCKOCTed m, n, c M g B
pe3yabTaTe HX AEACTBUSL NOJYYAeTCs B PA3HHX Mecrax. 3HAYOK
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DPhe. 1.20. Yeaosune ofosnauedns NAocKocrell chM-
METRHH

-1y OKOJIO TOYKH 2 YKa3bBaeT BHICOTY TOYKH 2 BAOAL OCH ¢ OTHO-
C¥TENBHO TOYKE |, .

JledCTBHE BHHTOBO OCH CBORMTCS K NOBOPOTY HCXOQHOH TOUKH
BOXPYT OCH HA ROUII0 OKPYMKHOCTH, parmyio l/a, rie n — nopspok

OCH, H ORHOBPEMEHHOMY ee -CMellleHHio BAoas ocu-Ha -— XT. INox-

BH#E NoBOPOT Ha 360° NPHPOAMT K CMELIEHKI0 HCXOJAROH TOUKH
BLOJL OCH Ha paccrosHue, paBroe TpaHcnsuuu 7.

BuHTOBHE OCH BOBMOXKHK BTOPOTO, TPETBETO, YETBEPTOrO H INEC-
TOTO MOPSiAKOB. DBHHTOBAS OCh NEPBOr0 MNOPSIAKA SKBHUBAJIEHTHA
NMpOCTOMY TIE€PEeMeilleHHIO (TPaRC/AAIHE).

B 3apucumocTH OT HalpaBJeHHS BpalleHHs pa3nuyat NpaByio
H JCBYI0 BHHTOBHle ocH. B caywae mpaBoH BHHTOBOH OCH IepeMe-
llellve TOUKH BAOMbL Hee¢ CBABAHO C BpPAmIEHHEM 10 4acoBoi Crpel-
Ke, B cJyuae JeBOA — TPOTHE YacoBolt crpenkH. HeBoaMoxHOCTD
OTAHYATL [IPE MHKPOCKONHYECKOM HCCIEIOBAHHH BHHTOBHIE OCH OT
NPOCTHIX MOBOPOTHHIX OOBLACHAETCA MAJOCTBIO MEHATOMEHX pac-
Crosuui, TIpUCYTCTBHE BHHTOBHX OCEH B KPUCTaJjIaX, 8CHH OHK Of-
HOTO HAHMeHOBAHHS (TpaRas HJH A€Bas), MOXKHO YCTAaHOBHTb IO
(hH3ageckuM cBoficTBaM. Tak, B NPHPOJE CYUIECTBYIOT, Hanpumep,
NpaBple. ¥ JeBHE KPHCTANIW XBapila, caxapa n np. (puc. 1.21).

JHH BpaialoT, NpH NPOXOXKAECHHH uepe3 HHX CBeTa, NJCCKOCTL
Doasgpyusanud BUpano, APYIHE — BAEHO.

Ha yeprexax ocH, Tak Xe Kak H IJIOCKOCTH, HMEIOT plIpene-
JeHHne 0G03HAUeHHA, KOTODHE ApUBeJeHH Ha puc, 1.22.

3ameruM (cM. puc. 1.22), ur0 ¥ BHHTOBLIX ocedl pRAOM ¢ LH(-
PORA craBuTes elle BHH3Y HHAEKC, YKA3HBAIOLIHA NepeHoc B JOJNX
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Pac. 1.21. Kpapu: a4 — npanuit, §—:
. AEBHE

1 .
TpaHeAAuRH (2 —» -;)—T, 43——»%'}'}. [IpaBas ock (BpameHHe

no yacoBoH cTpedxe) oBo3rauaercs HHIEKCOM 1, neBas — CoOTBeT-
CTBEHHO HHAeRCcOM n—1, Hanpumep, 4, — BHHTOBas MpPaBas ochb
4YeTBepTOro NOpHLKa, 43', — BuHTOBas Jesas ock. Ock 4 03HAUAET
HaldyHe JABYX3aXOXHOH BHHTOBOH ocy 4-ro nopsixa (mpamas u.Jie-
Bas HHHTOBHE OCH) R NOBOPOTHOM OCH 2-F0 NOpsuKa.

Hcenenopande RCeX BOIMOXHHX CHYYaes CHMMETPHH B IpO-
CTPZHCTBEHHOA pellleTKe MOKasHBaer, 4TO0 H3 CACLYIOLIUX 3JEMEH-
TOB CHMMETDHM — 3epKaJjbHHE [JI0CKOCTH, NPOCTHe NOBOPOTHHE
OCH, UEHTP CHMMETDHH, INIOCKOCTH CKOJIB3RIIET0 OTPAXKEHHS, BHH-
TOBHE OCH DA3NHYHHX HaYMeHOBawuif — MOXHO 00pa3cBath TOJb-
KO OTpaHHYeHHOe YACAO NPOCTPAHCTBEHHHX rpynn (IpocTpaHCTBeH-
HAas rPYNNa — INOJAHAs COBOKYNHOCTh 57€MCHTOR OREPanHi cHM-
METDHH, XapaKTepH3ylomlas CHMMETDHIQ peIeTKH NaHHOTO KpHC-
tanna)., [onuwit awanus mpueen E. C. PemopoBa -(1890 r.) K
suBoAy 230 mpoCTPAHCTBEHHHX IPYHN CHMMETPHH, XOTOpPHE ompe-
AeNeHHHM o6pa3oM paclpeneasiores no 32 KlaccaM TOYEUHOK cHM-
_MeTpud. YKasanuwe Ha puc. 120 n 1.22 yenoBune o6o3HauenHs
‘10CTaTOUHH AJS rpaduueckoro HzoOpaXeHHA BeeX. NPOCTPAHCTBEH-
HHX FPYIt CHMMETPHH, 33 HMCKJIOUeHHEM KyOuueckux. [lad srux
mocjAedHUX HeoGXOZHMH eme 0603HAYEHHS HAKJIOHHHX H INIOCKO-
CTH HepTexRa 3NEMEHTOB CHMMETPHH, KOTOPHE HPHBeAEHH Ha
pue. 1.23. Jas nepexoda or DpPOCTPAHCTBEHHOA TPYNNH K Klaccy
CHMMETPHH HYXHO BCe 3J€MEHTH CHMMeTPHH NPOCTPAHCTBEHHOH
IPYNIE IPOBECTH Uepe3 OAHY TOYKY H CUHTATL BHHTOBLIE OCH 110-
BOPOTHHIMH OCAMHK OIMHAKOBOrO HaHMEHOBaHHA, a IJIOCKOCTH
CKOJB3AINEro OTPAXEHHS — 3€PKANBbHBIMH.

JJs BLIBONA TPOCTPAHCTBEHHHX TPYINN CHMMETPHH K TpeM T€0-
pEMAM © COYETAHHH 3JEMEHTOB CHMMETDHH, HCIOJB3YEeMHM IIpH
paccMoTpesHH 32 KJAaccoB CHMMETPHH, ReO0XOAHMO a0GABMTHL C
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y‘IE'I“OM HOBOIO 3JeMEHTa CHMMETDHH -— TpaHCAALHH CACAYIOLIHE
TEOPEMBL:

1. TInockocTs CHMMETPHH (M, n, £, ) H NepNeHAUKyJaApHas el
TPAHCARLHA BelHYHHOA T NOpOXKAAIT HOBHE AHANOTHYHLE IO TH-
ny BCTABAEHHBC MJAOCKOCTH CHMMeTPHH, NapaiJelibHHe NOpOXIA0-
pledl ¥ OTCTOsUIHE OT Hee Ha 1/27. _

2. TpaucnAums, NepueRAHKYIAPHAS OCH CHMMeTPHH, MOPOXKAALT
TaKylo Xe 0Ch CHMMETPHH, NapaleJbHYIo. NOPox1amell H cMe-
mennyio Ha 1/4T B Ranpaslennd TPaHCAAIHY,

Hixe xaercs offimee mpefcrapiende o KAacCHOM MeTOAe BHBO-
12 TPOCTPAHCTBeHHMX TpYNN CHMMETDHH, NPeJNIOXKeHHOM KpylHef-
MM KpHCcTaJalorpadoM, OCHOBaTeJEeM OTEYECTBEHHOH KPHCTAJI0-
CTPYKTYPHOR WIKoAHW, akaneMukoM H.-B. Benosum (H. B: Bexos.
Knaccinli MeTON BHRBOAA NPOCTDAHCIBEHHBX TIPYND CHMMETPHH.
Ouyepkr N0 CTPYKTYpHOK KpHCTanAorpadHH H GQENOpPOBCKHM Ipym-
naM cuMMerpEd. M.: Hayka, 1986.- C. 122—-176). Meron naspan
KJACCHBM, YTOGH ROAYEPKHYTb €ro NPOCTOTY H BOSMOXKHOCTb HC-
NONLAOBAHHA B K.hacce,'na TNPAKTHICCKHX 3aHETHAX CO CTYACHTa-
mu, BHBOZ caM mo-cefe MaTeMaTHICCKH HE QUeHb CTPOT, HO reOMeT-
PHYECKH HAaraagzeH H JaeT OCHOBY ANdA paunonanbnoﬁ CHMBOJIHKH
i KJjaccxdrrauuu seex 230 npocTpaHCTBeHHHX rpynn. Jiaa samo-
CTpalKH MeTOAa 0COGenHo yaobGen (C mefarorHuecKofl TOUKH ape-
HAR) BRBOX PoMOHMYECKmX TIPYNN CHMMETPHH, HCXOAS H3 KOTOPHX
JeTKO paclpOCTPAHfIOTC AHANOTHUHHE COOODAXKeHMR Ha BHBOA
apyrux rpynn. Cpasy saMeTHM, UTO TpeM DOMOHYeCKHM KJaccaM
{cM. Taba, 1,1} coorsercrByer 59 DpoCTpAaHCTBEHHHX IPYIN CHM-
METPHH, KOTOPHE IIOJYJaloTCs NYTEM IPOCTHX NEepecTAHOBOK H3
YeTHIPEX BO3MOXHHX, B 3THX KDHCTAJJAX, IVIOCKOCTEH CHMMETPHHM
(m,n, c, g) B nonoxenuax X, Y u Z, M 0CTanOBHMCA Ha BHBOJE
BCeX NPHMUTHBHHX MPOCTpaHCTBEHHHX TPYNN Kjacca pomOHueckof
napaMuAn. (Co,==mm) B pomGuueckofi 6unHpaMuan (Dyg=mmm).

‘ObosHduenre Knacca poMOuueckOof NEpPAMEIH B MeXKIAYHADOA-

v2 @6 -=2 [ylm
12, 9 — — 2 .
&4 za : —_; 2 -2 a
4 A6 4
i“f w5 £ S4 K o m ¢
“ %o b 4% W5 Pl
a3 04 ¥ K4 X3 & sm
Ay S22 O 4 2
A3 OF6
. ® 543
Pre. 1.22, Yenosawe obo- Pue. 1.23. Yenopiue
sHaveHnn ocefl cHMMeTpHA oB03HAGEHHA  SJEMEHTOB

CHMMETPHE, DACHOMOKEH-
HHX KOCO N0 OTHOLICHHIO
E HANOCKOCTH 9epreXa
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]
X Y oz I;
Hofi cuMBoJnke m m 2. Tlpu BuBOHe och 2 (ocs 2) onmyckaewm, Taxi
KAaK OHa eCTb OGHIATENbHHNA Pe3yAbTaT JAERCTBHS ABYX B3aMMHO
TiepHeHAUKYAAPHHX [JI0CKoctell mm  (cM. Teopemy 2 Ha c¢. 12). ?
[eppas OykBa B CHMBOJIE COOTBETCTBYET IIOCKOCTH, MePNeHAHKY-)
JIAPROH OCH X, BTOpas — IVIOCKOCTH, TepNeHJHKYAAPHOR OcH . .

KpoMe 3epKaJIbHHX MIOCKOCTEHA Ha UepBOM H BTOPOM MeCTax BO3-
MOXKHO TOABJEHHE TaKXKe CKOJABIAMHX nJockoctedl (#, ¢, g(a, b)}.
TepeGupas BO3MOXKHHe COYETaHHS GYKB HA 9THX Mec'rax pHXO- -
oM K caenytoutnM 16 cayaaam: Pmm, Pmc, Pma, Pmn, Pcm,

Pce, Pca, Pca, Pbm, Pbc, Pba, Pbn, an Pne, Pna,
Pan. B xnacce Cpp rpynne, oTAHYAKIMHECH TONBKO NOPAZKOM
OJHHAKOBHX GYKR, TQXIecTBeHEN (Pmce=Pcm; Pma=Pbhm,

Pmn=Pnm; Pca=Pbc; Pcn=Pnc, Pbn=Pna). Kax-
Jad Takas napa CHMBOJIH3HPYET OJHY TIpYNNY, TOr4a IOJAydaeM
" 6 cpynn, 4 rpynne Pmm, Pcc, Pba, Pnn TOBTOPSIOTCH BCEro
JMIUb OANH pa3. B urore noaysaem 10 npuMuTHBHEX rpynn: Pmm,

Pme, Pma, Pmn Pcc, Pca, Pnc, Phba Pna Pnn Kax
A3BECTHO H3 3JIEMEHTAPHOH MareMaTHKH, TAKOTO pOja COYeTaHHA
HA3HBAWTCH «COYETAHHAMH ¢ NOBTOpeHAaMu». O6man ¢opMyia
ISl YHCJIa cOYeTAHHH C NOBTODEHHAMH H3 X SJEMEHTOB IO 7 HMeer
BHA:

(x+r—I1)!

T P

(1.9)

B namem cayuae k=4, r=2, Torna

(4+2—1! 20
A(4—Nt 2

Crxz =10.

3uas GopMyJay rpynnb H HCNOJAbL3YA TEOPEMH O COMETAHHH 3eMeH-
TOB CHMMETPHH, JerX0 MOJNyuHTh rpaduiecKoe H3oOGpaMenHe rpyn:
nH B BHAC NPOeKIHH Ha INIOCKOCT: X y. Tak, nao6pakexne rpynnm
Pmm2 (puc. 1.24) mMoxer OHTE 1Mo WaraM NOJYYEHO CIEAYVIOMAM
obpazoM: :

1) pHCcyeM NpOEKIHH BepTHKANBHLX MJNOCKOCTed mi;

2) B cooTBercTBHR ¢ TeopeMol | (em. c. 31) na 1/2a u 1/2%
BO3HHKAIOT ABe BCTABJIEHHHE IJIOCKOCTH THNA M,

a a a

X fwaz X Zwnz X S3uwaz

Pue. 124 TlpocrpaHcTeeAHAA TPYONA CHMMETPHH
Pmm2
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Puc. 1.25. TipocTpaucTsentas rpynna - cHMMeTpRE
rrw2|.

3) ABe B3aHMHO mNepHEHAHKYNAPHEE NAOCKOCTH TNOPOKAAIOT
ocb 2. IToayuaem npoexuuio snefikn. Hauano saefiky, Kax 370 npH-
HATO B rpynnax 6es ueHrpa CHAMMETPHH, pacno/araeM Ha ocH 2-ro
nmopaaxa.

‘Tpynna Pme2, (puc. 1.25).

34ech pesyaAbTaTOM AeHCTBHA ABYX B3aHMHO NEpIeHAHKYASp-
HHX DJoCKOCTeR m U ¢ ABAseTCH NBOAHAS BHHTORAS OCH 2y, HANPEB-
JenHasn BAoJb 2. Haga’do Agefixu paclofaraeM CHOBA Ha OCH 2;.

I'pynna Pne2 (puc. 1.26).

1. IlepnenfnKyJsSpEO OCH X pHCYeM NpOEKIIHIO KJIHHOIIOCKO-
CTH #, 2 MePHCHAHKYJIAPHO OCH ¥ — NPOEKHHIC IVIOCKOCTH € BEPTH-
KaJIbHHM CKOJILXKEHHEM .

2. B cooTBeTCTBHH ¢ Teopemofi 1 NMosydaeM naoﬁpamenne Aqeh-
KH €0 BCTABJEHHAIMH n H ¢ NJOCKOCTSIMH.

3. Ular, Racaomufici xapakrepa H NOJOXEHHR ABOHHHX oced,
HapaAfenbHEBX HanpaejieHui0 2. Jpofinaa ock mopoxAaercs miaoc-
KOCTAMH Ha 1-M H 2-M MecTax cHMBOJA rpynnel. Ecan ¢cyMMa Io-
JyTpaHcAAUHA OT ABYX HOPOXAAOMUX NJAoCKOCTell BAOAL 2 YeTHA,
TO OCb — TOBOPOTHAs; €C/AH OHA KeyeTHAad, TO OChb — BHHTOBa.
B naweM clydae cymMMa TORYTPAHCJAANMA weTHad: OAHa MOJy-
TPAHCJIALNHHA OT TJIOCKOCTH € H ApYyras — OT A, 3HAYHT, OCb Ha mie-
pecedeHHH 3THX MJockocTelt — moeoporHas. KpoMe Toro, or xJH-
HOIVIOCKOCTH # MMEeM TNOJYTPaHCJAANHI BAOAL OCH y, a 3TO O3Ha-
4aeT, B COOTRETCTBHN ¢ TeopeMo# 2, uTo ABOMAHAA 0Ch AOJAXKHA GHTD
CMellleHa BAOJDL 4 HA YeTBePTh TPARCIAATHH.

4. TloMemmaem HauaJo fA%edKH Ha ABOHHOH OCH, B peayJbrTare
NoAyYaeM OKOHYATeNbHO NPOeKNHI0 suedkH. 3xech [, 2, 3, 4 — mo-
ClefORATeLHEE NIATH PH rpadbHIecKoM Haoﬁpameﬂnn HpoCTpaH-
CTREHHOH IPYIINH.

[Mocrynas AHAJIOTHIHEIM 0o6pa3oM, MH JIeTKo MOXeM rpaduiecky
H306pasnTh OCTABIUHECS CeMb NPAMHTHBHEIX IPYIIN A2HHOMO KJacca.

Hanbosnee HONHOe NpejcTaBAEHAE O KNACCHOM METONEe BHEONZ
IpocTpaHCTBeRHKX TPYNN CHMMETPHH W HX rpadHueckoM H3olpa-
HEHHH MOXKHO NMONYIHTH npﬂ BHBO}Ie TPYNN CHMMeTpHH poMmOHYe-

x*
- CKofi GAnupaMuiH (Do=m m m)
BuiBOA BCeX IpYNN AAXHOrO XJ4cta NPOH3BOIAHM NyTEM Nepecra-
HOROK GYKB m, n, ¢, g{(a,b) TeHepb yXke HA NepBOM, BTOPOM 4
33
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TpPEeTbEM MeCTaX B CHMBOJIE rpynnu. C yueroMm ToOMOJOTHYECKH TOMXK-
ReCTBeHHHWX TDYIN noJydaeM ofinee ux wHcao 16: Pmmm, Pnnn,
Pmmn, Pnnm, Pmma, Pnna,- Pmna, Pcem, Peocn, Pban, Pbam,
Pben, Pbem, Pbea, Pnma, Becea.,

Tpu B3saHMHO NMepNeRAHKYJAPHHX NJOCKOCTH flepecekarTres B
0lHOR Touxe (He 006f3aTesbHO B NeHTpe cuMMerTpku). OAHAKC danie
BCcero yaofHo pasMelaTh HAauaslo KOODJIHHAT B IEHTpe CHMMETDHH

(oce 1). Ero nonoxXeHwe OTHOCHTeJbHO TOUKH liepecedeH#si TpeX
NAQCKOCTe RAXONUM K3 GOPMYJIH FPYNNH, NOACYHTHBAS BAOD
KaMjaof KOOPAMHATHON OCH CYMMY MONYTPAaRCAANEH, 3aKII0UeHRHX
B CHMBOJAX Tpex miockocrefl. Ecan 3Ta cyMMa Baoss KaKoii-aabo
OCH 4€THA, TO OEHTP CHMMETDHH N0 OTHOLIEHHI0 K TpofiHok Touke
He CMeilaercd, eclH K€ cyMMa HedeTHa, TO HeRTP CHMMETPHH
CuMelnaeTes Baoab pubpanuofl ocH Ha 14 rpaHcaAnuH.

Paccemorpun mpEMep rpaHueckoro H306paeHHS NPOCTPAHCT-
BeHHOA rpynnu Dyy—=Prma. PaccMoTpedHe cHOBa GyHeM BecTH MO
waram (pue, 1.27). -

Mepeueii war. Pucyes B COOTRETCTBHH ¢ QOpMYNOH TPYIINHE
NPOEKIHH BEPTHKAJBHEIX NAOCKOCTEN m W n, @ TagkKe TrOPHIOH-
TANBHOH IJOCKOCTH, HEPHEHAHKYJNAPHOA OCH 2 CO CKOJbXKCHHEM
BXOJAL OCH & sueflkH, Ha pHe, 1.27 310 NoXaszaHo B BH/e YroJKa CO
CTpeaKOi. '

-
r--'-g-“-“':-! :“—-*-é'*'-:'-‘»‘ r"*"-&r'*-"r-‘v‘ T Y
@it @h—tieed @A Qe
i_.;........._.__: 'I_....._I-__.J i_...._ I - i
oz Jaz %,
X w X Quze X § wiaz

© Pue. 1.26, MpocTpaHcTRERHAN FPYNNS CHMMETPHH f’nc2

Phe. 1.27. TlpocrpaEcraennss rfynna CHMMETPHE Prima:

0 — UeHTp cEMMeTpRH, 1, 2, 3, 4 — mwarn
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Bropo#k mar. CorsacHo Teopeme 1, Ha 1/2¢a, 1/2p, 1/2¢ mo-
SBASIOTCS BCTaBJIeHHBIE TJOCKOCTH 1, M, @,

Tpernit war. MimmeM xapaxtep H pacnoioxeHne NBOFHEIX OCeH,
Ock, Tapajuie/bHas HanpapJeHHI0 2, 6YAeT BUHTOBOA (oaHa noay-
TpaHCAALMS H3 GYKBH n) H cMelmieH#oft Baoas y Ha 1/4b (apyras
PONYTPAHC/AANHAA ¥3 6YKBH #71). Ok, napannefbEas HanpaBJeHHIO X,
fyaer BUHTOBOA (moaytpancasuusa ua 6yxs @). Ocb, napannensnas
ocH y, OyAer BHHTOBOH (MoJyTpaHCAANHA H3 ﬁymau £} U CMelleH-
#ofi or TpoORHONA TOYKHM Ha HeTBepTh TPAHCHAUHH BAOKL X  (NOJY-
TpaHCcAAnHS B GYKBe @) H BNOAbL 2 (MOAYTPAHCAANHA H3 GYKEH 1),

Yerpepriit war. Mmem pacronoxenne MeHTpa CHMMETPHH OT-
HOCHTEALHO TpORHOH TOWKH, BAojb HAUpaBJIeHHA X LEHTP CMeIUeH
Ha 1/4a (noaytpamcasmus oT a). Baoss y ueHTp Takke GyAer
cMellleH Ha 1/4b (moayTpaHe/aauus oT # BAOAL y). Baoas manpas-
JICHHS 2 OEHTP CHMMETPHH OTHOCHTEJBHO TpOHHOA Towkn Oymer
cvemier Ha 1/4 ¢ (noayrpancaanns 8 6yxee n}. lepenocuM Hauamo
KOOPAHHAT B UEHTD CHMMETPHH, TOINa MH BHHYMJSHH NOCTABHTh
/4 ox0JM0 yrodxa cO CTPeAXofi W OKOJO NOBOPOTHHX ocelt, mapan-
NCJbHBIX X, @ OKOJIO JABOAHHX oceH, MapaaeabHLIX HanpanJeHHIO
y, — ybpary 1/4,.- H OXOH9ATeJbHO TONYydaeM n'poemn;mo IPyDiHE
Ha INIOCKOCTb X Y.

BaXHHM NOHATHEM NPH PACCMOTPEHHH H HCNOJL30BAHHH MpoO-
CTPAHCTBERHHX TPYIN AAA ONpefiefleHHs CTPYRTYPH KPHCTANNOB
ABJINCTCA NMOHATHE o npaBHAbHON cucTeMe touex ([ICT). Hpasuse-
HOM cuCTeMOl TOYEK HA3LIBAETCA TAKAR CUCTEMO, KOTOPAR NOAYYA-
eTcR U8 00HOU TOWKYU NOBTORCHUEM e BCeMU INCMEHTAMU CUMMET-
puu npocTpancTéennol epynnol, B Kaxuo#f TOYKe CHCTeMH pacio-
Jiaraercs MarepHalbHas HacTuua (aToM HAn uoH). TaruM o6pasom,
TICT ecTb COBOKYNHOCTH KPHCTANJIOXHMHUYECKH TOXIECTBCHHEIX Ma-
TepHaJbHHX 9acTHE (HX LEHTPOB THAXKECTH) B KPHCTAJJIOXHMHUE-
ckolt crpykrype. [Ipn paccmorpennd [ICT ciepyer uMerh B BHAY,
YTO B CTPYKTYype Kaxjas IVIOCKOCTH H OCh CHMMETDHH, 8 TaKXe
HEHTP CEMMeTPHA CO3XAI0T BOKpYr ceGa - 0o0JacTH 3ampelleHHHX
3HaueHH#i KOOpPAMHAT aToMoB. HanpuMep, o6aacTe, wHpHHOA paB-
Hasi pajgHyCy aToMa Mo KaXAYK CTOPOHY OT 3epKajbHO# NNOCKOCTH
CHUMMETDHH, sBJA€TCA IAA Hero sanpemedHofi, Ecam 66 meHTp
aTOMa HAXOAHACA OT 3TOH IINOCKOCTH Ha PACCTOAHHMH MeHbIIeM,
UeM PajuyC aTOMa, TO 3T0 NpPHBEJO OH K nepexpu’rmo aTOMOB, YTO
HEBO3MOKHO.

Ecan HCXOMHAA TOUKA HAXOIHJIACE B OﬁllleM TION0OKeHHH, TO H
TpaBHJbHAS CHCTEMa, MOJYUaiOmasncd M3 Hee, 6VIeT Ha3uBaTheA
obme#l npaBunbHOR cHcremoR. HanpeMep, n1as rpynne Pmmm
(Hawano KOOPAMHAT HAXOZUTCH B TOUKE NepecedeHHs TpeX BIAHMHO
HepI'IEHI{HK}'JIHpHHX LIOCKOCTR R CHMMETDHH, TaM e HaXOZHTCHA H
HEeHTp CHMMETpHH) H3 RPOA3BOALHO B3ATOf TOUKH OOGLIEro NOJO-
JHEHHSA Xxijz ONyTeéM NOCAeAOBATCNBHOrO OTpaXEHHA B TpEX Iepece-
KAIAXCS B HAYaJe 3epXaJbHEIX NJAOCKOCTAX) TOJAYYaeM TOURH
¢ KOOpAHHATAMH ¥yz, x§z, xyZ. Eme poNOAHHTENbRO NOJYYHM
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qeTHpe TOUKH NPH OTPAMKEHHH KAXKAOH TOYKH B HEHTpe CHMMETDHU.
HuBepcHs B LEHTpe MeHsleT SHAKH HHBepTHpYeMOfl TOUKH Ha oGpaT-
HEHe, H Tor'Aa KOOPAHHATH BCEX TOYEK 3AMHINYTCHA -XyZ; ¥yz, Xyz,;
xyz. Yucao rvowex HCT,  npuxoOauuxca Ha OOHY 3AEMENTAPHYIO
RUSliKY, HOIBIBAETCH KPATROCTHIO

[1pH HAAMYHH CKOIBL3AINMX IVIOCKOCTEH B CHMBOJIE SPYNNH Tiepe-
MEHHBE UJeHH OCTAHYTCH TAKHMH e, HO K HHM MoryT ZoBaBlisTo-
¢l eIRe NOJIOBHHH COOTRETCTBYIOMHX ocell a, b, ¢. K KoopauHarte
C MHHYCOM NOJOBHHKA HOOGapAfAeTcH, €CJH  COOTBETCTBYICIRAA
IepNeRAAKYAAPHAA K TaHHOR ROOpAMHATE ILTOCKOCTh (BXOAAIAA B
CHMBOJI TPYTINIH} OTCTOHT OT Havaja Ha '/4 ocn. K gByM koopaiHa-
TaMm ¢ AAKCOM NMOXOBEHRH A0GABARIOTCA NPH HANHYHH {TOJMYyTpaHC-
JanAf B 6YKBe, COOTBeTCTBYIOIIeHl oTpawailomed naockocrs. Tax,
B rpynne Pnma pasMpO¥enHe 0O 3THM TpaBHAAM  Jact: xyz;

1 1
5 +y. +z (R KoOpaHHATE X NOFOBHHKA noGapanercs
3a cget DTC"I‘OHHHH Ha 1/, a naockoeTH n, MOJOBHEKA K § H 2 XobaB-
JAIOTCA 33 CYET HalK4UsA ABYX [OJAYTpaHCAAmHA B 6yxBe n), ¥,
5 Y 2 (monoBHHKA Vv y KobaBaseTCA 3a CYET OTCTOSHHA OT HA-
gasa Ha /4 b MAOCKOCTH m, ¥ KOOPJAHHAT X M 2 NOJIOBHHOK HeT
' 1 1
ERE N
(aTH mocnegHRe KOOPAHHATE — pe3yJIbTAT OTPAXKEHHA B IJIOCKOCTH
Z==q, TIONOBHHKA A0OBaBJeHa K X 34 CYeT HAAHYUA NOJSYTPAHCIA-
HEH 8X0Jb 4, NOJOBHHA, x06aBJeHAas X 2, ONpelessaeTcs OTCTOs-
HHeM TWIOCKOCTH 2=a Ha 1/4:¢, monoewnka K Yy He go6aBleRa —
HeT TPancHguufl B HANpaBJeHHH § OT MWIOCKOCTH z=a). Eme w0
YerBepKe TOUEK MOABHTCA B Pe3y/JhTaTe 3aMEHH 3HAKOB ¥y BCex
nepeMEHEHX, BXOASINHX B KOOpAAHATY, HA OOPaTHHe, YTO OTMe-

' BBHAY OTCYTCTBHA TPAHCJAANHA g MIOCKOCTH m);

Pucu [.28. IlpaBEBbHaA CHCTEMa TOYEK B Tpy0lde CHMMETPHH
Pmm2 .
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1 1 1
HAETCHA CUMBOJOM <«~4»: ~4+xyz, — — X; —+; 5

5 5 g +2, x, -

2 _y’

1 1
24 '_é--i"xy ya '5___"

Ecau #CX0LBAas TOYKA HAXOARAACH B YACTHOM TIOJIOKEHHH 110
OTHOUICHHIO K 3JeMeHTaM CHMMETDHH IPYNnul (HampuMep, pacno-
narafach B IJIOCKOCTH CHMMETDHH), TO M NPAaBAAbHAA CHCTeMa
GyneT uacTHol. KpaTHocTh ee ToueK GyAeT MenbiHe, YeM KPATHOCTh
ToveK oflero nojaoxenud. Tag, ecyH XpaTHOCTh TOUKn  (pc, 1.28),
naxonauteiica B ofuieM NOJOXKEHHR, paBHa 4, TO KPATHOCTh TOMKH &
Ha IJIOCKOCTH DABHAa 2 (KaXJAaf TOUKA NDHHAAJIEKHMT 3alUTPHXO-
BaHHOR sTuefike TOJILKO Ha NOJOBHHY), a TOUKH &, HaxoNAlledcs Ha
o, — L.

1.6. OBPATHAA PEILETKA

B dusnke tHepROTo Tesa NP aRAJH3C MHOCHX ABJISHER (M-
$paKuug, ABHMEHHe 3JeKTPOHOR B NEePHOIHYECKOM NOTEHUHATBHOM
nojie, paceesune GOHOHOB), CBASAHHHX C MCPHOLWTECKHM DOJOMeE-
HMEM AHCKPETHHX YACTHE, Ipe3BHUAlHO BAXHYIO H NOJE3HVID pPoJb
urpaer ofpaTthas pewerka. O6paTHAR pewerka Ke R6ARETCA pe-
wieTkoll 8 TOM OOHLUHOM CMbICAe, KOTOpuE Mbl 8xaadpisaem npi
onpeBesenul nPOCTPANCTBEHHON pellleTxi  Kpucrarsa (cm, 1.2).
O6parnoti pelueTxlt He CYULECTBYET 8 KPUCTAAAL, OHA nPedCTA8ARET
cobioli yOobryro abcTpakyuio, nO3soARIOWYIO MaTeMaTuvecky 0o-
804bHO NPOCTO U TORNO ONHCHLBATL YCAOBUA, 8 KOTOPHIX NpoTexaer
TO UAU UHOE RBABRUE 8 TBePUOM KPUCTAAAUYECKOM Tede. '

Mexny napamerpamMu oOLITHOH OPSIMOH pellleTKH, NOCTPOCHROH

e s
Ha BEKTOpax TPaBCAAUHH a, b, ¢, H napaMeTpaMy o6paTHOM pelier-
KH CYIUECTBYeT BNOJHE. onpelefcHRAd cpaAsh, J[na ycranopieBuA
3TO# cBAsM mpoBelem Ilockocts (Rx!), OGamxafimylo X Havady
KoopaHHaT xyz (puc. 1.29), Koropas, Kak KaM Tenepb H3IBECTHO,
OTCEKAET Mo OCAM X, Y H z oTpeskH afh, bjx u cfl cooTrercTBeHHO
(3zeck a, b, ¢ — HmapameTps sMeMeHTapHON suefiky).

[Maockocte (Axl} coBMeCTHO C TpeMd KOOPAHHATHHMH IUIOCKo-
cramu (100}, (010} = (001} oGpasyer rerpasap AOBC. Ecan
NAOmMAaAbL TPEYTOMLHHX rpasefl TeTpas’fipa NpeJCTaBHTbL. COOTBETCT-

i

BYHOIIHMHA BEKTOPAMY S, 10 CORNaCHO TeopeMe RBeKTODHOTO HCYHC-
JIGHHS, YTBEPMKAAIUIEH, UTO BEKTOP 3aMKHYTON NMOBEPXHOCTH BCer-
Ia papeH H}’JIIO ‘MH MO}KeM 3anMcaThk:

SA(hcl) =S A(100) 48 A(010) LS A(001). (1.10)
n-\!omann MOXCHO BHMHCTHTS U3 bopMyas 1 ofbema TeTpasApa

- e

roy=ly g H OTKyAa

S=3v/H, ' (1.11)
rhe H -— Bhicota TerTpasapa. Brucota, onyiieHnas K3 BepuiHHbl (
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Prc. 1.29. K BuBORY CRASH

MEX(AY [apaMeTpaMH MpAMofd H

_ obpariofi peterok

Ha naocgocTe (hxl), panﬂa MEXIJIOCKOCTHOMY PaCCTOAREI dax:.
Bricota, onyuleRnas 43 BepliEHH A Ba KOOPAHAATHYIO NJIOCKOCTH
(100), cornacro mpaBuAaM O pacceueHHH OCEl sJaeMenTapHoR sueil-
KH TOCASAOBATEJLHHMH NapaAAeSbHHIMH Y3/JI0BHMH IJIOCKOCTAMH
‘ceMeRicTBa, paBHa dww/ft, BHCOTA, ONyIEHHAd W3 BepUIBHH B  Ha
KOOPAHHATHYIO niockocTh (010), — dow/K, W BHcoTa, onynlieHHas
B3 BepHEN C Ha XoopauuaTHylo niockocts (001), — dun/l. Tor-
Aa ns (1. 10) Hi(l. 11) caeqyer, 970

1 1
H=h 1
T g
rne ;‘, b¥, ¢* — ocepHe BeKTOPH 00paTHON pelmeTxH.
3aMenHs B npaBofi uacTH Bupaxeras (1.10) nuaomapu Tpe-

YrONLHUKOB rpaHedl COOTBETCTBYIINHMH BEKTODHHIMH IIpOH3Bene-
HHAMH, noayqnu

—h a* DL CF, (1.12)

av L _,___] 1 [ ] 1 [E'“E”l
dhgz - + ’ h + K
6v _ [bc] -+_[° a] [ab]
s oy x ik hr
Mockonsky 6v=a[bcljhkl=Vafhxl, rae Vo — 06beM 3JieMeH-
'rapﬂoﬁ ﬂqeﬁxu, not:'rpoennoﬁ Ha BeKTOPaX a, b c, TO
1 [b c] [c a] [a b] |
=h . 1.13
dhﬂ an V:m V:m ( )
CpaBuuBas BHpAKeEHHs (l 12) H (1.13), HaH,ELeM trro
P 1 _ [bc] ’ Tr, 1 [c a]
dim . H‘l*. -b—bdolﬁ . VH.‘! (1.14)
_c+"'= 1 _ [aDb]
ooy " Vi
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Tak kak (afbc])=(b[ca])=(c[ab]}, To ckansprue npouapene-
HHA
L @a=(hbY—(ccn-,
(b c*}=(b*c)=(c a*)=(c* a) =(a b*)=(a* b)=0. (1.15)
[lecTs nocaeiHHX ypamHeRHA BHpaxerus (1.15) yKasmsawoTr npa-
BHJA IIOCTpOEHHﬂ oﬁpa-moﬁ PEUIETEH, 3 UMEHHO; MDH NOCTPOCHHH

- e

BERTOPH 2%, b*, c* nepnennukympﬂu COOTBETCTBEHHO NapaM Bek-
- e ol -h b I

TOpoB bHaec cH a a H b H, 00paTHO, BEXTODH &, b ¢ NEpHEeHAHKY-

- = -
JSIPHE NIAapaM BeKTOPOB b* Hc* c*na* a*u b*

BekTOpH NPAMOA pelleTKH CBS3aHH ¢ BEKTOPAaMA o6paTHol
pellleTKH aHaJOrHYHEBIMH (POPMYJIaMu:

a=[b" c*|/V*, be=[c*a]/V*. c=[a*D*]/V*,  (LI6)
rae V¥ — ofbem 3jeMeHTapHOR aqeﬁKH 06paTHOl pelreTKH.

YuHoxum (1.14) craaapuo Ha a_ BocnosnsosaBuiich BRIpaxe-
uusMH (1.14) ¥ (1.16) H NpAHHEMas Bo BHHMAaHHe COOTHOWICHHA
(1.15}, moayuum

b*e] fb c]

'&
aa 7 Ve 1.
TockoabKy
[y - * | ]
o ter I RGN N L
(c*_b (c*c)
HMeeM
V¥==1{V .

Ha nosygeHHHX pesyJabTaToR CJAEAyer, Uro npaMas B obpaTHas
pelleTKd B3akMHO conpskeHH. Pemerka, o6pateas obpaTsof,
€CcTh NPOCTO HCXOAHAA nmpaMas peurerxa. Kaxaud yaen [fhm!]]*
ofpatHol pemeTkn cooTBETCTBYET ceMeNCTBY mapajleNbHHX IIOC-
kocre#t (Axl) mpamof pewerkn, Heo6xoAHMO HMeThb B BHAY, ¥TO
ofpatHas pemerka B XpHcTaaIorpacdu CTPOHTCA IO OTHOLICHHIO
K KOHKpeTHOA pemierke Bpaps u caMa sBasercd peuierkodi Bpapa.
Tak, aas mpocro#t KyGudeckolt sAgefikn Bpass o6paTHO# pemeTKol
fiBnsiercd pemleTKa, OMHCHBAacMad MpOCTOd KyGuuecKof 3jeMeHTap-
Ho# AYefKGfi cO CTOpOHH lfa, TAe @ — NapaMeTp TpaMofl suefiRH.
O6paTHas K rpaHeleHTPHPOBAHHON eCTh 06beMHO-NEHTPHpOBaHHAN
PelreTKa, a NMpAMOH O6EMHO-OEHTPHPOBAHHOA peleTke COOTBETCT-
Bye'r oﬁpa'maﬂ rpaﬂeuempapoaanﬂaa. BekTop o6paTHOR pelleTkH

H—h a*-l—xb*——l-!c"‘ NepneHgARyAsped naockoctH (hxl) W mo mo-
aymo paseR 1/dyx, rae diwg — MEKIIOCKOCTHOE PACCTOAHHE B CH-
CTeMe 3KBHBaJIEHTHHX Niockocreft {Ax{} npsModl pemerxn. Has
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pacuerta 3TOH BENHUHHK qpeaauqaﬂﬂo nofesita dopMysa, mosnyqae-
maa ua (1.12):

B2 A%kt BRI 42 (a* BY)
hx]
F2R1{a" )2k L(B* o), (1.17)
rile BEPAXKeHHS B CXOOKaX SABMAIOTCS CKAMAPHWMH NPOHIBEAEHH:A-
MH COOTBETCTBYIOIIHX BeKTOpOR ofpaTHOX peitetkd. ¥nobuo u npo-

CTO NpH pacueTe CKAJAPHHX NPOH3IBeAEHHE NOAL3I0BAThHCA CACAYIO-
el saluchio:

a"'b")==_1_..([bc][ca])—- V}E (be) (Ei)
e (c a)
_ 1 bocosa bacosy | _ abc? l coso cosy |
Vi | ¢? £a.cos p Vi cosp. |
b
=~ (cos & cos p—cosy),

rie &, B, y ~— YFJIB MEXAY COOTBETCTBYIOUIUMH. TPAHCAANHAMA (&,
b, ¢).

J.I.nn l‘lpaMOYl‘OJIbHHX aqeek a*=I1/a; b*=1/b: c=1jc u (a* b*‘a =
== (a"‘ c*) = (b* c*) ={, Toraa
hf 12
dghﬂ b2 )

Jns gryGHUeCRHX fAueex a=b=c, noaromy xBafpar ofpaTHOro

3HAUeHHsl MeXNJIOCKOCTHOTO PacCTOAHHA:

1 R+ -
i e (1.19)
dghﬂ a
[Moneayscy (1.17) MoOXHO NOAYYHTL BHpaxeHHe 1/d%, AnA fveek
. Bcex cHHrouufi, Pacuer ofbhema sjeMenTapHofl Auefiku B ofuteM
c/Iy9ae NPOM3BORHTCH N0 HIBECTHWM  (QOPMYyZaM aHAJNHTHUECKOA
FeOMETPHR: .

1.18)

Vaw=ab ¢} 1—cos? a—cos? p—cos? y-+2cos e Cos peds y

s S
V*=a*b*c* ¥ |—cos? a*—cos? p*—cos? ¢* +2 cos o.* cos ¥ cos v*.
~ - ~ {1.20)
e —_ = — .
3aece a*=(b"c*), B*=(c*a*), y*=(a*b™) — yram Mexny
BeKTOpaMK oOpPaTHOH PeleTKH;
. COS B COS y—COS & COS & COS y—CO8
cos o™= Sin ﬁ:i: =5 cospr= st o s‘i’n : ;
v | ¥ (1.21)
£OS & €0S p—005
coS pr= B—cosy

sina sin p
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UacTo B CTPYKTYPHOH KpHCTAJNAOIPA(HN NPHXOAHTCH BHYHCARTh
yrodl @ Mexay AByMs miockocTaMu (Axil:) H (hokelp). IMockoabky
. -

BekTop obpaTHofi pemterkn H nepleHAHKYJASipeH NJOCKOCTH C WH-
Aexcamu (kkil), TO I8 HAXOXKHERHR YIJIAa MEXKIY MJAOCKOCTAMU J0-
CTATOUHO HAWTH YTOR MeXAY HX oOpPATHEMHA BeXTOpaMH:
- -~ — - - - - -
H1=h1 a*-i—rclb*—l—l;c*; H2=h23*+!€2b**_+120*.
3anucaB CKanfApHOE MPOH3BLJEHHEe 3THX BEKTOPOR
- e -
(Hi Hg)=H, Hzcos g,
H2XOQHM; _

B
|H1t {He|
-3 {yc* - (0 Li4-lp K1) B* C* cos ot
+ (A2 i4-Iz A)) a* c* cos B {ha k1152 Ry ) a* B* cos y*}. (1.22)

Yron 1 MexAy HANpAaBAGHHAMH |<l#)Uy02> H <l Unw0>> B
KDHCT2JLie BHUHCHAeTCS KaK yrod MeXAy BeKTopaMu

—h - - - - - - e
Ri=u, a4v1btwic B Re=usat-vebt-wmyc.
-l

€0s q3=—? ‘ tihm!2 {hihoa*? 4Ky 82 0%°

cos p= —(g{—‘iai)—- . (1.23)
IR | Ra}
Yroa y Mexny npsmoift E 1 naockocteio {Axl)
cOS y= (_13 H_{ . (1.24)
IR[TH]

- - - -
3neck H=Ah a*+4-xb*4{c* — Bekrop obpaTHOf pemIeTHH.
1.7. OCHOEHHIE NMOHATER KPHCTANJIOXKMHH

KpHcTanaoxHMH$S H3y94eT  [IPOCTPAHCTBEHHOE  pacholioXeHHe
aTOMOB H MOJEKYN B KpPHCTAANaX, HAXOAHT 3aKOHH 3TOTO PACNO-
JOXEHH H H3 FHX BHIPOAHT (DE3HKO-XHMHUeCKHe CBOMCTBA COOT-
BETCTBYOMHX XHMHIECKHX COeAHHEHHRN.

Munorue xpucranamyeckue TBepiie TeNa TNOCTPOEHH JHAHOO H3
HeATPaNbHRX ATOMOB (ATOMB GJATOPOAHHX 3JeMenTOB), AnGo H3
AOMOKUTEARHO H OTPHIATEAbHO 3apsiKeHHHX HOHOB. ATOMH H
HOHH OO/IBUIRHCTB2. XHMHUGCKHX 5JIeMeHTOB ofJaazawT cdepuue-
CKOH CHMMeTDHeH.

Ecne atoMst HAM HOHH NpeACTABAATh YPEe3RHYAfiHO MadHMA
TEEPAKWMH HeCKHMAaeMhMA [IAPaMH, MeXAY KOTOPHMH HefCTBYIOT
Hhle TOYKU): UEHTPH TPEYrOJbHEIX NYCTOT 0003HAMEHH KPeCTHKAMH
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¢1poeHHA O6OALMIHHCTBA
KPHCTAMANYECKHX CTPYK-
TYP MOMHO MOHATE YC-
JOBHO,  paccMaTpHBas
HX KaK TNPOoCTPAHCTBEH-
HYI0 YNAKOBKY TAKHX
wapor, Cuymrraior, 4To
HIAPE VACHKEHH! TAKHM
ofpasoM, 4rofW yOoa-

o KOBKa ofOnagana Oonb-
Puc. 1.30. Haockufi ciaot s wapop ofEHA-  mof CHMMeTpHel i KOM-

Romoro pajuyca {q). Tor xecmaof, 5O IOpel-
CTaBJeH B BRAE CeTHKR (&), yaaaME roTopofl NAKTHOCTHIO. O6muro

ABAAIOTCA NERTpH ImapoR A. B B C — Lenr- NpH NOCTPOEHHH IIPOCT-
PH TPeYroJBHHX I:Jnn:rcn;1 ofipa3yeMux Ila- PAHCTBEHHHX [JIOTHEf-
2MHE

HIHX YNaKOBOK HCXORAT
H3 TNOTHeAIerQ NJOCKON0G ¢Aof M3 mwapos. HambGonee miIoTHadA
YlagoBKA WAap0B OAHHAKOBOTO pafnyca Ha NJAOCKOCTH MOKa3aHa Ha
puc. 1.30. '

B nnockom ciioe {pHe. 1.30) xaxpmh map, HanpuMep, A, oxpy-
AeH LIeCTHI0 APYIMHMH IMIapaMH H COOTBETCTBHHO [IECTBbIO Tpe-
YTOAbHEIMY OYCTOTZMH — <«JHpKaMH», 2 KaXKAam Takafd <zuHpKa»
{runa B nim C) okpymeHa TpeMs mapaMH, H KaXAOMY H3 3THX.
TpeX LapoB OHa nmpHHagaexut Ha 1/3. Orcioga caeayer, uTo Ha
Kam A map npuxopures 6X1/3=2 «nupxu». [TpocrpaHcTBeHHHE
nJioTHeRNIRE YRAKOBKH MOJNYYAIOTCA H3 MNJAOCKAX, eCAH HX YKJI4AH-
BaTh TaK, uTOOH INapH BHIIEJEKAINEro CJI0A [ohagajdd B Tpe-
yroibHEE BH2fAMAH MEXJy HIapaMH HHXejnexamero ciosa. [lo-
CKOJIbKY TPEYIoJbHHX «AHpPOK» B [IJIOCKOM CJoe B ABd pasa §oJib-
e gucAa MapoB (B pacuere Ha OAHH mIap), To cACAYIOMHA clof
H3 IWapoB OTHOCHTENLHO HHMKHETQ CI0S MOXeT BHTb OPHEHTHPOBAH
JABOAKO, 2 HMEHHO: LapH BepXHero ¢/0s MOryr OHTb pasMelleHH
Ju6o B yrayGAeHMSX HHXKHEro cJod, oGo3HaueHHHX Ha pue. 1.30
Gyxsofl B, nuGo B yrayGnenusx, ofo3savenEux Ovkeofi C.- Takas
CHTYallust BO3HHKAeT NPH YKNajiKe KaxJOre NOCASAYIOMIETo CJOA.
Orciona cheayer, uTO MOXKHO HOCTPOMTE GeCKOHeYHO MHOIO IOT-
ReBIMX YIaKOBOK, KaXaas K3 KOTOPHX JOJNMHAa HMETb OAHY H TY
e NJIOTHOCTh 3aflOJAHeHHA INpPOCTP2HCTBa . LIAPaMH, DPaBHYID
74,05 %. Onnako cpeaH GOJLUIOTD uHCa HCC/eIOBAHHEIX KpHCTAJ-
JIMGECKHX CTPYKTYD KOJHUEcTBO YIAKOBOK OKA3a/i0Ch BechbMa oIpa-
HHueHHHM. Hame BCero BCTPEHAIOTCH YNAKOBEH: NIOTHeRHIasd Fek-
caroHanbuas (HBYCJAOHHasi) H NiaoTHefmzas KyGuueckas {rpexcnofi-

Had).

Hns noctpoeHHs yKasaHHHX yOaKOBOK CHOBa ofpaTumcs K
puc. 1.30, rie naockuf clOR H3 IM2poB NPEACTARICH TaKXKe B BH-
Ee CeTKH, y3AaMH KOTopofi sBJISIOTCA HEHTPH ulapos THna A (wep-
ABle TOYKH); HeHTPH TPEYroJbHHX NYCTOT 0603HATEHH KPECTHKAMH
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(nyerote B) M Kpyxouxamu (nycrord C). Hexopuwifi caofi w3
1apoB THEA A 6yZeM Ha3WBAaTh CI0EM A.

‘B cayuae rekcaroHaJbHOR YOAKOBKH Ha HCXOAHHE cAofi A Ha-
KJiaZHB2eM BTOpOf ¢/0# TaK, uTo0bH IPOEKIAH Y3Ji0B CeTKH 3TOro
c/I0% SaHBMaiM nosHuHH B (choli B), cnexyiounfi, tperafl cnod
pachojiaraeM TaK, YTO NPOEKNHH Y3/I0B CETKH 3TOrO TPETbEro CJOS
3aHUMany cHoBa nosuudH A (cioft A). Ilpogomkas ¥ paasule yK-
AafBBaTh TAKHM oOpa3soM clion, TPHAEM K YOAKOBKE, B KOTOPOA

- cloH gepeaylores JHGo B nocaenonareaniocth ABABABAB v T, &.,
auto ACACACAC H 1. ., B COOTBETCTBUH ¢ JBYMS 5KBHBAJCHTHH-
MH BOSMOXHOCTAMH YKAaAKH CJAeAyIomero cios: AuGo Kaxiaui pas
nacje cyiosi A B TpeyroibHHe Ayctorst B, nHGO B TPEYrodbHke nyc-
ror €. Ha pue. 1.31 nokasaRo oTHOCHTENbHOE PACHONOMNKEeHHE UIa-
poB B reKcaroHajJbaoR niotHehiuefi ynakoeke. [laoTtHoynakosau-
¥He CJOH PacToNaranTcs NepHeHAHKYAAPHO HanpaBiaesuw [0001)
(mepneH AHKYHAPHO OCH ¢ AYEHKH).

B kyGugeckofl ynakoBKe RJIOTHOYNAKOB2HHHE CJIOH YepeAYIOTCS
B nocaenoparenphoctd: ABCABCABC u 1. 4. M pacnoaaraiorcd

© nepneHAHKYJApHO HanpaBaesnio [111] B rpaHemeHTpHpOBaHHBIX

KyORuecKHX CTpyKTypax (pHc. 1.32).

Tlpr HCnOAb3OBAHHH APOCTPAHCTBEHHHX IJIOTHeANIHX YIaKOBOK

B KayecTBe MofeJedl CTPYKTYp KPHCTAJ/IOB BAXKHO 3HATH YHCIO ¥

cOpT- NMYCTOT, OKpyXalomux Kaxauft map, Ecau B nsockoM cnoe

Ha KaXAHl mmap NpHXOAMAOCH JBe TPEYroJbHHE <AHDKH®, TO B

npocTpaHcTBeHHOR muoTHERINE!l ynakoBKe KaXAHA Imap OKpYXKaloT
nyerotH Ooee Kpymasie MO pasMepy, OHH GHBalOT HBYX COPTOR:

TerpasipHYecKHe H OKTasApHYecKHe. HasBanue NPOHCXONHT OT TH-

na reoMeTpuueckod Gurypn, obpasyeMoil WwapaMH BOKPYT NYCTOTHI,

EcAH TpeyroibHy©0 OYCTOTY OAOCKOro C10A NPHKPHTE CBEPXY

[oqu] 1]
<7
A [
1

S ]

| .
A

d)

. Prc. 1.81, Tercaronans- Pre. 1.32. TineTHOYDAaKOBAHHHE CJOR
Hady. nnorneinad Ymakos- B KyGuueckol ymaxoere (a). KyGnue.
Xa. Cnofi tenz B nosep- cK2d TPARENEHTPHPOBAHHAS  HJEMEH-
HyT na B60% orHocHTennHO raguax smefiva {6).

cnoen TEHD2 A
43


http://www.print-driver.ru/?demolabel-ru

IwapoM CACLYKILEro cJof,
T0 HOAYYRM OYCTOTY, OK-
PYXKCHHYIO YeTHPbMA Ia-
paMH. Takyl nycToTy, HIH
€AHPKY», HA3HBAOT TeT-
pasapHueckoi (pHe. 1.33).
Ecap TpeyrosbayIc nyc-
TOTY NPHKDHTE CBEpXY He
ONHHM HMIZPOM, 3 TPEYrOJb-
IBKOM H3 DIaPoB, IOBepHy-
Prc. 1.33. Yernpe 1mapa oﬁpﬁ;ym‘r TeT- THM [0 OTHOWEHHKY K
a H «IRPKY> . -
go:mim?::;lﬁr élxrgagpné:gxyw e:;;pr}]{:;» RHKHEMY Choic  Ha -600‘
(6) TO NOJY4HM MYCTOTY, OK-
DYHEHHYI0 [IeCTLIO Lua-
paMH — ee Ha3HBAlOT GKTAlApPHuECKOR (eCJH COCAMHHThL EeHTpH
BCEX LUIECTH UIAPOB MPAMHMH JHHHSMH, TO TNOJYIHM OKT234p).
CHora mojcueT §HcNa «AHPOK» BeXEM B pacueTe Ha OLHH lap. B
nioTHedmeA YIAKOBKE YHCNO TeTPa3ApHUECKHX AHPOK B XBa pa3sa
Goanllle yHCAZ OKTA3APHYECKHX. B camom. aene, xaXnasd oKTasi-.
PHIECKAA ABPKA OKPYXeHa IIeCThio WlapaMH, KaxAsH Wap oKpy-
JREH LIECThI0 OKTA3APHYCCKHMU NYCTOTaMH, TOCKOJbKY NPH Halo-
KEeHHH BEPXHEro CJeH NOJIYYawTcd TPH OKTA3ApHUECKHe IHDPKH H
TDH TaKne HHPKA 0GPAsyIOTCA MEXAY PACCMATPHBAEMHM CJAOEM H
Ca0eM, JexaHliM HExe ero. TakuM obpasoM, Kaxaaf Takas nyc-
TOTA NPHHARAEKHT Wapy Ha 1/6 n, caenoBarensHo, HA OAHH lpap
npuxopnrcs 6)(1/6=1 oxrazgpuvyeckas AuipKa. MOKHO DHOKa3aTh,
YTO KaXAHA Wap OKPYXKeH BOCEMBIO TETPad/IPHUeCKHMH AHpKaME,
a KaxJlas TeTpasfipHuecKas AHPKA OKPYHKeHa UETHPbMS M2paMH,
OTciona Ha KaxAHA map npuxouures 8)X1/4==2 Terpasapuueckne
AbIDRE, EcAR B MYCTOTH MeXNY OCHOBHHMH INADPaMu pakuHyca R
NOMECTHTE IIapB MeHBIUEro Jaamerpa Tak, 4ToOBH OHH KacaiaHeh
OKDYXAWIIHX HX OCHOBHHX IIAPOB, TO B TETPA3LPHUECKHEe HYCTO-
TH. TAKHM 00pasoM, MOXKIO NIOMECTHTh WIap AHAMETPOM, DABHAIM
045 R, a B OKTa2APHUECKY!O NMyCTOTY — LIAP AMAMETPOM, PaPHHIM
D.828 R.

[noTrelimine yIakoBKH COCTABJSIIOT OCHOBY CTPOeHHS GoJbUINH-
CTBa KpHCTAMIHTECKNX TBepaHx Ted. C ToukH 3peHHsl TMoTHefmed
YIaKOBKH ocofeHHO HPOCTO ONHCHBAIOTCA CTPYKTYPHl  OKHCIOB
cyIe(HIOB H TaJOoreHHN0B, B KOTODHX OCHOBY NJOTHeHIlell yna-
KOBKH COCTABAAIOT KPYMHHE aHHOHE KACJAOPOZA, CepH H raJoreHoR,
a KaTHOHH, BXOAANINe B XHMHUYeckyw (opMyay KpHcTalna, pac-
Openensioress B NYCTOTAX NJAOTHeAleH YNakKeBKH N0 oflpeieleHHO-
MYy CHMMeTpHuHOMY Y30py. OrAe/nHbBie KPHCTAIH OTJHIAITCH:
THIIOM NJOTHeHAINEA YNAKOBKH, COPTHOCTBK) H HHCAOM 3aCENEHHEIX
KaTHOHAMH NYCTOT, Y30POM, N0 KOTOPOMY MPOHCXONHT oT6Op MeX-
Ay 3ACENeHHHMYA M He3aceJeHHHMH MyCTOTaMH,

Hod cTpyxrypold Kpucraard, Kax 2080puUAOCE 8bitle, NORUMAET-
CA KOMKPeTHOe PACROAOKCEHUE MATCPUAAbHLIX WACTLY 6 KpUCTOA-
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AUMECKOM npocTpancTse. MHorounc/lenste HecleqOBaHHA CTPYKTY-
pH KPHCTaJi/I0B NOKA34/IH, 4TC B OCHOBE MHOTHX H3 HHX HAXOASTCH
¢TPYKTYPH OAHOro ¥ Torp Xe tHna. Hanpmmep, Si, Ge Kprcralnu.
3yloTcsl Mo THOY CTPYKTYpH aimasa (puc. 1.37); ZnS, GaAs, InSb
W Ap. — No THNY CTPYKTYpH ZnS — cdanepnra (pme. 1.35, 1.36).
Bce 3TH CTPYKTYPH ONHHAKOBH C TOUHOCTBIO A0 NojoGus, ecsu
pesb HAET O MNpOCTEAMIMX CTPYKTYPaXx KpHCTAMJIOE KyOHYecKoH
CHHTOHH¥, B CTPYRTYDHBIX THNAX APYrHX CHHTOHHE coxpaHeHHe
nofo0us napadfteAcnHOeNoB HOBTOPAEMOCTH He o6AsarenbHo, 0064-
3aTeJbHEIM RBJARETCH COXPaHEHHe CHMMeTpHu. Tak, HaupuMep, K
cTPYKTYpHOoMY THRY Mg npuuasnexur Kax §-Ca (@=398"A, ¢=
=652 A, ¢fa=1,65), Tax n o-Be (a=228 A, ¢==3,58 A, c/a=1,57).
CTpyRTYpPHHf THI HMeHylT o0HYHO NO HA3BAWHIO OJHOrO H3 Re-
1eCTB, KPHCTANIHIVIOMAXCH ‘B HeM, C yuyeToM 3Toro ofCTosiTelib-
CTRA HIIKE MpHBeJedH NPHMEepH KDHCTANIMMECKHX CTRYKTYP, ONH-
cHBAeMAIX B paMXax NJIOTHeflIIHX YNaKOBOK. MO THNY KOTOPLIX
KPHCTAMIHAYIOTCH TE HAH HMble BeulectBd. CTPYKTYPHHE THOH Co-
enHREHUl Mbi PacCMOTPHM, HCXoAR H3 HX dopmya AX, AxX, AX;,
AsXs u T, n., e A — cyMMa RatnoHoB B dopmyne, a X — cyMMma
annoHoB. Dojsee kpynHue mo pasmepy auumoux! X ofpasywor maOT-
HelillAe YNAKOBKH, a BoJsiee MeJIKHe KATHORH -— 33MOJAHAIOT MYCTO-
TH B HHX, Pucyrox, no KoTOpOMY 3GNOAHAIOTCR NYCTOTbL, NPUHATO
nasoiears morusoM. IToNp3yfcy BHIUIEHANHCAHHEIMU (DoOpMyAaMs,
BHAEATIOT MOTHBH [0 NPHHHMIY 3aNOJHEHAS NMYCTOT: MOTHB 13
OKT25APOB, MOTHB Y3 TETPA3IPOB.

Crpyxrypa kavennoi coom NaCl (puc. 1.34). B crpyxrype
NaCl (o6mas ¢opmyaa AX) xpynaue no pasmepy anmount Cl of-
PasyioT Ky6uuecKylo IJIOTHeHUIYIO YIIaKOBKY, B KOTODOE Bce OKTa-
sjapRgeckHe NMYCTOTH 3aceseHH XatHoHaMH Na, BCe TETpasipHue-
CKHe NYCTOTH HOJHOCTHKY He sanoqaHeHu. Pemerky NaCl mcxkno
paccMATPHBATE KAK COBOKYNHOCTL JBYX TIPaHENeHTPAPDOBAHHBIX
CTPYKTYD, Kampaad H3 KOTODHX COZEPHKHT WOHH JHlIb OXHOIO
3HaKa.

IMapaderp suedkn NaCl ¢=0,282 nm. 3aMernm, uto ojuoll n3
BaXHEHNIHX' XdPAKTEPHCTHK i000% CTPYKTYPH SABIAETCH KOOPIH-
HaiinoHHoe aucao. Koopdunayuonnoe qucao POBHO wlcay GAuxcaii-~
wux cocededl, oxpyxmaromux Jannod arom. B crpyxrype NaCl z=
=6, RaxMuift aTOM XJOpa CKPYHKeH NecThio HoHaMu Na, a KaXALIR
How Na okpysen mectbio Hotiamu .Cl.

Crpyktypa ZnS (pmc. 1.35, 1.36). Ilo tmpy crpykrypu ZnS
(ofmas dopmyna AX) xpucraanusyiorcs MHOTHe GHHapDHHeE COeIH-
Henns (GaAs, InSb, ZnO). C touku spenus nuoTHefiule#t ynakom-
Ku miolyio CTPYKTYDY MOMHO HPEACTABHTL KAK COCTORAINYIO H3
OKTa3POB H ABOAHOrO 9HCAX TETPasAPOB, NPH 3TOM BO3IMONKHYI
TeTpasApH ABYX COPTOB — OfHa NQJOBHHA TETPasApOR BepilAHa-
MH «CMOTPHT» BJAOJbL TPOAHOH OCH {OCh, NEPNEHAHKYAAPHAR MIAOT-
HOYNAKOBaRHHM CJAOAM) YIaKOBKH BBepX, a Apyras NoOJOBHHA —
BEH3. 34censs OfHYy MOJIOBHHY TETPASAPOR KATHOHAMH, TPHXOAHM
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X,/ : Pue, 134.  Crpyrrypa
d NaCl (xaMeEwoR cOnE)

--.--...,,__“-““h-i’,,/
eZn OF
Pue. 135  Crpyxrypa Pre, 1.36. Crpyrrypa
ZnS (chanepura) ZnS (BwprHTa)

K CTpYKrypHOMY THOY ZnS. OcobenHocTblO CTPYKTYp 3TOFO THNA
ABJSETCS HX MOJSPHOCTh, BH3BaHHAS HepPaBHOUEHHOCThIO JBYX KOH-
HOB TPOAHHX oCefl — OJFMH KOHCL COOTBETCTBYeT OCHOBAHHIO TeT-
pasjpa, a npyrofi — BepulHHe. ' :

B npupose ZnS mcTpeuaerca B ABYX MopupHKanuax: 1} ofbu-
Hasl HHHKOBaA O0OMaHKa, HJH cadepHT, HMeeT B OCHOBaHHH KyOH-
YecKyl0 yNaXOBKY 2HHOHOB- S, ©0aHA TNoJOBHHE TETPasAPHICCKHX
MycTOT KOTOpPOfl 3amoJjiHeHa KaTHomamu Zn, CrpyKrypa UHHKOBOM
o0MaHKa HMeeT 4eTHPE NOARPHHE OCH B COOTBETCTBHH C YeTHPbLMS
TPORHHMH OCAMH, HANPABJAEHHWMH BJAONbL TeJecHHX jHaroHajdel
Ky6a; 2) rekcaroHamvHas Mopu(pHkanxs ZnS — BROPUHT — HMeeT
B OCHOBAHHM TeKCaroHaJbHYK VIAKOBKY aHuoHoB S. [Toaspras ock
¥ BIOpLHMTA OHHa — OAH2 TPofiHad OCb, HaNPaBACHHAA BAOAL OCH
¢ — TeKCaroHaJbHO# AUefiKH. '

Ctpyxtypa anmasa {puc. 1.37). Ilo THmy cTpyKTypH anMasa
KpHcTaanusyiored noaynposoinikn Si m (Ge. CTpykTypa aiMasa
SIBJsieTCA NPHMEPOM HERJOTHO YNAKOBAHHON CTPYKTYPH C KQOPAH-
HallWOHHBIM YHCIOM, paeHEM 4, Kamawfi aroM yriepofa Terpazi-
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pHYECKH OKDYIKeH UeTHpbEMs ApY-
FHMH aToMaMH Yyraepofa. Xotd
KPHCTAMTH3AIHS BEINECTP MO THIY
plorHefiinef YNAKOBKH CBA3aHA C
HEKOTOPHIM BHHTDHOIEM B 3Hep-
[UH, TeHAeHIHA aTOMOB YIVIEpPOXa
(Si, Ge) x o6paszopaHnio Hampas-
NeHHHX CBA3eH HACTOALKO BeliHKa,
970 B HEJIOM ajMa3Has CTPYKTYpa
oKasbiBaeTcs Gosee  BHITOAHOR,
OGpamaer na ce6f BHHMAaRHE Ha-
AHUKE B CTPYKTYpE anMasa ulHpo-

KHX <KaHAJIOB» pn Harrpamemfax Pac. 137, C?;K TYPA RamE
<2110>. HaaugHeM TagHX Ka-

HaJNOB MOXHO OODBACHHTbL PRI HHTEpecHH X fBJCHHH, NPOHCIOAAWIMX
B TAKHX CTPYKTYDaX, HanpHMED: RSAeHUEe KGHAAUPOBOHUA YCKOPeH-
HoLX 4OCTUYE — 4acTiybl, ABENKYIMEECH BAOJh KaHANOB, TPOHHKAIOT
B TBEPACE TeA0 Ha GOAbUIYIO TNIYOHHY, UeM JACTHUH, ABHAKYIIHOC
B NPOH3BOJNBHOM HANPABJIEHHH.

O6HuHG rOBOPAT, 9TO CTPYKTYpA @a/iMaza HAEHTHYHa CTPYKType
IAHEOBON OOMAHKH, €cjid B Helt 1 aToMH ZNn K 4TOMH S 3aMeHHTb
Ha aToMH-yraepopa. H. B. Beaos npefAoxua onHcanAe CTPYKTYPH
anMa3a B paMKax miorHeAnrefi ynaxoskda. Has sroro Guso caelna-
HO ApeAfoJIoNKeHHe, 4To CTPYKTYpa COCTaBJeHAa M3 ABYX COPTOB
atoMoB yriiepofia Cé+ u Cé~ panuyc Koropex pasus 0,015 H oxo-
no 0,15 uM coorsercTeenno. Kpynnse annonn Cé— obpasylor nnor-
Hefiolylo ynakoBKy, Taka® CTPYKTypa BCJIeACTBHe OGMeHHOI'O B3aH-
MofiefiCTBHS 3/7AeKTPOHAMH, CYIIECTBYIOMIEro MeKAY aToMaMH yIde-
pona (B aJMaze yMEeT MecTO KOBAJNeHTHHIA TH( CBA3H)}, HenpephB-
HO .QCHHJMHDYET B TOM CMHCHE, yTo G'HKCHPOBAHHHE KaK MOJOXKH-
TeNMbHEe aToMu Cit+ B CJISAYIOMIAA MOMEHT CTaHOBATCH OTPHUATEND-
HelMa atoMaME Ci— n HaoGopor, Takad ocumlasuds OPHBOAHT K
HCKJIOUHTEMhHON YCTORUHBOCTH CTPYKTYPH H BHCOKOR TBEDROCTH
a/Masa. .

Crpykrypa LiQ {A2X). Crpyktypa, COBeplIeHHO TOXIGCTBEH-
Has mo cuMMeTtpuu co cTpykrypoft NaCl, Ho B KoTOpOfi 3aceneHbt
BCE TETPA3APH H NYCTYIOT BCE OKTA3ADH.

Crpyx?pa kopysna AlO; (AgX;). OCHOBHHM MOTHBOM JJS
CTPYKTYD s B AX; ssnsercs KopyHnaoBnift (puc. 1.38). Ecam 3a-
ceqienst Al — OKTa3ApH, COCTABAAIOMAE IIECTHYNEHHBe KOJbl2, TO
3To Byzer coGCTBeHHO KODYHJAOBHI MOTHB, €CJH 3acesieHH TOJbKO
4To OWBIIHE HYCTHIMH ILEHTpaJbHHE OKTA3JPH, BHYTDH TeHEph
BYCTHX IMeCTHYNOARHHKOB, TO MoJdydaeM KapOoHaTHeE MoTHE AXj,
XapaxkTepHhLf aas apyx Momudmrauui CaCos (cM. pume). B Ko-
pyeae AlzO; B ofluell rekcaroHadbHOR YNAKOBKE KaXAHH clof H3
OKTas/IpoB NOCTPOEH N0 KOPYHAOBOMY MOTHBY, HO HaJIOXKEHH 3TH
CNOoM OFWH Ha Apyroft (BRosab TpoOfiHoft BHHTOROH ocH) TakuM of-
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Pue, 1.38. Kopynnosufl MoTHE A3 okTa3apoB (@). Kapbonatnuit Morus (CaCOs}
H3 OKTazapoB (6)

PA30M, YT0 B KaKAOH H3 BO3HHKAIOIUKX KOJOHOK YepeayloTcsl [Ba
3aCeJeHHHX OKTasApPa C OAHHM He3aceJIeHHEIM.

Meraansl, CTPYKTYPY 3HAUHTENLHOTO YACAA METANIOB M METa-
nHgecKAX (a3 TakKe MOXKHO ONHCATL ¢ NOMOINLIO NAOTHEROIeH
ynakoskH, [Iaormefiurylo ynakoBKy B MeTaaNHuecKnX (pasax ofpa-
3yI0T aTOMH METaJlIoB, B NYCTOTAX MeXIY HHMH Dacnonaramores
cyuiecrBeHHue A Merajandeckux $as saementu: B, Si, C, H, N,
O u ap. .

Huorpa naoruefilnylo ynakosKy o0pasylor aToMeb Meraada 6o-
Jlee KDPYNHOrO pa3Mepa, B NycTOTaX MEXAy HAMH DACHOJAralTcs
4TOMH MeTalsa, HMeWIlHe MeHee KPYNHEE pasMepH. '

Bonbiioe THCIO MeTaAJIOB KpHCTAAAM3yercs NO THRY KyOHue-
ckoft nnotnefimedt ynakosku (Ag, Al, Au, Ca, Cu, y-Fe, Ni, Pb, Pd,
Pt 1 np.). Bek 9TH METANJH HMEOT KyOHUYeCKYH) IDaHELEeHTPHPO-
BanHyw pemerxy. Pan meraanoe (Cr, w-Fe, K, Li, Mo, Na, Ta, V.

-'W) uMeer kybnueckylo 06beMHO-IEHTPHPOBAHHYIO DEIIETKY.

XapakrepHHM fBJAAETCS TO, YTQ HH OJMH MErajy He KpHCTan-
Au3yeTcs o THOY npocTof KyGHYecKofd HJM MPOCTOA rexcarodans-
HOft peieTkH. 3710 OGBACHASTCA MaJoil KOMNAKTHOCTBIO 3THX pe-
INETOK, YTO CBA3AHO ¢ MOBHIICHHOH BeAnyHHOfl cROGOAHOH 3HEp-
THH. - _

TTox xosthbuunHeHTOM YNAKOBKH, HJM KOMOZKTHOCTbIO, [y pe-
IeTKH NONHMAIOT OTHOMEHHe oO0beMa, 3aHAMAeMOro IMapaMH B

"aaeMerTapHolt simefiRe, KO BCeMy OOBEMY 3JeMeHTapHol f9efiKH,

Jna mpocrok xyOuueckoi suefikn (pHe. 1.39) Ha ofnem sivefixu
NPHXORWTCE OJME map paryca R. Hnmna peGpa xyba a=2RK.
O6beM suefiKE Vay=(2R)3, a o6bem mapa Vo=4/37R3, rorga
KOMRAXTHOCTh -

- V 4 R?

fu= Ves  3-8RS

B kyGuuveckofi oGbemHo-uenTpupoBanuoi (OLK) suefike maps
colpHKacarmoTesd No TedecHoft namaronannm Kyba (pue, 1.40), T. e
IUHHA TeNecHON NRaroHally pasHa 4R W oTcioga napaMerp Agef-
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Prc. 1.39. IIpoctan  Pae, 1.40. Ky6uge- Puc, 1.41. KyGngeckan
KyOmuecKas sueli-  cyas ofLenHo- IpaneeHTPHPOBAHHAS
K# LeHTPHpPOBaHAAS sqelika

ki a=4 R }7‘_.3-. Ha ofbeM snemenTapuofi syefiky OPHRXOXHTCH HIBA
uiapa, TorAa .
2.4nR _ ay3
. L 7 e
B xy0uueckofl rpaHeledtpupoBanHof syefike (I'LIK) wapsl
conpHKacalTca N0 AHaroHadsM rpaHefi kyOa (puc. 1.41), nampHa

KoTopo#l paBHa 4R, a napamerp sueiku a=4RH’? Ha suefiry
OPHXOAHTCH YeTHpe Mapa, TOrga
o ArARE 2y?
TS 6

B rexcaronansHofi naorHefiniek ynakoBke (T'TIY) snemenrap-
HYI0 a4efiKy omHcHBaeM Kak Auefiky ¢ Gasucam (000) (1/32/3 1/2)
(prc. 1.42). Ha rakyio Auefixy npHxXopnTca ABa wapa. ITapamerp
a=2R, a napamerp ¢ paBeH COQTBETCTBEHHO [BYM BHCOTAM Hierp
ONHHAKOBHX TETPa’ApoB ¢ peGpaMiy, paRHEMH 2:-R, BepumIMHH KoTo-
DHX CXOAATCA B LERTpPE MIapa, pacnoNiOXEHHOro B o0beMe 3/eMeH-
TApHOH Avefiky:

B stoM ciyuae
2-4nR% 2.4 R3

fo= e f—
- 3(2R)%-4R Y 2/3 sin 120°
Tak rak ky6uueckas H rekcaronainHas pPelIeTKH OTBEYAIOT HAHGO-
Jee nAOTHON ynakoexke mapos, to 0,74 caegyer cU#TaTe HAaHBHC-
WHM 3HageHueM KoaddHIxeHTa YIAKOBKH.
HAng rexcaronannHofi miorHefimefi ynakoBKH XapakTepHHM #B-
NAETCR OTHOUIeHHE

=0,74.

=0,74.

JR*,’E/S—
2R

c
a

=1,633.
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Pre. 1.42. Dnemenrapras
smefina TTIY-pemerkn

Takum o6pasoM, ecAH MeTaan KPHCTAJIH3YETCH B FeKCaroHaibHOU
IJioTHeHNIe! YNAKOBKE, TO OTHOWIEHHE ¢/d AOMKHO OHTL paBHLIM
1,633 u He 3aBuceTh OT pasmepop mapoB {artomos). [To Tany rekca-
rOHaJAbHON MJOTHEANeH YNAKORKH KPHCTAMIH3YKTCH MHOTHE Me-
trannk (Be, Cd, a-Ce, a-Co, Hf, Mg, Os, Ru, Ti, Zn, Zr).

Briiie 6HJ1 paccMoTpeH pAX NPHMEPOB CTPYKTYP KPHCTaJAOB
Ges mpiMecedi. OaHako HCCAeHOBaTeAH JAaBHO VCT2HOBHAH, 49TO
MHOrAHe KPHCTAANH 9aCTO CORepxar He3HauHTeAbHOe KOJHYECTBO
npnueceﬁ pRSHHqHB!X XHMHYeCKHX JIeMeHTOB, KoTOPHe BXOAAT B
KpPHCTaAJIHYECKYI0 pemleTKY RpHCTalda — X03AHHa Takue NpuMecH
NOJYIHH Ha3BanHe H3oMopGHEX. KpHCTAMIH ¢ pasSJMuHEM conep-
XKaHneMm OpHMecell 00NafalOT NMOYTH TOXKAECTBEHHOR BHemHed KpH-
craiayipueckofl ¢opmofi. 3To ABAeHdAe GHI0 Ha3BaHo HeMeLKHM
xuMEKOM 3. Mutrepauxom (1819 r.) usomopduamom . (or rpeu.
isos — oxnnaxkoewd H Morphe — ¢dopma). C cospeMeHBOK TOTKH
3peHns MOJ H3OMOPGHH3IMOM clejlyeT MOHHMATh SIBJEHHe B3AHMHOIO:
3aMenleHus aToMOB (HOHOB) B Y3naX KDHCTA/JHGEeCKO pemeTRH
Ges mHapyuleHHst ee cTpoeHHf. Pe3yJbTaToM 3aMeleHHs ABIsETCH
06pasoBaliie aHaAOFAYHHX N0 CTPYKTYPE KPHCTANJIOB NMepeMeHHOro
COCTABA — TaK Ha3WBAEMHX CMeWlGHHbIx KpuctaAros. Opxolt W3
NpUUAH ABJAEHHS H30MOpdH3IMa ABJAAETCH HH3Kas KOHHEHTpauxst
3JIEMEHTOR. B MEHepaJioo6pasyiomelf cpefie, 4TO He TO3BOJRET HM
00pa3uBbiBaTh KPHCTAANHYECKHE DEUIETKA CBOHX COOCTBEHHHX
KPHCTAJJIOB H KOTOPHE NPH COOTBETCTBYIOIKX. TEPMOIHH AMAYECKHX
YCAOBHAX BHIHYKIEGHH BXOJHTh B KPHCTANIHIeCKHe pEUIeTKH ApYrHx
KPHCTANOB. . :

BzanMozaMmemaemocTs artoMos {HOHOB) HaGalofaercs waule
BCCI'O B TeX chayuasiX, KOTAa OHH CTPOAT CXOJHHeE Mo pasMepaM H
CTPYKTYPHHM MOTHB2M KpHCTaJJIMyecKHe peilleTkn, OfHako B mupe
KPHCTAANOB HAaCcTO BCTPEHAIOTCH TaKHe SBJAeHAsl, KOTZa ATOMH
(70:B) 06pa3yioT GNH3KHMe KPHCTAJIHYeCKHe DEemeTKH, HO He 00-
pasyoT H3OMOp(hHHX 3aMmemeHnfi. HanpuMep, rtakue paju, Kak
NaCl, PbS, MgO, CaCQ;, NaNO,, uMenT 0fRHaKOBYIO CTPYKTYDY
B npeaesiax Kaxioro pAxa, Ho HX HOHH He 0GPa3yloT B3aHMO3aMe-
mennfl. Takoe sBJeHAe HasHBaeTCA UIOCTPYKTYPHOCTHIO, a KPH-
CTaJIn, OPpHHaRAeXanide K oAMHAKOBHM CTPYKTYPHHM THIAM, —
USOCTPYRTY PHOLMLL

50


http://www.print-driver.ru/?demolabel-ru

fInsenne msoMopdusMa IIHPOKO HCHOABIYETCH B TeXHHKe,
B pAaAy H3uMop(QUHX. 3aMeleHHH, MeHASd NPHMECHBIA coctaB KpH-
cTalIoB, 6e3 CYUECTBEHHOTO H3MEHEHHS KpPHCTANIKYeCKONd CTpyK-
TypH, MOXKHO HENPepHIBHO HIMEHATh HX QusHueckue cBoiicTBa, co-
3faBad TeM CAMBIM BeIlieCTBA C 331aHHHMH CBOACTBaMH.

Hapsiay ¢ usoMop(pusMoM B MHpe KPHCTAJIOB PacnpocTpaHeHo
gBACHHE AOAUMOPPUIMEA, CYIIHOCTE KOTOPOTO 3aKIIOYaeTCH B TOM,
yT0 O0AHO B TO ¥e 110 COCTABY BellleCTBO MOXKET HMETh Pa3J/HAHLIE
CTPYETYpH (MOZMGDHKAUKH), A CACAOBATENHHC, KPHCTAMNAHIOBATHCH
B pasAHIHEX BuAax cHMMerpHu. Kaxpas noaumopdwas MoaudH-
Kanus crabuibHa 8 onpeleieHHOR o6JacTH TeMIepaTyp ¥ Aasae-
uput. Handuue noanMopdu3aMa MpeAnoaraer, YTo pasJHIHHE
GopMe! HE MOTYT HMeTh OJIHHAKOBYIO cTaGu/IbHOCTS H OXHH H3 NOJH-
mopdoB Rcerga oOkasuBaeTcs Goaee YCTOHUHBEM  NPH  RAHHKX
ycnosusix. HanGonee crabuapHHM noanmoppom ABASETCS TOT, CBO-
Gozuas sueprua Koroporo {G=E—TS, E — BHYTPEHBSA 3HEpTHH,
T — afCcOMOTHAd TeMmeparypa, S — SHTPONHUA) MHHHMAaJALHA,
Hanncarnoe B ckobkaXx BupaxeHnue Aast G npeanodaraer, 4To KaB-
JeHHE H H3MeHeHHe ofbeMa IIPH MepeXoXe OT OZHOro IojMoppa
K. ApyroMy MajH. Takoe npeAlNONOXeHHE YHPOIIAET CHTYADHIO W
7103BOJAET paCCMOTpEHHE HpOBOILHTI: B IABHCHMOCTH JAHKIHL OT TEM-
nepatypn. AHaimns Bupaxemns mna G (AG=AE—TAS=0, a
d G/d T==—8) nokasumaer, 4yTo npH A0GoM mepexofe, HAYMEM
NPH OBHIIEHMH TEMNepaTypH, HOBaf CTpyKTYpa (noaumopd)
NOMKHA . o6nazaTe Goapmefl BuyTpenHeft sHeprhefi K Goabmed
anTponnell. Pasanualor ABa THna nepexogon. OaMH nepexol Xapak-
TepHsyeTCHd CKaukooOpaInHM UsMeHeHHEM BHYTPEHHEH SHEePTHH, MpH
3TOM HMEET MECTo CKB‘IKDOGPEL?HOC H3IMeHeHH2 THIa a'rmmoﬁ
CTPYKTYDH, A CAGA0BATEJbHO, KOOPAHHALHONHONO WHCAd, U QH3H-
vecknx- caoficTs. Takodl nepexon seasgerca (ha3oBHM HEpPeXoAoM
nepporo popa. [pyrofi THR Nepexofos, AJAsS KOTOPOTo yKasaHBHeE
'B3MeHEHHs OPOHCXOAAT NOCTeNeHHO. DHEPrUs He NpeTrepueBaer paa-
pHEBAa HpH‘HI&MEHEHHH TEMHEpaT}’pH, OJlHaK_O HMEsT MeCTOo CKavokK
TendoeMKoCTH. Taxue nepexoan HA3HMBAKTCH NepexoiaMH BTOPOTO
pona. CrpyKTypHO OHH OTBEYAIOT HepexofaM THNA CMeIEHHH HIH
nopsjok — OGecmopsfok. B kauecTBe NpuMEpa BeleCTB, HMeEIOLIHX
HECKCABKO MOMHMOPhHEX ' MoauduKannl npu Hogmanbimu AaBje-
HHR, MOXHO Ha3paTh: Xexeso, kKoropoe o 910°C cymecTsyer B
BHle o-Fe, umewinero OL[K-pemerky (cM. puc. 1.5) — nauH-
Aasg ¢ 918°C u ao 1400°C — B snme y-Fe ¢ TLIK-pewerxod
(cm. puc, 1.8) u ¢ 1400°C snaoTh A0 TEMNepaTYDPH MJABACHHA —
B Buje O-wemeza ¢ OL{K-pemersofi (eM. pme. 1.5); kyOuueckui
amMa3a (cu. puc. 1.37) K rexcaronansaii rpaput (puc. 1.43), TpH-
rOHanhENA KAABUHT H pomGuaeckuit aparount c coctanom Ca{COs].
Xora xuMuyeckuit cocTan KpHCTAMJIOB B KaXAOM U3 NPUBENEHHHX
IpHMepoB OLHHAKOB, CBOMCTBA MX OKA3HBAIOTCA PAa3MHYHBIMHE, MTO
00yc/ios/ieH0 NOMHORA NMepecTPOHKOA CTPYKTYPHL.

PasyoBraROCTbIO MOiHMOp(HIMa ABJAETCH ROAUTUAUA —— HABJE-
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HHE CIBHTOB HJ# OOBOPOTOB OTAeJbLHEIX
CTPYETYPHHX 3JeMeHTOB (HanpuMep, CJI0-
€p B IJIOTHeAmef YOAakoBKe) OTAEABHO
APYr oT Apyra TUPH NOJHOM coXpaHeHUH
CTPYKTYPH BHYTPH 3THX 3.aeMeHTOB. Ila-.
paMeTPH PellleTKH ¥ NOAHTHNOB 8 MJOCKO-
CTH CAOA HeA3MeHHB, a B HaNpaBJEHHH,
g MeplHeHAUKYAAPHOM CJAOSM, PA3JIHYHH, HO
Bcerja KpaTHHl paCCTOAHHIO MexXay Gas-
xaHIEMA ctoaMu. [loaaTHNHEX MoAudH-
] Kalud OAHOTO H TOTO XK€ BemeCcTBa Mo-
xeT OHTh 0B0JibHO MHOr0, Ecan gBa caos
MOTYT uepefoBaincsl 6ojee UeM OAHIM
crnocofoM, TO MOXHO MOAVIHTHL AAS AaH-
Pre. 143, Crpyx. HOTO BellecTBA OECKOHEUHOE UHCAO MONH-
Typa rpadura - )

- Tunos, Hanpumep, nig Bopunra ZnS u
CJIC]L YCTAHOBJAEHO B iIpHpofe 6 Monuduxauwit, pas xapbHuia
kpemunst S1C — 19, Jlas SiC nanGoiee paclpocTpaHeHH NONHTH-
na 4H, 6H, a rtakxe 15R=B ABCBACABABACBCACB.
-ABCBACABACBCACB A.. — vepefoBaHHIO BYKB COOTBETCTBYET
uepenoBalnHe NAoTHeMlInx cjoeB. [JoNHTHNEL  XapaKTepH3YIOTCA
undpo#, ykaspsaonleli THn sgefikn, Tak, » npuBefeHHHX NpHMe-
pax smozuduraune 4H v 6H 03HayaloT ueTHpexcIOfNYIc # 1ecTH-
CJOHHYIO rEKCaroHajbHHe sJMeMeHTapHEe Auefikd, COOTBETCTBEHHO,
a IE’;R ~— TNATHAAUATHCAOHHYIO pomﬁoanpnqecxylo 3JEMEHTAPHYI0
AuefiKy.

CrpykrypHnie uceiefoBaHusi HOJIUMOPOHHX MogubHKalui mo-
K43dJH, ¥TO B OCHOBE HX CTPYKTYPHOTO DA3JHYHA JekKAaT JAse OCHOD-
Hble NPHYHHBL — H3MEHEeHHe KOODJHHALHOHHOTO WHC/IA U H3Mexne-
HHe THHA DJaoTHeHuedl ynakopikH. Pofib KOOPAHHAUMOHHOTO YHCIa
MOIKHG HPOHMMIOCTPHPOBATL HA fNpHMepe HOAHMOPQHBIX MOABRPH-
KallHil JKejesa, KoopAHHamHoHHOe umaclo Kortoporo B OLIK-pe-
meTke 8, a n.TT{K-pemerke — 12,

[Tonumopprre MoAHPUKAIUM, B KOTOPHX KOOPAHHAIHOHHCE
YHCO OCTAETCH OAHUM H TEM K€, OTJHYAIOTCA THIOM IJAoTHeAeH
ynakoskd. Hanpumep, ZnS B BuAe chastepura nMeeT KyOHuUECKyiO
NaoTHeAMYI0 YNAKOBKY,.d B BHAE BIOPUHTA ~— TeKCATOHAJBHYIO
ILIOTHeHIYI0 YHAKOBKY, HMed B TOM H npyrom cyuae KOODAHHa-
UHOHHOE UHC/0, paBHOE 4,

Onnolt H3 NPHYMH NOJHMOPOHMA NPH HIMEHEHHH TEMIepaTYpP:l
M 3aBJaeHAA (yBeaudeHHe NaBAEHHH BEIeT K yMeHbIIeHHIO ofbeMa,
VBeJHYEHHIO DHYTDEHHeH 3HEpIHH H VMEHbIIEHHI0 SHTPONHH
AEY—TAS}+pAV{=0, rae p — naBnenne, V — obbeM Kpu-
cTaji1a, CTPEAKH TMOKA3HBAXT HA YBeNHUEHHZ HJM YMEHBIIEeHHe
BCJIRUHH, BXOAAIKHX B (OPMYJY) sIBAAETCH H3MeHEHHE pa3MepoB
ATOMOB WJIH MOHOB 32 CYET H3MEHEeHHS CTPOEHUS® HX 3JEKTPOHHBIX
ofic10uek. DT# HIMEHEHHs CHA3BIBAIOTEd HA H3IMEHEHHH BO B3aiM-
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yofl MOJSpH3AUNH aTOMOB HJH MOHOB, XKOTOPHE A YIEPKHBAIOTCA B
pellleTKe, KK MBI YBHAHM MO3AHEE, 5ACKTPOCTATHYECKHMH CHIAMH.
KpoMe TeMnepaTypH X LaBAeHHA B C0PasoBaHAH NOJHMOPPHEX
MOAHQHEAIMA DaXKHYIO POJb HIpaioT npHMecH. Tak, HanpuaMep,
Ca[CO;] KpucTalinayeTcss W3 WHCTRIX PACTBOPCB B BHJE TPHIO-
HaAbHOTO KaJbIHTA, €CAH JKe B HHX B HEKOTOPHX KOJHYEeCTBax
ppucyteTsyer crporunil, To CafCQOs] Kpucraaausyeres B Buge
pOMOHUECKOr0 APATOHHTA.

1.8. METOO B ONIPEOENEHHA ATOMHOA CTPYKTYPBI
TBEPADIX TEJ

Lsf onpepeseHHss aTOMHOM CTDYKTYpPH TBepABIX TeJ HCMOJb-
3y0T AudpakunoHunle MeTogs. Kiaccuduxauus 3THX MeTO0B
IAeTc MO BHAY HCHIOJB3YEMOTO U3NyueHHR. PaiinyaioT MeTOnH
pentrenorpagun, snexrpoHorpaduun n Hefitponorpadun. Bee sTm
METOAH OCHOBAHK Ha OOMHX OpHHUKMAAX AHGPAKIHH BOJH HIH
yacTHI OPH MNPOXQXKAEHHH 4Yepe3 KPHCTANJIHYECKOEe BEIlecTso,
SBAAIOLICECS A HUX CBoeoGpa3HoH au@paxiuuonHofi peuleTKof,
napaMeTp KOTOpoR paBeH MO MOPHAKY BEJHUYHHH CPEIHEMY MEX-
aTOMHOMY PACCTOAHHIO (c0]0—10 M),

s noaydenus ZudpaKUHOHHON KapTHHH CYIECTBEHHO, 9TO0H
IJHHA BOJHH HCNONbAYEMOTQ H3Jy4yeHHA Onljia CPAaBHHEMA C 3THM
CPeaHHM MeXATOMHBIM paccTOsiHHeM. B pentrenorpadHud aias Hc-
CIEIOBANHA ATOMHON CTPYKTYPH HPHMEHAIOT DEHTTEHOBCKHE JYYH
¢ aAuMHAMH BoJH ot 0,7-10-% a0 3.10-10 M, B 3gexrponorpaduu
3NEKTPOHH ¢° AAWHAMM BoaH ze Bpofiast — ot 3-107% no
6-10~2 m, B mefiTponorpapum — Tennopue HEATPOHH ¢ AIHHOH
BOJHL mopafka 1010 m, '

JubpakuKoHHYI0 KapTHHY, TOJyXaeMyio HPH pacCedHHH H3NY-
YeHHS OT KPHCTaAsa, B cAydae PeHTreHorpaduu o 3neKTpoHOrpa-
buu ¢uxcapyioT Ha doTomNeHKe HJIH (QOTONNACTHHE, a B CJaydae
Helfirponorpatun — cuerangom [efirepa.

[lo andpakiuoHHOM KapTHHe cpasy MOKHO KAWECTBEHHO
CYRHTL © CTPYKTYPHOM COCTOHHMHM TBepgoro tena. Ecau audpak-
UHOHHAA KapTHHA HpeiacTasaser cofod HaGop TodedHWX pedliex-
COB, NMOJNYYAIOMHXCA OPH PaccedHHH H3JYURHHS OT ONpeeleHHLIX
CHCTeM KpHCTaAnorpaduueckHx niockocrefl {R£I}, To TBeproe TeNO
HaxoauTess B MOHOKPHCTAJNMHYECKOM COCTOAHHH (puc. 1.44): ecan
AudpagRuUHOHHAY KapTHHa NpeacTaBaser coGoif HaGop KOHUEHTPH-
YeCcKHX kOJIel (IPH ¢heMe HA NAOCKYID QOTONAAaCTHHKY), TO TBepjoe
TeNlo HAXOAHTCA B NONHKPHCTAIANHYECKOM cocTosiHma (phe. 1.45);
HaKonel, ecqn Ha ARDPAKIHONHON KapTHHE NPHCYTCTBYET O1HO,
MakcumyM apa ARPPYIHHI rafo, 70 TeI0 HaXOaHTCHT B aMop(HOM
CoctostHun {pHc. 1.46).

Koneuno, 2T NOHAMAHHS H YCTAHOBJEHHSA CBA3eH MEXKLY CTPYK-
Typol u cpofictBaMH TEBEpPAHIX Ted TAKOTO KAaueCcTBEHHOTO 0&BACHE-
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Pre. 1.44. Onpaxuuon- "~ Puc. 1.45. Hadparuson-
Hasg KapTHHa OT MOHO- HaAd kapruHa oT OoAH-
KpHCTAMIA K[HCTAJIA

HHA ABHO HENOCTATOMHO, H KAXKAMA HCCAEROBATENb CTPEMUTCH
3HaTh 0 CTPYKType GoJee TOHKUE BellH, a HMEHHO: OH INHTaercd
ONPENEIHTh ATOMHYIO CTPYKTYPY TBEDJOro Tela. 3HaTh ATOMHYIO
CTPYKTYPY ~ 370 3HaTh KOOPJAHHATH LEHTPOB TAKECTH BceX ATO-
MOB, BXOAANIHX B 06beM KpPHCTAaJNNHUecKoR sjgeMeHrapHOR sueflkH.

To, uTo GymeT H3JIaraTheA HIKE, OTHOCUTCH K ORPeAeeHuIo
CTPYKTYPpUL UOLAABNBIX KPUCTORADS, T. €. KpucTasros 6Ges degex-
Tos., Peasbtbie KPUCTAALBL — 3TO KPUCTAAABL € RAAUYUEM CAMBLY
pasnoobpasubix deexros (Barancuu G MemOOY3LALHBE ATOMYL,
dusaxancuu, ducaoxayuu, degexrst ynaKosxu, exiouenus aropod
gaser u dp.). Vsyiende cTPYKTYPH peajbHEX KPHCTANIOB, BCTECT-
BeHHO, NpejAcTaBaseT Gojee TPYAHYIO 3a1a4y, H B HaCTOsIee BpeMst
BO MHOTHX AafopaTOpHSX 3aHHMAIOTCA KCCJAEeJAGBAHHEM pealbHOA
CTPYKTYpH. ITH Ja6opaTopHa OCHAWEHK leJiHM apceHasoM CoBpe-
MEHHOTO OG0PYLOBAHHEA, BKIYAKMEro AuPpakKIHOHHYIO, JIEKTPOH-
Ko-MHKPOCKONHUECKYIO H JPYryio amnaparypy.

Hudpaxyuonnsie Merodst uccredosa-
HUA CTDYKTYPSL AGASIOTCH PACUETHOIMU.

B kauectBe HexonHoft HHOpMaUHH
AAf pacqera CTPYKTYPH  HCIOJL3YIOT,
- AndpaKUHOHEYI) KADTHHY, HOJYTIacMylO
IKCTIEPHMERTa bHO OT H3yuaeMoro ofb-
exTa.

HanoxkenHc MeToaoR pacmmbpoaxn
ATOMHOR CTPYKTYPH HocesineHa obmup-
Has JiATeparTypa, MO3TOMY B JajbHeH-
_ ureM MH OOCYAHM 3TH METOAH JHIIbL B

: Toft Mepe, B KaKO# 370 HeoOX0AUMO £Js
HP::' 1{15;2' Hﬂ-ﬁ?;pa;::sg: MOHHMAHUS HX CYUIHOCTH.
HOr0 TBEDPROIG Tela Tlpexpe yeM HepedTH K H3JNOXKEHHIO
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CyWIHOCTH, YKaMeM Ha DasiHYHe TPEX BHIe YKasaHHHIX Andpak-
puofinEXx MeTonoB. Ono ofycnoBneno pasamunofi cHiIof B3auMOged-
oTBHH PEHTTEHOBCKOUIO, 3JEKTPOHHOTO H HEHTDOHHOTO H3MyueHHH C
gellleCTBOM,  PeHTreHOBCKOe | 3JeKTPOMATHHTHOE H3JAYUEHHE HpPH
APOXOKAEHHH Yepes KPHCTAN! B3aHMONEHCTHYeT C 3MEKTPOHHEMH
ofONOUKAMA ATOMOB  (BO3HHKAIOUIHE DBHHYXKICHHNe KoJefaHHA
gjep BC/AeACTBHE MX GOMBUIOH Macch HMEIOT NpeHeOpekUMO Maaywo
aMIX TyAY), u AudpakuMOHHAA KapTHHA CBH3aHa C pacupefene-
HyeM 3JIEKTPOHHOH HJAOTHOCTH, KOTOPYI0 MOXHOo XapaKrTepH30BATh
jekoTopoil Oyurumed Koopawuar p(x, 4, z). B aaexrponorpadun
ACTOB3YIOT 3JMEKTPOHEl TAKHX JHEPTHH, UTO OHH D3AHMOAEHACTBYIOT,
rAaBHHIM 00pa3oM, He C 2JIeKTPOHHWMH 0060J0YKAMH aTOMOB, 4 C
9JleKTPOCTATHUECKHMHY HOTEHIMAJAbHHMHA NOJAMA ¢ (X, ¥, 2), co3na-
paeMbLIMH AApaMH HCClenyeMoro peinectsa, BaauMozefcTBHe Mex-
Ay ABYMs 3aPSDKEHHEMN aCTHUAMH (2JEKTPOHOM H ALPOM aToMa)
3HAUHTEJILHO CHILHEE, UM MEeXAY 3JeKTPOMATHHTHHM HU3NYueHHEM
# 3NEKTPOHHOH ofomouko#t atoma. [lodToMy HHTEHCHBHOCTH AH-
(dpakuiH 3JEKTPOHHOrO H3JyueHHs npumepro B 10° pas cunbHee,
yeM peHTreHoBckoro. Orciofa NOHATHO, NoYeMy NOJYUEHHE DEHT-
TEHOTPAMM uacTo TpefyeT HECKOAbKHX %acoB, 3JEKTPOHOIDaMM —
HECKONBKHX CEKYHI. :

B cayuae HeATPOHHOTO H3AYUEHHS HEHTPOHH B3AHMONEACTBYIOT
¢ geabToolpasyLiM MoTeHHHa oM SASPHHX cuad 8(x, ¢ 2), H HH-
TEHCHBHOCTh AUGPAKUAH TO CPARHEHHIO C PEHTIEHOBCKHM H3ayZe-
wHeM npumepso B 102 paa caabee. CymectseHHas oco0eHHOCTh
MeToja HefiTpoHorpaduu CBsisaHa ¢ HaJjHuHeM Y HeATpoma co6CT-
BEHHOTO MATHUTHOTO MOMEHTA, 4T0 NO03BOJHET HCNOJb30BATE STOT
. METOX AAs ONpPEAe/ieHHA «MarHHTHOH® CTDYKTYDH BemecTs, B
COCTAB KOTOPHX BXOEAT ATOMH, 061azalliHe HOCTOAHHHMH Mar-
HUTHEIMH MOMEHTAMH (HATpPEMEP, aTOMB NMEePeXOIHHX 3M€MEHTOB).
STHM METOROM YRAeTCA TONYYaTh CBEAEHHH OO0 OpHEHTALHH Mar-
HHTHBHIX MOMEHTOE ATOMOB B 3JeMeHTapHON auelike,

ITockONLKY paccesEHe TEHAOBWX HEATPOHOB BOOSINE HE 3ABHCHT
IBHO OT aTOMHOTO HOMepa HCCHeNyeMoro BeillecTea, TO ¢ MOMOMIBIO
AnppaKUHA HeATPOHOB JNETKO BHABJAAETCS pasJHYde ATOMOB ©
Gamaknmu Z (HanpHEMep, MPH HCCAEAOBAHHA YHOPSLOYEHHS aTOMOB
Fe u Co B cucreme Fe—Co), uT0 TPYAHOG CAeaaTh PeRTreHorpadh-
WeCKH H anekypoHorpadmueckd. [Ipn HCRosib30BaHHH AU(paKIHH
HefiTpOHOBR BOIMOXKHO H3YUeHHE H30TONHYECKHX (HacTO pacceHBalo-
W#e crocoGHOCTH H30TOHOB OAHOIO H TOTO XKe 3J€MeHTa 3HAayH-
TeJAbHO pa3asIHMAIOTCA} M COHHOBHX pasauynfi aTOMOB, BXOASIUHX B
PenieTky, mpHYeM TaKHe PA3NHUHS <HE 34MEUAIOT» HH PEHTTEHOB-
CKHe JiyyH, HH 3JeKTpoNH, B To ke ppemsa npy aedpakuul welAtpo-
HOB MOTYT OKa3aThCA HEPA3JMUHMHMU (HMEIONIAMH NPUGIA3HTENE-
HO paBhyw0 aMnuHIyLy paccesHHA) COBepIIeHHO DAa3HLie ATOMH.

4K KaK Jerkde BeliecTBAa PacCeHBalOT HEATPOHH Tak Xe 3ddex-
THBHO, K&K H TSKEJHE, TO ¢ DOMOIUbI0 HeliTpoHorpadus ycneliHO
NPOROAAT M3YuEeHHE KPUCTANAHYECKOH CTPYKTYPH BEINECTB, B CO-
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¢TAB KOTOPHX BXOAAT OAHOBPEMEHHO ATOMH JErKHX H THKEAWX
afeMeHTOB (aToMH BOJOPOXA B PHApMZE UHDKOHHA, VIVEpOAa B
' ayCTeHHTE), A TAKKE CTPYKTYDP H3 IeTKHUX 3JeMeHTOB {JbAa, THEAPH-
[Ia HaTpH#, KeHTepHTa HATPHA, rpadura). Takue CTPpYKTYpH Helbas
HCCHEJ0BAaTh ¢ MOMOUIBLIC PEHTTEHOBCKHX Jyuell U 3aTPYAHHTENLHO
¢ HOMOIIBLK) SJACKTPOHOB H3-33a HE3HAUHTEJNBLHOTO DPACCEAHHA HX
NerKHMH SJIeMeHTaMU. .

KoHeuHHM peayasTaToM MpH ONpejeJeHHH aTOMHOR CTPYKTYDH
KAMIHM H3 TPeX METOHOB SIBJAETCH YCTAHOBJICHHE BHAA pacmpele-
aAegHs aHGo GVHKUHH p(X, y, 2) B 3xeMenTapHOf Auehre, B0
o{x ¥, 2), 6o 8(x, y, 2). MakcEMYMH yKasaHHmX QyHKUAA
COOTBETCTBYIOT UEHTpaM paBHOBECHS aTOMOH HCCAEAYEMOro Bele-
cTRA. _ : .

Broite MM rosopuau o ToM, 4To Bce AHGMPAKUHOHHBIE METOAH
OCHOBAHH Ha OOWHMX NpHHUKNAX JARGPAKUHH BOJH MAH Y3CTHI,
A03TOMY € MOMOIUIkI JI060r0 MEeTOaa MOXHO ONPENeAHTH ATOMHYIO
CTpYKTYpY. Takofi reoMeTpadeckiii . Xapakrep 3aAadd NO3BOJZET
B GonpiiuACTBe cAydaes DepeHeCTH Ge3 H3MEHEHHA B 3JEKTPOHO-
rpapric # HefiTpoHOrpadHIO reOMEeTPHYECKYIO TEOPHIO AU(PaKuHH,
Pa3BHTYI0 NEPBOHAYANBHO TIPUMEHHTENBHO K PEHTTEHOBCKHM JIYUaM,

[MockoabKy sxeKTpoHHAR HJAOTHOCT B o6beMe KpHCTalJa pac-
npefeneda NEPHOAMMECKH, TO €e MOXKHO NPeiCTaBHTh B BHAC pia
Dypre: :

oo ,
plx, y. 2)= % Famcos 2a(h x+-gy+l2—0xy), (1.20)

Vﬂ‘[ hwl=_o

rae p(x, gy, 2} — 3HaueHHe 3JCKTPOHHON NJOTHOCTH B o0beMe’
KPHCTAJNa B TOYRE C KOODAHHATAMH X, Y. Z; Van — oObeM ajeMen-.
TapHOA swefiKn; Akl — uHpeKcH HHTEpEPEHIHH H HHASKCH CHCTe-,
MH KpHucraadorpaduueckHX NAOCKOCTéH, OT KOTOPHX MPOH3OULRO
OTpaXeHHe; oy, — Pasa OTpaKeHHOH BOMHH; Frw — CTPYKTYpPHAR
AMTJIATYA. :

dopmyna (1.25) nanucana aas obmero caydas. Ecan xpucrama
HMEET NEHTP CHMMETPHUH, TO cfy,, NPHHHMAeT 3uaveHde 0 u 2m,:
NO3TOMY ¢ MOXHO OHYCTHTh H CUHTATE gx;z=0.

Has toro 4To6H mocrpouts psaz ®ypbe (bopmyaa 1.25), Heof-
XOAHMO A KaXKAOro pediexca Ha peHITeHOTpaMMe 3HAT, HHAEK-
cH hxl, sHavewns BenwuHH Fj,; H 00BeM 3jcMeHTAapHOH HuelKH.
Bcee sTH ganune noiyualoT 3 AROPAKUHOREOR KAPTHHEY, 5

Hast onpenencrus nuxekcos HHTEpOEDEHUNH HeOGXOANMO 3HATH
HanpaBAeHHe PACCeRHHHIX OT KPHCTalAa Jyued, MOITOMY paccMoT-
PUM OCHOBHHE TONOXEHHA reoMeTpudeckod audpakuhu Ha MpocT-
PaHCTBEHHOil peleTKe.

®opmyna Byaeda—Bparra. Bekope nocne orkpurus M. JTays
(1912) smexTpoMarHUTHOM IPHPOJAH PeHTTEHOBCKHX ayued pycckuil
yuensit FO. B, Byapd (1912) u He3aBucHMO OT Hero amrJufckHe
¢uauxu oren u cun I u J1. Bparrw (1913) zanu npoacroe ucroaxo-
saHKe HATephepeHUny PeHTIEHOBCKHX Jyuel B KpucTaaaax, obbsc-
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HuB 3T0 SBJEHHE HX «OTpPaXeHHEM» (KaK OT 3epKaja) or aTOMIIHX
paockocTed. OCHOBWBAACh HA 3THX COOOpP&MEHHAX, OHR BHBeIH
QopMyay, OMHCHBAIOMYIO NOjOXKEHHe “HHTep(bepEEHnHOHHHJi MAaKCH-
MYMOB. Huxe NpUBOAWTCA BHBOA 3Te# GOpMYynhl, HOCAER Ha3pa-
pie gopuyae Bysegha — Bpszaa,

FlycTo HA KpHCTARA, KOTOPHA MOXHO NPEACTABHTH COCTOSILHM
8 CEMGHCTBA TAPAMVIQAbHHX ATOMHBIX MAOCKOCTeH, HaXOAAHXCA
}a. ORAHAKOBOM MEXIIOCKOCTHOM DaccTOAHHK d (puc. 1.47), mom

piOM 0. maAaeT napajJieihHHHA NyUoK MOHOXDOMATHYECKHX PEHT-

re#oBCKEX aydefi ¢ anauodl poans A, OTpaxeHHHE OT aTOMHHX
LAOCKOCTEH NOA, TeM JKe yrnoM O (IpH 3¢PKaALHOM OTpAaXEHHH
yraa DaieHps paees yriy oTpaxenHs), napanaensusie ayun I # 11
aErepOEPHPYIOT, T. €. YCHAHBAKT MM oCAaGIAKT APYr Apyra B
38BHCHMOCTH OT PasHOCTH X0na Mexiy HuMu. Ecan pasmocts Xxoia
A= (AB+4BC)—AD papna ueroMy MHCAY nr AJUH BOJH A, TO
pabnionaerca uHrepepenuuonnsifi Makcumy™. Hs puc. 1.47 BijHo,
4YTO 3TO HMEET MECTQ, KOria

Ae=na=2d sin 0. | (1.26)

Venosne (1.26), npm BHIDOJHERHH KOTOPOTO BO3uWHKAeT HHTepde-
PEBUHOHHBIA MAaKCHMYM, H HOCHT HaapaHWe ¢GopMyaH Byaeda —
Bparra. 34as §psrroBcKUe YIVIH OTpameH#s 0, KoTopne onpefens-
OTCA. 43 ARDPAKUKOHHOR KAPTHHRL, MOKHO BHYHC/IHTE MEXONOCKO-
CTHHE pacCTOsHHA d, a 1O HEM H HAAEeKCH HATepedeperuny Akl
HanpuMep, AME KyOGHMUECKHX KPHCTAJJIOB MOXHO. BOCNOJSb30BATHCA
dopmynoh (1.19).

Ycaonue Jlays. Hatepdepennuontoe ypabpenne. M, Jlays Gunu
NONyueHH YPaBHeHHA, MO3BOASHOIHE ONpeAe]sTh ROJOMKEHHEe HH-
TepPepeHHOHHEX MAKCHMYMOB, BO3IHHKAIOUHMX HPH DPacCedHHM
H3NyueHHd Ha yslax KpHCTalanuecKofl pemerkn. BuBozg atux
ypaBHeHUHl NOCTATOUHO NPOCT # OCHOBEIBAETCS Ha CJAeAVIOLIUX
CopBpaKeHUAX: €CIK TBEPJAOE TEJIO HAXORHTCA B KPHCTANJIHYECKOM
COCTOSIHHY, TO 06A3aTeAbHO HMeeTCH HallpapJeHHe, BIOAL KOTOPOro
BCe miaenTHYHHE N0 cpoficTBaM Y3/l DACHONATAlOTCH NMapaliieNb- -
HUMH DSZAaMH H B Ka)KIOM TaxKoM pPSiy OHH ¢BS3aHH Tpamcas-
Uyest g. Ecanx ua takofi paa HaNpaBHTh N0Z NPOH3BOJLHEIM K HEMY
YIIOM . gy NApaate]pHEA  HNYHOK
MOHOXPOMATHYECKOrO HBJYYEHHS C
Aavnof pondui A (pre. 1.48), TO
OTpaxkenne OygeT NPOHCXOAHTH
TOMbKO B TeX HampasJeHHSIX, AJA
KOTOpnix BCe B3AHMHO CKJAIHRBAIO-
WHeens orpaxeHns oT y3no0s, CBS-
SAHNEIX MexAYy COGOH TpaHCASLH-
3 2, HaxoAsTca B OZHOoN (ase. :

TO BO3MOXHO JHWbL B TOM CAYy- Prc. 147. K BMBOAY (OpPMYIN
8¢, ecny pasHoCcTb XOAa MeXAY Byastha—Bparra
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BOMTHAMI, paccesiHHHMH OT ABYX COCEIHHX yaﬂoq
A=AC—BD (puc. 1.48), pasHa neaomy qncng
ARYH BOJH, T. €.
A=a{cos a-—cos to) =R A, (1.27};
e g — YIod MEeXIY HANpasleHHeM OTPaXKeHHS
H HanpasJeHuneM pAjAa; A — ueaoe 4HCJO, KOTO:
poe Ha3HIBAKOT uNJexcom unrepihepenyuu, Kax
BHAHO H3 pHc. |.48, Haauyke oAnofl TPaHCANHHH
| @ paspemraeT OTpaXKeHAs Buodb Jobofi ob6pas
syomell KoHyca C YII0M pacTBOpa, PaBHHM 204
KpoMe TpaHCaSuHH @ B KPHCTAJNIE CYLLECTBY:
eT MHOXECTBO APYTHX, M AAS KaXJAO0H H3 HH)
Puc. 148 K MOXKHO HaNHCaTh YPamHeHHe THMNA (1.27). Onj
 BHBORy YpaE- HakQ, Kax MokasafHo B Xpucrajanorpaduu, ecan
RerHa Jlays TaKHE YPaBHEHHS BHINONHAIOTCS AAR KaKKX-TH;
60 TpeX HEKOMNJaHapHWX Tpancasmafl (wanpaMep, &, b, ¢}, TC
ONHOBPEMEHHO OHH BRIMIOJHNIOTCH H AJf Mo6of Tpawcasuny B TO
e KpucTaane. DT TpH ypaBHeHUs, HakJaalHBaloIlue Grpaxuives
HHS HA BOIMOXHHE OTPAXKEHUN, HOCAT HA3BaHHe ypasHeruil .Haya:]
QOFfHYHO HX 3aMRCHBAIOT B BHAE G
a(tos a—cos og)=hA; b{cos B—cos Bo) =& A, T
¢ (cos y—cos ye)=I A. (1. 28)5,
- Tpu ypasHenus JAays, onpedeasrowue nanpassenus urntepde:
PEHUUORHBIX AYydell 8 NPOCTPAHCTEE, MOXHO 8 obUeM cayqae same
HUTH. OONUM  UHTEDPEPCHUUONNBIM  YPABNERUCM, NO3B0ARIOUL
UHTEPRPETUPOBATL YCAOBUE UNTEDHDEPERULL 200METPUHECKE ¢ N
Moupo ofparnod pewtetxku, Inn 3T0T0 MpEABapUTEJBHO AOKAXKeN
BEKTOPHOE TOMKRECTBO:

T L o I S

r=a*{ar)+b*{(br)-}c*(cr), (I 29;

'rae a, b, ¢ — ocesHe -BEKTOPH- npsmon pelleTKH; "’ b* prg
1
OCEeBLIE Bemopﬂ ofpaTHO# PelIeTRil; T— BEKTOp obpaTtuoit pemeTKm

i

Bextop ofpatHOll peweTku r B coormercTBHE ¢ (1.12) Moxmq
3aMHCaTh B BUIe

r—ha*fxbi-ler (130):‘
YMHOXKUM npanylo u .nenylo yacTH BHpaxerud (1.30) cnatia.nq

-

Ha a, noTOM Ha b H Ha C coorBercTBenHo. C Y'-IETOM CBOHCTBE

oépa'rnoﬁ pereTKH (1.15), monayuum, uto (a r)=h (br)—m

{cr)=I, a 370 W o3Havaer, uTO TomAecTso (1.29) neﬁcmmenaad
uMeeT MecTo. Teneps 3anHILEM ypaBHeHne J'[aya (1.28) b BuOe

-t

(355 (355 o (1555
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- -

rae So H S — nanpaBsAOUIHE KOCHHYCH NAJAlOMero H OTpaMeH-
HOro JIyued COOTBETCTBEHHO. _
CHOBa JIeByl0 H HpPABYI HacTH KAXAOIO M3 3THX YDABHEHHH
-

e =

yMHOKHM Ha a*, b®, ¢* COOTBETCTBEHHO M B HX CJIOXHM!

5—S S—S S—$
* -*S;SE_) _'*(AE‘L) A*(k’__m“ﬁ)=
a(a aat UL i e B Sy
— e - —
=ha*t}xh*4lc*=H.
CpaBHHBAS 3T0 BHpaXeHHe ¢ KOKA3aHHEM TOXKIECTBOM (1.29),
yHeKAARMCH, UTO - - .
*  8§—S8¢
H= -, (1.31)
»

J10 ypaenenue HA3LIBAIOT UNTEPQEPENYUOHHOIM  YPABHeNUEM
rpexmeprod peweTiu. OO0 MOJNHOCTHIO ONpeAenser NOJNOXKEHHE
prTepPEPEeHIHONHNX AyYell H COZEPKHT Kak ypasHenHe Jlays, Tak
B ypaBHeaHe Byabdpa — Bpsrra. Hcnoabsys unTepdepeHuHoHHOE
ypaBHEHHe, MOXHO 49pe3BHYauo NpocTo NyTeM PeoMeTpHUECKOro
nocTpoenHa obOpaTHofi pelleTkn H cepH oTpaxkenus (chepH
3Jpaapza) onpejensiTh Hanpasjies#e WATEphepeAnUONALIX Jyvefl.

TlokaxeM 3To HA npHMepe NByXMepHOH pewmweTkH. Jlonycrnm,
4TO HA ABYXMEDHYIO PEIleTKY ¢ H3BECTHHMH HapaMeTpaMik a, b

YIIGM MeXAy HHMH y B HampaBAeHHH S, NafaeT mNJ0CKa# MoHO-
XpoMaTuuecKad BoJHA AaHEo# A. Ompenenns no dopmynam (1.14)
# (1.21) nmapamerpm ofparsofi pemerku a*, b* u y*, mnocrpoEM
ee Ha Oymare B MacwrraGe 1/A. BubGepeM npowsBonpHE y3en A
‘o6parnoft pemterku (puc. 1.49), M3 ysana A 8 HanpapJAeHHH, obpar-

HOM HanpasjieHuie So, OTNOXKEM ' %o
orpesok 1/A (B MacwraGe 1fA)
do -rouku . Uz aroll ToukwW, Kak
H3 IileHTPAa, OHHRCHBAEM OKPYXHOCTD
Jpanbaa paguycoM 1fA. 3aMeTHM,
uto Toyka O He o0s3aTesnpHO NONa-
Ader g KaKoH-nu6o yiea pellerkH,

Bce y3am ofparsHofi peilleTKH,
KOTOpHE NOHARYT Ha OKpPYXHOCTB,
_HAaXopATCH B OTPAXKAWIHEM OOJO-
MeH¥H, OOCKOJMBKY AJA KaXporo

o o O & O O ©

Takoro ysna Tpu Bekropa SofA, S/A

Pre. 1.49. Chepa orpaﬁ

H H, samugaomuft 1Ba REPBHX, memms ﬁno Bsgnuoxeﬂcr-
Yacsaersopsior HHTepdEpEeHIHOR- BHR ¢ OOpatEod  pelseT-
Homy ypaBrenasmo (1.31). B 1pex xoft. BB — cnex nagcko-
H3MepeHHSX BMECTO OKDYXKHOCTH ;:ﬂngig» ::K::P gf el
BoKpyr Toukn O OMHCHIBAeTCs cde- P Ky IsIpen;

Gparrosckrft yroa = orpa-
Pa Toro xe papgmyca 1A, ¥ ee Ha- WeHHs 0
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3NBAIOT cdepoii oTpaxcenus, uin cipepoi Isareda.

Buire roBopHaoCch O TOM, NTO HHTeD(EpPEHIIHOHHOE YypABHEHYE,
(1.31) Bxmouaer B cefia TaxKe H ycaosue Byabpa — bparra.
flexaxem 0. INycrs chepa npoxoant uepes yzen C (puc. 1.49),

BekTtop OC onpeneﬂﬂta"r Hal’lpaBJ‘lEHHe HHTequepeHunom}ord’

ny4a, a OA —- MaA4IOWero, HpH YTOM |OCl—|0A|—~ljl |AD|==
=AC/2=n/2d Tax xax HHI/d Mz AAOD noayuam sin@=

—
=n}f2d, orclona nA=2dsin @, 1. e. neficTBHTENbHO yCloBHE Byab-.
¢ba — Bparra BHNoAHSIeTCH AAs y3aa, monasulero Ha cbepy ogpa-’
KEHRA, :

O6LIYHY NMPH PACCMOTPEHHH BOJIHOBEIX TIPOLECCOB B MepHOpnde-;
CKHX CTPYKTYpax ycaomne Byanda — Bpsrra ucnoabsyior B Bex-
TopHo#t opMe HPHMGHHTEJH:HO K npocmancmy BOJIHOBHX YHCeN,

BonHoBo#- BeKTOp |K|=-=2:|tf?. Ecau Bestopu Su/?x. S/i. n H yMHO~
KuTh #a 27, TO, KAK JIerKo BH,D.eTb H3 puc. 1.49,

2 (x Cn} |- G2==0, { 13.?)s
rige G=2nH=2n(h_z;*+x‘B*—| fc*). Coornowenne (1.32) aﬁaa-é

paJenTdo hopmyne Bynwpa — Bparra (1.26). :
Hrax, fipHBeAenHOE BHIIE TeOMETPHYECKOE MOCTPOCHHE JIO3B0AM -
eT OnpefeiiTh HampasJjedne uHTepdepeHIHOHHNX Jayuell 1 HHgek-:
CH y340B ofpaTHof pEMIeTKH, KOTOPHe HAXOANTCA B orpa}xaiomeu*
DONOIKEHHKA, a CAefoBaTeabHO, H HHAEKCH (Ax{) NMpsMOH pellerTkH,!
noexeabky Kamawit ysen [[ix{1}* obpatnoft pemerru coome'rcr-;
BYeT ceMeRCTRY napanaenbsHX naockocreft (hxl) mpumof pemeﬂm.
Pacnpedesenue 3AeKZpOMNOL naoTROCTu Oas Kpucrasse  fom.'!
{1.25)] MoatKo nocTpouts, ecau xpome undexcoa unTepdepentui’
U3BECTHBI 3HAKU U 3NAYENUs CTPYKTYPHoLK aMaauTyd Frg CTpyk-.
TYPHHE AMHAMTYAH CBS3AHE ¢ HWHTEHCHBHOCTbIO AHOPAKIHOHHHX:
pedaekcos, Kotopast onpeensercs SKCHEPHMEHTANBHO H3 DEHTTe-:
HOTPAMMHL. '
Hurencustocrs pediexcos npu peHTreHoacxoﬁ InppakuHH Ha
NPAKTHKE ONpeeAeTcs ¢ AOCTATOuHON CTEMeHBIO TOMHOCTH KOMH- .
yecTBeHHO., Ha HHTeHCHBHOCTE pe(ieKcoB BARAST pPAZ PAKTOPOB, .
4  BKAAJ KOTODHX MOXHO OUEHHTH
TeOpeTHYECKH. PaccMoTpuM 3ITH
26 @akropH nocregosatenHo, Has
) KOJIHYECTBEHHOH OLEHKH B3aWMO-'
w ReflcTBHY PEHTIEHOBCKOTO H3ndyde-'
T T . HHfl C KPHCTAJJIOM BOCIIOJb3YeMcs
Pyc. 1.50 Mlnarpamma HaRpabieh- peSyJIbTAaTAMH KJACCHMECKOH 3JeK-:
e b nsy TPoRmamsn, Kaanosste sogek
c}mu_e%nm Tena ap:?mexns[ sokpyr  'H XOTA H HIPAIOT ONMPEACICHHYIR !
podib, OJHAKO, KaK NPaBHJIO, YYaCT-

HAanpasReHNHEA  Oafalllero Jyda i
(boJIRAa He [oRApPHICBAHA) BYIOT B CO3IaHHH JHIIBE HEKOTe-:

p
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eHTHOIO DaCCeAHHA (pacCedHHN ¢ H3MEHeHHeM MJWHH BOJHH), KO-
rofi0€ BHOCHT BKJIad B ()OH PEHTTEHOTPaMMH. _

PaccesHHe pEeHTTEHOBCKHMX Ayvefi 24ekTpoHaMu. Ilycrh Ha
3JeKTPCH, Haxoasuufics B rouke O (puc. 1.50), magaer niaockas
MOHOXPOMATHUECK2R BOJHA PEHTTEHOBCKOrO H3JYYeHHS HHTCHCHB-
pocTh_Jo. DIeKTpHYecKoe o€ BONHH NPHBOAHT 3JEKTPOH B KO-
gebane ¢ uwactorod camoff BoaHn. KomeGmoluumiics snekTpoH
ppeACTaBasier colofi AHMOAL ¢ NePeMEHHNM 39JICKTPHUECKHM MO-
MEHTOM M CO3[2€T, B CBOI} OYEPeAh, NePeMeHHOe 3JTeKTPOMaTHHT-
poe Moje. MHTeHCHBHOCTL 3TOr0 NOJIE H €CTh I'HTEHCHBHOCTE H3-
AVYEHHA, PACCEAHHOrO JIEKTPOHOM. 3 3/7eKTpoAHHAMHKH H3BECT-
HO, 4TO [JI PEHTTeHOBCKOro Jyua, pacCeHBAeMODO 3JeXTPOHOM
nof yrioM 28 K nazammeMy Ayuy B Touke A, HaxoaAmeica na
pAacCTOSRUM R OT SJIEKTPOHA, HHTEHCHBHOCTDH

1—J ok 1 I4-cos?26 1.33

TOmEe R ) ’ (1.33)
TIeé € — 3apal;, M — Macca 3JeKTPoHa; ¢ — CKOpOCTh CBera.
Bennuuna (14-cos228)/2 B peHTrenocTpyKTypHOM aHajiu3e IOJMY-
uWJa HAa3BaHHE noARpusayuonrxo2o ¢akropa Tomcora, KoTopwii
. RS Kamaoro pedwiekca MoiKeT GHTH J€rko HafiZeH N0 GpPITTOBCKO-
My yray orpaxenus 0. : '

Paccesnue penrrenoBcknx ayued aromom. Avomasifi axrop,
$icHO, YTO HHTCHCHBHOCTh DPEHTIEHOBCKHX OTpaXKeHH# NOIKHA GHTH
nponoplHoHaJbHa paccedpaioniefl cHocoOHOCTH ATOMAa B KpHCTAJ-
anyeckoll  pemerke. PenrrenoBckde AyuH -— 3J€KTPOMACHMTHHE
BOJHBE — pacteiipaloTes 3AeXTPOHHEMU O0OMOUKAMH  ATOMOB.
[lagarouas Ha aTOM DJIOCKas MOHOXpPOMATHUeCK2A BOJAHA BO3GYXK-
AaeT B KaKJA0M ero sieMente o6bema dy 31€MEHTAPHYIO BTOPHY-
HYI0 BOJHY. AMIMHTYAA 3TOH pacceARHOA BOJHH, ECTECTBEHHO,
HpollopHHOHaAbHA paccedBaolledl cnocoOHOCTH NAHHOTO 3JeMEHTa
obbeMa, KOTOpaA, B CBOW ouepein, nponopumoHanssa U(r}d v,
rie U{r) — pHipaxaeMan B 5JeKTpoHaX Ha M3 QYHKuUA paclpe-
BeJeHHA 9/ICKTPOHOB BAOAb PajHyca 7, OTCUHTHIBAEMOro OT IEHTPa
NoKOsimeToCd aToMa co cQepHYecKH CHMMETPHUHRM pacilpegese-
HHeM B HeM SJEKTPOHHOH IIJIOTHOCTH, NMpocTHpaouuMes oT O go oo,

acyeTHl, NPOBElcHHHE B NPeANOICKeHHHE o cepHUeCKOR cHMMeT-
Pun aroma, T. €. o coepuueckoit cummerpun pyuxuua U{r), npu-
BORHT K BMPAMEHHIO [JIA &MNJHTYAL CYMMapHOH BoJAuLL, pacceu-
BaeMoft aToOMOM: “

sin[{4 s rsinf) /] d r.
(47 rsin6) /A ’

3zece 4 — AMAJHTYAQ BOJHBEL, PACCeAHHOH ONHHM  3MEKTPOHOM.
HCJI0, moKasHBaiollee, BO CKOJbKO Pa3 3Ta AMIHTYA2 Gojble
EMIATYAR BOJIRH, PAacceHBAaeMON 3JEKTPOHOM, IIPH Tex ke yeIo-
BUSIX, T, ¢. DOX TeM Xe YIJIOM M AJIS TOH Xe JJIAHH BOJIHH, ‘€CTh
— QTOMHOLIG (PAKTOP paccesnus aTOMa HEKOTOPOro 3JeMEHTa c
Panuannuofl pynkumesr pacupenenerus U(r):

A fanruq
a

6l
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HOTG

apryMmeHTa

I4m2 U(r)

sin[ (4 mr sin 8) /A]

aroma

5in @ 1
(4smrsinB)/a dr f( ) (1.34)

Tak kak aTo BHpaKeHHe NOJy4eHo B NpEANoNOXKEHHA © cq)epaqe-
CKOH CHMMETPHH SJeKTPOHHOTO pacmpeiefcHHs, TO 3HAYeHHe | H§
3aBHCHT OT OPHEHTALUH M paccesHde siBaserTcA (yHKIMeR cKaaap:

f=f[sin0/a]. IloaoGroe AOMYLIeHHE

Xopoillo mepefaer ocoleHHOCTH 3AEKTPOHHOIC paclpejeieHHS CBO*
6ojHOro aToMa.

Ecau U(r) nssecrua,

3HaYuT, | AR pasIMIHBEIX (smB)j?w-l

- =1/, d nopnaercsa rpaquecxouy HHTEr PHPOBaHHIO,
[Ipa manuix (sin@}/A oTHoUieRRe CHHYCA K apTyMeHTy ﬁnusxo

[

K enaHune o f—_‘. dnr?U(r)dr=Z, rpe 7 — uuacno 3J1ex'rp0Hon

B aToMe (a‘rounuﬁ HOMEpP 3/€MEHTa). .

Takum ofpasoM, atoMuull dakTop ects (YHKIEA apryMeATH
(sin0)/A, Bag aTol dyHKuuM ompemeasercs pafHAJLHEM paclped
JeNTeHHeM JIEKTPOHOR B Cchepuyeckn cHMmerpauHoM arome. Ha
puc. 1,51 npuseaena TtHnAUHMAR KpHBaH 3ABHCHMOCTH * 8TOMHO)
dakropa or {sin8)/r xas atoma docdopa.

3mauenng f npx papavmmy (Sin 8}/ A gas  xaxdoro atoMa Taﬁmnm

W, Meuneneera MoMHo HafTR B KmNre «MHTepHANAOHAALHHEe TaGAHDH nq
peurrenoacxoﬁ KpacTanaorpagaur {BupMuurem, 1952—1962).

Paccesnne snemenrapuof aueRxod. CTpyKrypHbA daxrop, Ham!
yKe paccMOTpeHH B3aHMHHE OIPAHHYSHMA HA BO3MOXKHLHE OTpa-
WEHHA PEHTICHOBCKHX Jyueldl KpHCTAMANOM, HaxMaJfHBaeMEeE [OBTO-
PEHHSIMH {10 3aKOHY pelIeTKH, KOTOpbie NMpUBEAH K OTPaHATEHHAM,
BHpaXKaeMbIM YpaBHeHUsIMA Jlays. ITH OrpaHHYEHHS HMEIOT YHCTO

reoMeTpuuecKuii xapaxrep. Ecau

alleMeHTapHHe suefikH IBYX

+ KaKHX-JHOO pa3jIHUMHX BEIMECTB DOJOGHH Mo GopMe H TOXAeCT-
BeHHH O pasMepaM, TO TeOMETPHUECKoe pacnojioXeHue pedliek-
COB HAa PEHTI€HOTPAMMAX BCETJA COBEpUIEHHO OJHMAaKoBO, Ge3pas-

Pac.

885in8
A

3anHCHMOCTL ATOMHOTO

az Q4 86
1.51.
daxropa § or ( SIT)

62

aroma dochopa

Ang

JIHYHO OT TOTO, COJEpPKHT JH
Auefika BCero oIMH, [ABA HIM
BECLEMA 60JbIIOe YHCAO ATOMOB.

-B xauectBe [IpHMEPA MONKHO

NPHBECTH TPH KPHCTAJJA: Me=
TaAdnyeckuit g-Mn, craukar
copanut ‘NayAlySis012Cl u xoM-
nrekcnas  cosb  (NH;)sAlFe
BMET OJHHAKOBHE Kyﬁﬂqecxnel
AUefiKH ¢ DapaMeTpoM Q==
=0,89 uM, ¥ HOTOMY pacnoJIOKe
HH¢ pe/IeKCOB  Ha PEHTTEHO-
rpaMMax OT 9STHX KDHCTAaJAJOH
reoMeTpHYeckd 0JHHAKOBO, XOTS

n
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s AYefiKe a-Mn waxoaurca B8 aToMoOB oJHOro copra, B suefixe co-
gaanta — 46 aTOMOB NATH COPTOB H B gueHike KOMIJIEKCHOH co-
i — 98 aTOMOB uyerHpex CopToB.

Ecnd suaeMeHTapHHe AYefKH NOA0GHH Mo  (oOpMe, HO UMEIOT

a3nble pa3MepH, TO reoMeTpHUecKoe PAcNONOXKeHHe Ha COOTBETCT-

pYIOUIMX PEMTIEHOFPAMMAX OTMNHUAETCA JHIIL MACIITaBOM; npHMe-
pOM MOTYT CHYXHTb AuefiKM B CTPYKTYDAX a-KeJesa H rparaTa
Mg:AlzfSiO.]s, KotopHe nogobHb no QopMe, HO HMEOT pa3Hble
napaMeTpu (mapamerp siueHku ¢-xenesa papen 0,286 nm, a mapa-
merTp Adefikd rpanata — 1,144 um}. B Auefike g-xenesa neero ABa
oJHMHAKOBHX aTOMa, B Avefixe e rpadara [60 aToMoB pasHbX
COPTOB. ' :

MatepuaipHOMY DA3JHYHIO TNPHBEJAEHHBIX CTPYKTYP OTBeuaer
pe3Kce Pa3nnyRe HHTEHCHBHOCTeH TEOMETPHYECKM TOXJEeCTBEHHHX
pe(JIeKCOB; HATEHCHBHOCTH YACTH pedaexcos paBHH HYyJwo, T. €.
takye pedeKcH DpocTo OTCYTCTBYIOT Ha OJHOl HJAW JABVX peHTre-
HOrPaMMax, XOTsl HaJHLO Ha tperheft (peup HAeT o Tpex Beite-
cTBaX ¢ HOLOOHEIMH AvYeffKaMu H TOXIAGCTBEHHHIMH pa3MepaMu).

YKa3aHHoe OTAHUHE B HHTEHCHBHOCTAX TeOMETPHYECKH TOXJECT-
BeHHHX pedaeckcor obycJosleHC pa3HUMeM pAacCeHBAONIMX clio-
co6HOCTEH ATOMOB, BXOARALIKX B SJEMEHTAPHYIO adefiKy, sfipa Ko-
TOPHX HMEWT pasHHe 3apaaH Z. ,

Yuer atToro oTJIMuUHA NPOM3BOFMTCA C DNOMOIIBIO BBelEHHA B
dopMyay A7 HHTEHCHBHOCTH OTPAXKEHHBIX OT KpucTranaza Jayueh
TAK Ha3HBAEMOLO CTPYKTYpHo20 haktopa Flhg, paBHOro XBajapa-
TY CTPYKTYpHOR aMIuTyAH Funw. CTpyxrypuas amnauryda — se-
JdURUHG, XOPAKTEPUSYIOWAR PACLEARIe IACHeRTAPRON AxeiKol, gbi-
PANCeHHOe 8 IAEKTPORNBLY 20URURAX, T. €, OTHECERNOE K DACCeANUIG
anexrpona 8 Téx xe ycaosuax {ro xe 6 u ). Ecau, manpamep,
roBOpAT, 4TG pacCesHHe 3JeMeHTApHOH AYEAKH B HANPaBJEeHHH,
oupegensieMoM wuHAekcamu hxl, papuo 20, T0 3TO 3HAUMT, HTC
TAKHM e MoX YIJoM paccesiuus 20 6uno OH paccesnHe 20 3neKT-
postos, aeficteyiomiax B ¢aze. Takum obpaszom, aMINHTYAA" BOJHE,
paccesnHofi ofHof sneMeHTapHOR AuefiKOA KpucTanaa, pasHa AFnx,
The A -~ aMOAHTYZa BOJHH, PaccesHHOR 51eKTPOHOM. -

+  Kampomy orpaxenuo hxl COOTBETCTBYET cBOA CTPYKTypHAs
amnauryna Fiw.

Tak kak najyuenwe, paccesiunoe Beel sjeMeHTapHOfi suefirofl,
ABJIsIeTCA CYmeplo3nuHel BCeX OTACJBHEX Ayuel, [ONYIEHHHX NpH
DaccesHHn Ha aTOMaX, BXORSINHX B AUefKy, To BHpaXeHHE IR
CTPYKTYpHOHA aMIAMTYXAN MMeeT BUJ

Fiwe= 2 frexpl2ahzetnyrtz)], (1.35)

;;ﬂe Xj, Y3, 2j— KOODHHHATH [-Tro GasucHoro aroMa B suehiKe,
i — aroMuuf paccedBawouu#i dakrop j-ro aroMa, N — THCIO
43HCHEIX ATOMOB.

63


http://www.print-driver.ru/?demolabel-ru

Ha crpykrypuom ¢axrope (aMnisaryne) upesBHYafiHo CHIBHO:
CKA3HBAIOTCH  KPHCTAJAOTpadHYECKHe OCOOEHHOCTH KPHCTAJLIMYE-;
CKOH CTPYKTYpH: €€ 3NeMeHTH CHMMETPHH, THN pEUMeTKH, Ipo-;
CTPANCTBEHHAR TpYONa CcHMMETPHH. PaccMOTPHM npuaMepH, Eciwi
pemeTKa o0beMHO-UEHTPHPOBAHRAN, TO KaXKAOMY aTOMYy B TOHKE C!
HOODAHHATAMH Xj, ¥j, 2; COOTBETCTBYeT A4TOM ¢ KOOPAMHATAMK'
X4l2,  gibla; zi+'fe. B PHpaxeHns Ans cTPYKTYpHOH aMHAH-:
TyAbt [nocne npeobpasosaunus (1.35) no dopmyne Ddaepal Boa-
' HUKHYT JB€ MapH 4JeHOB: ' :

htntl )
mH),
=)

cdis 2 (A x5+fcy;+£ 2j)4cos 2 ( hx+ry;4124-

sin 2ndh x54+-x 441 2;) 4518 20 ( hx+xy+1z;4 _
4

Flpu uetnoRt (A+x+!) BropHe wieHH KaXJOH MapH JHWE NO-
BTOPAIOT HX NEpBLle AEHH H CTPYRTYPHAA aMINHTYRa AAs ped-
ReKcoB ¢ 4eTHoR cyMMoll HEpgexcom orawuda or (. [Ipu meueTHoOR!
cymme (h+x-+!) ponoamurenbume cnaraemue (R--x-4-1)/2 usme.
HsioT Gasy ma 180°, 1, e., coxpansas MoayJk 06oHX BTOPHX clarae-
MBIX, MeHsIOT AX 3HaK. Kaxnas napa cyMM CTaHOBHTCA DPaBHOR
HyJIO, ¥ BMecTe ¢ TeM paBHa HyJIO H BCR aMivHTYRa. Bee orpa-
aenus hl ¢ newerrotl cymmofl undexcos GAR CTPYKTYpLL € 0OBEM-!
HO-UeNTpUPOsannoll peterxoll 2ackyr ( AHTErPANLMNA 3AKOH NOTa~
CaHRAg). . '

Ecau pemerka (BeecropoHHe) rpaHefleHTpAPoBaHa, TO OJAHOY
BpPEMEHHO ¢ aTOMOM B TOUKE X;;2; HMEIOTCA U ATOMH B TOUKAX;
(%, yit-ta, zikh), (s, i 2z, (e yitte 23)
B BmpameHHH CTPYKTypHoro ¢aKropa NOABASIOTCA CYMMH KOCH-
HYCOB '

¢

cos?I:t(h. Xyl 2) -|—c052n( hxs+x Y+ 2t x;-rf ) +

| | i .
+cos2n(hx;+xy5+lzj+—ét—) + .
+-cos2m ( hxj+-xy;+t 24+ %}_ )
" CYMME CHHYCOB ‘ ' _
, \ k-1
sin2n(h x,-—}-xy,-+lz,-)+sm2:t( hx;+xyi+i 24 D) +

-+sin 2;‘1:( ﬁx;—i——rc yrtHlz+ —h%t- ) +

+sin 2_n( hxitreyitl 24 h-;—rc ) : | :
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Jlerko sumers, uro. ecam Bee (R4x), (A+1) n (k) — uernwe,
70 Bceé caataeMble KaKAoR UeTBEPKH PABHBH 110 MOAYJIO H 3HAKY,
g 9T0 HMEeT MecTo TQria, Korma f, x, I Jubo bce QAHOBpPEMEHHO
yeTHHe, AHbGo Bce ONHOBpeMeHHO HederHme, Ecau uHpexcH cMe-
waHiHe (T. e. OOHH W3 HHX WedeTHHe, d APYyrwe 4eTHHe aubo Ha-
o6opoT), TO B THX CAYUasaX B KaXKAoH yeTBepKe oAHA mapa 4je-
HOB YHHUTOXAET BTOPYI Napy H CTPYKTYPHAA aMIJIMTYAA paBHa
aynio. TakuM oBpazoMm, & epaneyenTpupoBannblx pPeuieTkay 2achyT
ace orpaxerus hxl co cMmewannonu undexcamy. Hcnonesys aHa-
JOTHUHHE DACCYXKJEHHS, MOXHO BHIBECTH HpaBWJIo HOracaHusa AJs
alofod KpHCTaAnAHuecKoHR pemetrkd. MPOpMysNH Fux, H mpaBuia mo-
racagHa AJNA KaXAO# [NIpocTpaHCTBEHHofi ¢epopoBCKok Tpynm
CHMMETPHH NPHBEAGHH B M3BecTHHX Tabauuax Jloncpefia®
Temnepatypinii drakrop. BupBos BHpaXenns AAf aTOMHOTO
¢akropa OHN HpoHsBeJAeH HAMH AJf TOKOSMIErocd aToMa co ce-
PHIECKH CHMMETPHUHHM pachpeilefien#er sJeKTPOHHON HAOTHOCTH.
B peajibHOM KpHcTajje aToMK {a 3HAYHT, H 3JeKTPOHH BMECTe ¢
ATOMAMH) COBepINAIOT XAOTHUYECKHe TelJoBHe Kodebanus oKoJO
NOAOXKEeHHE pABHOBECHA M MeXJYy 4TOMAMH HMeeT MecTo ompexe-
JEHHHR THN xHMHYecKOH cBAsu. EcrecTBeHHO, UTO TEIJIOBOe ABH-
eHHe OKA3HWBAET BJHAHAC HAa 3HAYECHHE pacceHBalomed chnoco-
HOCTH aTOMa, 3 CJSAOBATENbHO, ¥ HA' HHTEHCHBHOCTh petieKcoBb.
Ecau mpuHATh, UTO PACCTOARMA MEXJY IEHTPAMH MacC aTOMOB,
YYaCTBYIOUIHX B TEIJIOBOM [BHIKEHHH, pacnpeaeseHH Ilo 3aKoHY
I'aycca, TO MaTeMaTHUeCKHH pacueT IJs aTOMHOA aMIUIUTYAM pac-
cedHHs fr EoAeGAIOmErocs aroMa NPHBOAHT X CJAEAYIOUleMy pe-

Ty ; ( sin 0 ) _f sine\ : |
) —f( ),e . (1.36)

A

sin 9 -
rae f( oy ) —- aTOMHAs AMINIHTYTa pacceanud Has cdepuue-
CKH CHMMETPHUHOTO aToMa {e3 yuera TemNoBHX KoJebaHuil; e —
Temneparypan# daxrop; M=8n2<u?>> (sin?0)A>=B(sin? B}A% Be-
JHYHHA (< u?>> — cpejHee KBaApaTHUECKOe CMeNIeHHe aToMa M3
N0JI0KeH:HA PaPHOBECHS, KOTOPOE BO3pacTaeT C yBeJHUeHHeM TeM-
HeparypH, a 5T0 3HAYHT, UTO NpH GOJBMINX TEMNEPATYpPaX HHTEH-
CHBHOCTH OTpaxeHHHX Jyuefl SHCTPpo MajaloT ¢ yBeJAHYeHHeM YI-
na §. Beipaxegne ((1.36) omucHBaeT OCHOBHYI0 XAaOoTHUYecKYio JacTh
TeMJOBOTO ABWKEHHS aTOMOB B TBepaoM tene. Jipyras gactb olyc-
JOBREHA HANHYMEM XHMHYeCKOR CBSA3H MeXAy aToMaMi (aTOMH B
TBepAOM TeJle CBA3aHH MeXAy cobof Kak OH NpyxuHHKaMH} o
pencTapiser cofoft TennopbHe KoJeGanusa  PelHETKH B UEJIOM.
Paccesnue, ceasantoe ¢ 3TuMM KoneGaRusaMA, HasHBawr naddys-
HuM, WHTeHCHBHOCTD MaKcUMyMOB nuddysHoro paccesHua Bo MHO-

* Lonsdale K. Simplified struture Factor tabels for 230 Space Groups
of Mathematieal Crystallography. London, 1936, . :

3 Bunuka veepaoro Tean 65
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[0 pas MEeHblle WHTEHCHBHOCTH OCHOBHHX AM(PAKUHOHHEIX MaKCH-
MYMOEB H caM¥ Auddy3HHe MakCHMYMH GoJee pa3MuITH.

PaRTOpP NOTHOLEHHNA. PERTIeHOBCKOE H3NYUSHHE, DACCeAHHOE
EPHCTAJJOM, 3HAUHTENLHO MOFIOLIASTCA B HeM, IIPH 3TOM HOLJIO-
HI¢Hde 3aBHCHT OT yraa paccessHHs §, IJAOTHOCTH BelllecTBa p H
JAuHefiHOro KoadbuliuenTa paccesHus n. IIpu pacyere WHTEHCHB-
HOCTH 3TO NOIJCHICHHE YIUTHIBAIOT, BBOAA B QOPMYAY JJ1A HHTEH-
CHBHOCTH MHoMuTese (Paxrop)} no2zowenus O=0 (0, p, p). Mhuo-
WHTENb NOTAONIEHHS 3aBHCHT OT IEOMETpHUH KpHCTaJna.

B Xypcax no peHTreHOCTPYKTYPHOMY aHaJjii3y MNPOBOAAT pac-
TeTHHE (POPMYJNE MHONKHTENR NOTJACINCHUA AJR pa3iduHoil - reo-
MeTp#H KpHcradia. -Ha npakthke pasmepw HecienyeMux obpas-
I[OB BHOMpAIOT TakdMH, YTo0b Moraomenue G0 MHHAMAJLHLIM.
O6uiuno nosnaraior O=1.

Pakrop noaropseMoctu. [lpu NModyueHHMH DEHTreHOIPaMM OT
NOJHKPHCTAAANYICCKHX 06pa3lloB HHTEHCHBHOCT: OH(DAKUHORHKIX
JHHWA TAKKe 3aBHCHT OT BEPOATHOCTH HAXOMKJAeHHA KPHCTAJIHTOB
B OTpaxalouleM NOJOXKeHHH. -3Ta BEPOATHOCTb, B CBOIO OdYepens,
3aBHCHT OT YHCJA. S5KBUBAJNEHTHHIX NAockocrefi {hxl}, AN KOTOPHX
dpw; UMEIOT OJAHHAKOBHE 3HAYeHHH. THCA0 SKBHBAJEHTHBHIX IJOCKO-
cTeRl p, Ha3WBaeMoe MHOMUTesem (PAKTOPOM) NOBTOPAEMOCTH, 3a-
© BUCHT OT CHMMETPHH KpHCTaAJga. TaK, Ala KYOMYecKOro KpHCTakd-
Wl p HMeeT cjeAylomHe 3HaueHHs:-48 ana naockocreft tuna {AKl},
- 24 — maa (A0} u -ann {hhf}, 12 — pam {110}, 8 — gaa {111} m
6 nasa {100}. ' : '

Mpoxurenp Jlopentua. B mavafie rfiaBH MBl rOBOPHAHM O TOM,
UTO peasibHbie KPHCTAMAAH ABJAITCH MO3aHUHLIMH, T. €. COCTOST
H3 $JIOKOB, IGBEPHYTHX JAPYT OTHOCHTEAbHO APYra Ha Majible YIJbl.
ITo 310/ npuuyHHe MO3auTHHA KPHCTaAJ OTPaXKaeT He TOABKO NOK
OpsrroBCKHM YIVIOM, HO M B HEKOTOpOM YIJOBOM  HHTepBaje
(05, 0+48). KpuBas wuHTeHCHBHOCTH [ AJ% Kakpuoro . uHTeH(e-
PEHIMOHHOLO JYYa B 3ABHCHMOCTH "OT YIid OTpPaXkeHHd f HMeer
BHJ rayccosoft KpuBoft (puc, 1.52). Takoe orcrynaewue or dop-

Myis Byseta —. Bporra’ ofbfAcHAETCA  KOHEUHOCTBIO Pa3MepoB
¥pHcranja, a TakKe OTHKJAOHEHHeM OT

! . MOHOXpOMATHAYHOCTH B NapaiiejbHOCTH

Tma nepsmanoro nydxa. [lostomy unTeH-

CHBHOCTE OTpaXeHus Jgayuefi mpu oOpH-
eHTallHH KPHCTaAda TOYHO IIOH YoM
Byangpa — Dporra He xapaxrepusyer
NOJHOCTBIO €r0 OTPAIKATENbHOR Clocob-
gocry, . JIA yuera BAHMAHHA Ha HHTEH-
CHBHOCTD OTPaXeHHHX Jydefl Mozauy-
2(6-6) 28 2(8+07 @  HoeTH KpHCTAMAA, A TAKKE ICOMETPHH
CheMKH B .QOpPMy/ly HHTeHCHBHOCTH BBO-

E::- a;'i;ii}: HBE&?HPEQI%':‘ JST MHOXHTENw Jiopenrua L(9). Ilas
HeHgoro nyuxa pop Gpsr- < MOHOKDHCTAIIIOB L(B}=i/5}n26. a nad
FOBCKEM Yrjom 2 O nonukpucrannos L(0)=1/sin%20cos 8.
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C ygeToM Bcex Bhne paceMoTpeHHHX DakTopos PopMyJsH uHE-
rerpafbHofl WHTEHCHBHOCTH RU(paKUHOHHHNX MAKCHMYMOB AJiS Ma-
JHLX HAH MO3AHYHLIX KpHCTEAJ0BE HMEKT BHA:

gt 1  14cos?29
mZ v R? 2sing

eb 1 1+cos226
mlct R 2sin?BGcoso

eM®M(O, p, p) Fy (MoHOKpHCTANA),
(1.37)

J=Je

pe ™M@, p, p) Fry
(nonnxpucrana). (1.38)

Bparrosckue yrabl OTpaKeHAN H OTHOCHTENLHAH HHTEHCHBHOCTh
J KaXpaoro uATepdepeHIHOHHOIO MAKCHMYMa ONpefelidiorca K-
CTEepPHMEHTAJILHO H3 PeHTreHorpaMmu, torza w3 (1.37) u (1.38)
Jerko BbIYHCJAAOTCA OTHOCHTENbHbIC 3HadeHus Fhy:

Fra=7Y1/B, (1.39)

rue B — Beipaxenue, crofmee nepeR Fing B (1.37) u (1.38).

Jlaa Toro, uToOW NOCTPOHTE paclipesefiedie 3JeKTPOHHOR MJOT-
noctH p(x, 4, 2) [dopmyna (1.25)] ajas KpHCraadia ¢ LCHTPOM CHM-
METpHH, HeOGXONHMO 3HATb He TOMBKO WHAEGKCH HHTEephepeHIHH H
3HATEHHA Fpyx, HO ¥ 3HAKH CTPYKTYPHHX aMnautyh. HJs peurenus
9TOR 3ajlaud B PEHTI'@HOCTPYKTYPHOM aHaJH3e pa3paloTaHH cne-
uaJdeHMe Merojs. Tax, B CIy9ae KpHCTAJA0OB C HUZKOH CHMMeET-
pHed, KaK HpaBMIO, OTHOCAIMHXCA K MOHOKJAHHHOR CHHIOHHH, CY-
LIECTBYIOT IIpAMBeE METOAH OlpejeieHHA 3HAKOB CTPYKTYPHHX aM-
nARTYA (Hanpumep, Meroi HepabeHcrsa Xapkepa — Kacnepa B
COUETAHHH € METOJOM CTATHCTHYECKHX DABEHCTB JaxapHacceHa).

Ha 3THx MeTogaXx MH OCTaHABIHBATbCA He OyiaeM, MOCKOJALKY
OHH HOCAT cyryfo cnenuainHWA xapaxkrep. byaem cuHTaTs, 4T0 MH
yMeeM onpeJiefiath 3HAKH CTPYKTYPHHX AMINVIHTYA.

Obuune s oHpelesieHHs KOODAHHAT LEHTPOE MacC aTOMOB R
PJIEMEHTAPHOH siuedlke CTPOAT He DacOpededeHds  HAeKTPOHHOR
WAOTHOCTA p(X,%,2), a DPOEKHHH 3JIeKTPOHHON ILIOTHOCTH Ha
rpaHH 3JleMEHTApHOA syefku. Tak, manpumep, GopMyaa npoeKuuH
3JIeKTPOHHOA HAOTHOCTH Ra rpaHb ab (oCH xy) uMeeT BHJ

J=Jo

: oo

o(x, y)= Sl 22 Framcos2a(hxtry), (1.40)
Xy h¥=——x

roe E;qu — DJolAAB FPAHH 3MEMEHT2PHO#H AYelKM ¢ NlapaMeTpaMH

anb.

Ecin u3BecTHH BeMMUHHBE Fpeq M MX 3H2KH A5 Kaxjoro pe-
Jekca ¢ uHaekcaMH (hx0) u sazaHm NepemeHHBle x W y, Ha O9BM
MOXHO MoJcYMTaTe 3HAueHHa o(xy). ajee Ha GyMmare CTPOAT
Pacnpegenedue o(xy) B H3orUnCcax (NHHUM PABHOH 3JICKTPOHHOH
TiorHoerd). Ha pue. 1.53 npusenen npumep Taxol NpoeKiHH.
MaxcuMyMH GYHKIHH ¢ (X, ¥) COOTBETCTBYIOT XOOPAMHATAM X H Y
UeHTpos Mace aToMoB B sueilke. [las onpemenenma TpeTseif Koop-
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JAHEATHl z HEOGXOAHMO IIOCTPOHTbL BTOPYH NPOEKUHIO 3JeKTPOHHOM
ILAOTHOCTY, HanpaMep,

L=
XX FhOlcos2a({hx+i2). (1.4
xz  his==—co

Taxum obpaszoM, IS onpeleNeHMA XOOpJAHHAT aTOMOB X, Y. 2
AOCTaTOUHO NOCTPOHTHL [BE NPOEKIHH 3JEKTPOHHOH IJIOTHOCTH.

AKcnepuMeRTANLEBE METO[H NOAYYEHNS PeHTreHOrpaMM. AToM-
HYI0 CTPYKTYPY MOHOKDHCTAMNA oOOBIUHO HCCACAVIOT CJGAYIOLIHM
ofpasomM:

) onpegensiioT CHMMETPHIO H HULYT OCH 3JeMENTAPHOK SUCHKH;

2) onpezennioT paaMepnt 3jeMeHTapHOH SYeAKH W TpaHc/IALH-
OHHYIO TPYNNY CHMMeTpHu HIH ayeiixy Bpaps;

3) onpeneasior deIOpPOBCKYI0 NPOCTDAHCTBEHHYID TPYNNY CHM-:
METpHH;

4) onpeAeiasIOT HHTCHCHBHOCTH HHTEPGhEpeHUHOHHHX MAKCHMY-
MoB:

fl) CTPOAT CHHTE3 3JEKTPOHHON MJOTHOCTH.

Js pelleHHR Kaxaofl H3 3THx 3asay Oosbulelt yacTbid MPHIO-
JieH KaKOR-AHGO OfHH H3 MeTOHOB, X ONHCAHHK} KOTODHIX MBL ceif-
gac 4 lepexolum. :

Tak, nja peilleAMsl 3a7aYd onpeleeHNs] CHMMETDHH H NOHCK2
ocelt ¥ Maoxo 06pa3oBAHIOro KpUCT&AA2 HCNONB3YT Merol Jlays,
AJ1A pEHIeHHs] BTOPOR 3aMaud — MeTOJ BPELleHHS HJIM KAgaHHd
xpucraana, Tpereo H ueTBEPTYIO 3afaud pellaldT MeTOoXaMM Ka-
YARHA H PCHTTEHOTOHHOMETpA.

CylecTByiOmHE METOAL PEHTTEHOCHEMKY MOHOKPHCTAJA0B MO-
rvT 6oith knaccaduIHpOBAHKE caegyoiliiM obpasom:

1) <«Geanit» nyy (HenpepuiBHHWA CIEKTP HIJIYYEHHsi, HAYHHAR C

HEXOTOPOH Amin),  HENOABHIKHHIH
b ~  KDHCTaJ1, HENOABHXHAA (OTOTYB-
CTRHTeJIbHASL HJAOCKad ITJeHKa —
metol Jlays;

2) MoHOXpOMaTHUECKHH  JIyY,
BpaIMaIRACA KpPACTAJ, Heno-
JABHEKHAA NIeHKa — MeTod Bpalle-
HUA H KauyaHHs;

3) MoHOXpoMaTRUeCKHH  Jyu,
BpallZIoIIHACA KpHCTA, ABUXKY-
HIasicA BAOJB OCH BPALIEHHS fLAeH-
Ka — MeTD]Bl peHTTeHOroOHHOMET-

pa.

ag(x,2)=

Mpu cbemke peHTrEHOTpaMM OT
AOJAKPHCTANAOB BCErAa HCHOJb-

: 3VIOT MOHOXPOMATHYECKOE H3AYyYe-
Puc. 1.53. Tlpoexuus saexTpor- ane. O6paacy HENOABUXKEL.

Ho#t nmaoTHOCTH o (x, ¥} ANA
KPHCTA/IA TepAGpHTa Merop, Jlayas, Ilycte Ha Heno-

CaBePQF ORMMKHEIH Kpucraan {puc. 1.54)

[
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=]
ma =
Hemounux Hpucmann 5 Pre. 1.54. Cxema uerona Jlays
UIAYUBNUA =
L=
g
fonuorempuyec-

xgs zenoSna

naager NMY4YoK PEHTTEHOBCKOro H3JNYYEHRA, coAepKanlero Bce AJH-
Hbl BOIH — OT Amm N0 HEKOTOPOTO A.

Has toro, yropl NOHATE XapaKTep H IPOHCXOXJAeHHE Jay3-
rpamMbt  (puc. 1.55), ofpatumca K TpakToBKe HHTepdepeHIHH C
noMoulsio ofpaTHOR pewerks u cdepw Dpannja. Ecau Ha KpHe-
Tald MajaeT CHeKTp, cofepXAmMA AMHHH BOJNH OT Amm KO A, TO
3TO 03HAYAET, UTO HMEETCH HellpepHIBHLI pax chep Deanpaa ¢ pa-
Anycamu-oT |/Amm Ao 1/A {(puc. 1.56).

Bce Te yaam obGpaTHofi peweTks, KoTopue Homajgu B obaacth
MeXKJAY IpaHuuHBIM# cepaMmy (Ha puc. 1.56 s3amrrpuxosanHag 00-
JaCTh), HAXOJATCA B OTPAXKAOMEM OONOKEHAH, HOCKOABKY AJA
HEX BHDoJHsiercsl ycioBde Byasdpa — Bpsrra ni=2dsin0. Kak
MOXHO BHAeTb W3 pHc. 1.56, B cayuae, eciu HanmpasJ/eHde TepBHY-
HOTO MYYK? COBNAJAET C OXHOA M3 oCel CHMMeTpUM KpHcTaana uid
JERHT B TJIOCKOCTH CHMMETPHH, TO TaKyl0 e CHMMETDHIO HMEET
W AuppaxuHOHHad KapTHHA, o0paloBaHEAA Jy9aMH, KOTOpLIE HC-
MHTa4A4 GPIrroBckoe oTpaxenne. [IosTomy, opHEHTHPYS KpHCTAJN
onpele/eHHEM oOpA30M OTHOCHTENBHHO IEPBHUHOIO NyYKa, BCerda
MOXHO HafiTH HYXKHble HalpaBJeHHWf, B UACTHOCTH HallpaBJEHHHA,
He00x0NAMble 1A BHABJAeHHA oCeR sfementTapHofi auefiky (cM.
Taba. 1.1).

o
Aepdits
Yok
L UISYHERUA ©

Pue, 1.55. Tuuuunas aaysrpaMma Puc. 1.56. Cxema Meroaa Jlays s npo-
cTpaHeTBE ofpaTHoi pellerxH. Kpysog-
KH — y3iAH 0GpATHOR perreTkH
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G Ed
Hanpabaenye Bpauienys
odpamnod pewremnl

w
X35

Aepfuunons
AGYoK

Copepa
36aﬁp¢da

Puc. 1.57. Cxema Merosa spamenns a NpocrpadeTae of-
paTHO# pelleTKH

Meron Bpamlenns xpucraama. Hcnoassyior MOHOXPOMATHYECKOE
H3Jyd€HHE oNpejeneHHOH AJMHW BoJMHE A. Kpnacrana spamaior
BOKPYT OoCH, HANpaBleHWe KOTOpod HahjeHo MertonoM. Jlays. C o-
MO0 cepht JBannaa H o6paTHOH PelleTKd JerKo OGHLACHHTD
Tofyuaollyioca AuGpaKmuoHHyw kapTuHy (pue. 1.57). ITyers
06patHasi pemleTEa Bpawlaercs, a chepa SBaldela HEHOIBHIKHA.
B wmoMenr, korga kKakoft-nuGo yaen ofparHofi peurerkn KacaeTca
MOBEPXHOCTH cepr JBabAa, NJIA HEI'c BHLIIOAHACTCA HuTepdeped-

- = —
unonHoe ypaeHedue (S-——So)/A=LH, u 8 manpasaemnu, Hampumep,
OP npoucxomur orpakenue. .

Ecan BOKPYr Bpallaoulerocs KpHCTalula HOMECTUTH thoronnen-
Ky (Kaccera — HMJHHAD, BAOAL OCH KOTOPOTG MOMeIeH BPalalo-
mARca KpHCTaWN), TO Bee AH(PAKIACHHHE DedIeKCH, Kak BHAHO
u3 puc. L.57 u 1.58, pacmonoxkarcs Ha cloeBHX JAHMSX. Croesyio
JAHHHIO, COOTRETCTBYIOMYIO GOMBIIOMY KpYry cdepbi orpaerss,
B IVIOCKOCTH KOTODOTO JIeAHT IEPBHYHHA NYYOK, HAa3HBAOT KY.te-
8oli. UHgekcw nuTepdepernuy pediexcos, nonaBmux Ha STY JH-

Puc. 1.58. Taawguas peHTPemorpamMma, noxy-
9EHHAA EPH BPAMEHHH KDHCTAMMAa  BOEpYT
OcH ¢
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EMIO, €CAH BpalleHHe KPACTAAJNa TPOUCXOAWJIO BOXPYT OCH ¢,
GyayT Tuna Ax0, Bokpyr ocu b—AO!, a Bokpyr a—U0«l. Caeayiomas,
pepXHAs, 34 HYAeBOA — nepsas cAoeBas JIMHHSA, BCE OTpaKeHus
geXaT B INIOCKOCTH Manoro kKpyra. MHanexcn unteppepenuuu
na 3TOH JIMHMM NpPH BPAIUEHHM BOKpYr ocH ¢ &yayt hxl, 1. e. =1,
149 BCeX pedaexcop HHXKHHE cJOeBHEe JMHHM HMEKT pediekcH

rana khxl, ARZ u T. X

[Tone3ysck TAKOH PEHTreHOIPaMMOH, JErKO ONPEASNHTL nepuod
UOEHTUYHOCTY (napaMerp pewerku) 8doas ocu epaujerus. B wa-
weM CAyEae BAOJb OCH C: : E

e=Vjd*=n ) ¥ 14 (R/ln)2, (1.42)

rae R— paguyc UUIHBIpPHYECKOA KacCeTH; [x— pacCTofHHE
MEXKAY HyJeBoH c/loesofl nuHHeR #, HanpaMep, NepBOH cJoeBof
JHHMEH, H3MEePEeRAOe NPSIMO U3 PeRTIeHOrPAMME,

[lo perTreHOrpaMMaM, TOJYYEHHHM NpH BPallCHHH KpHcTania
Boxpgr ocell a4 ¥ b, ONPENENAIOT MapaAMETPR SJNEMeHTApHOH Auehkn
a w b

JAna ycTaHoBNEHHS TPARCANIHORHON TPYNIN CAMMETDHH HAH
sucfiku Dpass HeoOX0AUMO AOMOJHHTENbHO CHATH PEHTTEHOFPAMMH,
Bpallas KpPHCTAJNl BOKPYr TeJecHOR jparoHand aJjeMeRTapHOH
AuefiKH ¥ BOKpYr AuaroHasiedl rpanell snedkd, gTo0H YCTAaHOBHTH
HAAHUHE HJH OTCYTCTBHE €€ LCHIPHPOBAHHOCTH, 3Has mapaMeTpH
UeHKH, ME MOKeM onpeirenuth ee o0beM Vgiq a 3aTeM mpu usBecT-
Holl XxuMudeckof (POpMyJe XKPHCTANJA ¥ €r0 MJAOTHOCTH [ - THCJIO
hopMYABIKK eniHHL N, BXOZAUMX B 3SJAeMeRTapHYIO sueliky, a
TeM CAMEM H UHCJO ATOMOB, KOODAHHATH KOTOPHIX TOAJeXaT
ofnpeneneHHIo.

B xayecTBe mpHMepa pacCMOTPUM KPHCTAJAA TEPIEpPHT, £ro XH-
muueckas Gopmyna CaBePO,F, nnotyocts pemecrsa p==3-10% kr/m?,
B sauefirxe o6beMoM Vig=3,62-10-% M3 aucao Monexya CaBePQ.F
PARAO:

N=p Vaufmp M==4, (1.43)

rne my==167.10-% g2 — Macca noxos nporona, M=163 — oTHO-
CHTeJIbHAS MOJIEKYJApHaA Macea.

Takum o6pasom, 8 auefiky BxogaT vetHpe Monekyan CaBePOsF,
1 3TO 3HAYHT, UTO MB AOMKHH ONDEACNHTb TPH KOODAMHATH X, Y,
z gns 4Ca, 4Be, 4F u 160, Bcero ueo0XxoauMo oONpeAeNiuTh
3x4 Ca+-3X4 Be+3X4 F4-3X16 0=96 roopanuar

Meroa pedtrenonckoro ronMoMerpa. PenrreHorpamma Bpalme-
HAS He BCErAa NO3BOJSET NOJAYYHTb NOJMHYIO HH(popManmio o6 HH-
Tepdepennmonnoll xapTune. Jleso B TOM, YTo B HEROTOPHIX CAYYAAX
NpU MCCACNOBARMM METOAOM BpAamEHHS BCJAEJCTBHE CHMMETDHH
KPHCTANZ B OAHO M TO XKe MeeTo GOTOIVIeHKH NOoMajaeT AeCKoAbKo
vHTep PepeHIHOBRKIX aAydei. IToro ReA0CTATKA JHIIEH IMETO] PEHT-
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‘TEHOBCKOTrO0 T'OHHOMETDA,
B 310M MeToje HCHOMb-
3VIOT MOHOXPOMATHYE-
CKOe. HINYYeHHE, KpHC-
TAJA BPAIAIOT BOKPYT
pHfpaHHOfi OCH, XKacce-
Ta C HHIHHJPHICCKOR
TIACHKOA ABHMKETCH BO3-
BPATHO - MOCTYNIATEJLHO
BAOJb OCH Bpamaioile-
rocs KpHCTaAna, MO3TO-
o . MY OTpaKeHHMH paspe-
Pue. 1.59, THOHUHas penTremorpamma. Pas-  JISIOTCA 1O HX TpPETHEA
_Beprka EyJeBofil CIOCBOH JMHMM TPH Bpa- KoOpAKHATE., - CREMAIOT

INEHRA KPHCTAARA BOKPYT OCH €
; He BCIO AudpaKIMOHHYIO
KAPTHAY, a ¢ [IOMOIMBIO ONPEAENeHHOr0 TPHCNIOCOOICHHUST BHPEIMOT
OABY Kaxkyw-8HOYI» CJOEBY0 JHRHIO, 4Yallle BCero HYJeBYIO
(prc. 1.59), IIpa TakoM Merode CBEMKH KAXIHA HHTepdepeHHH-
OHHHA pedJere NOmajaeT B ONpeNeAeHAOS MECTO Ha NIeHKe H
Hajoxenns peduckcoB He . npoucxomuT. C  moMOWbIo TakeR
. paspepTAW, uCHOUBAYA cfepy oTpamenws, ONpeASHAOT HHIEKCH
ERTepdeEpefinAn ¥ 0 HAM YCTaHABARBAlOT S3aKORH TMOracaHusd
(e, srute). 3aveM mo TabiHBAM onpeAeasioT (eLOpOBCKYIO JIpo-
¢TPAHCTBEHHYIO TPYNNY CHMMETDHA, T. €. MOJHLHA Habop 3/MEMEHTOB
CAMMETPHH, NPHCYIERA NaHHO# INPOCTPAHCTBEHHOH peHIeTKe, 3HAHHE
KoTopord B AaibHefimeM obnefyaeT pacueTh NMPOSKUHE 37€KTPOH-
soft maortrocrn. Jlanee OMpefensilOT MHTEHCHBHOCTH Kaxjoro ped-
Jaeked, flo HAM —— SHAYEHHS CTPYKTYDHHX @aMIMIATYA B CTPOSAT
NPOEKIKH 3JMSKTPOHRHOA NJAOTHOCTH. '
Merox nopomxa (merop HeGas — Illleppepa). Jna nccaemo-
- _ . BaHASA CTPYKTYpPH MOAHKDHUCTAANIOB
HCTIOAB3YIOT  MOHOXPOMATHYECKOE
H3JyUeHHe JJMHH BOJHH A. CheM-
KY DEHTreHOrpaMM | MPOH3BOAAT
amo Ha MIOCKYI0  (oTomnenky,
kak B Merone Jlays (puc. 1.54),
JEO0 HA TIEHKY, PaonoJoKeHHyIo
HA BHYTPEHHEH MOBEPXHOCTH HH-
NHHAPHUECKOHd  KaMepH, B UEHTDE
KOTOpoH ycTanoRJeH ofpazen. B
Kagectse HcClAeflyeMHX ofpasmon
HCNIOAL3YVIOT HJAM HDHAHHADHYCCKHE
CTOJOHKH * CIPECcCOBAHANX MOPOII-
KOB, IiIJJIS!{I) Kycoukn mporoJoku. Ha
pEC. u 1.6]1 mpuBejeHH RpH-
HC, 1.4 -
Ee.“a; sgpnpwg::ﬁpmm?ﬁoﬁﬁo MEPH PEHTIeHOrpaMM, NMONYIeHEHX
' naemky metoqoMm [Hleb6an — [leppepa.
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Pue. 1.61. PentremorpaMma, noiyseHiag IpH -CLEMKE B
. UANEHZpRYECKON xamepe
[Ipodcxoxaedue B xapakrep jefaerpaMmbl Jierko MOHATh, &CJAH
OUACAHKE PEHTIEHOBCKOH HHTepQepeHiyd RPOBOAHTE C HOMOMIBIO
obparnofi pemieTkR # cdeput IBanbia. TlonukpucTaldnb RPeACTEB-
ARIOT OO0 CKOMJEHEA OGECMOpPAAQUHO ‘OPHEHTHDOBAHALIX MEAKAX
KpHCTaANHROB. [ToaToMy B 06pATHOM MPOCTPAHCTBE MOJHEPHCTAJNT
MOKHO TMPeXCTABHTL B BHLE Habopa KOAUSHTPHIECKHX cbep, paauy-
CH KOTODHIX ‘PaBHH OOpaTHHM 3HAYEHHAM MEXIJTOCKOCTHHX pac-
crosunit 1/dpw (puc. 1.62). Ha Takyio cBasky oGpaTHHX BeKTOPOB
1/dpw; ¢ UEATPOM B HaYaJbHOA TOuKe A AAanpasHM MOHOXPOMaTHUe-
CKHA IMYYOK DEHTPeHOBCKHX Jyded. Ua touxkn A B HANpABAEHWH,
-

06paTHOM Sg, OTNOKHM Bestwuudy i/A mo Toukm 0. M3 nocaegmed
KaK W3 HedTpa mposeaeM cdepy pammycoM 1/A. Ecau temeps Bo Bee
TORKY Nepeceuenas chephl Jpadbla ¢ KoHueHTpHIeckHME cepa-
mu (rouku A, B, C, A’; B/, C’, D’, puc. 1.62) mposectd paxEych
1/A, To ToAbKo ANA 3THX HANpaBAcHHH, eclH #X CYATATh HAMpaB-

e
NeHASMHA OTPaKEHHOro JAyya (wanpasacuue S/A cocramasier yroa 29
—p

¢ manpaBaeHueM SofA), BHNOAHsAeTcA maTepePeRNHOHRHOE YDABHE-
- wme ((1.31), a caepoBarensHo, # ycaoswe Byawda— Bpsrra
n)=2dsin8. Kax sEaHo us puc. 1.62, Bce 1akae OTpaXeHHs Je-
XaT Ha TOBEPXHOCTAX KOHycOoB ¢ obmed Bepmmmoi 5 Touke O n
pacTBOpoM, pPaBHHM 48, ock KOTOPHX cOBRafaeT C RaNpaBleRHEM
nepBARYHOr0 JAy4a.

[lpx cheMke B HHJHHAPHUECKO# KaMepe KOHYCH OTDaXEHRHIX
Ayuef MepeceKaloTCH ¢ UHAUHIPOM, B pesyibrate AuPaKHHOHEHE
JMEKH PACNOAATAIOTCA CHMMETPHURHIME JYyXKAMH, KaK MOKa3aHO

Coepa Fbansda

Pue. 1.62. Hocwpoeﬁgg cheprt Dpansia n.mi

Metoia nopowkos (Hy Ha Hy — BekTopH
ofiparnofl pellIeTEH, COOTRETCTBYHOMHe pa-
' zrycam 1/dpp)
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#a puc. 1.61, C nmomomeio puc, 1.63
YCTAHOBHM CBA3H MEIKZAY PACCTOH-
HEAMHA 2! ® GP3TTOBCKHMH YIaAa-
MH oTpaskenus 26:

20-20(2R/180),  (l.44)

rie { — BHIpaXaeTcA B cM, a § —
B rpaa.

B caydae cbeMKH Ha MIOCKYIO
IJIEHKY CBA3p MEXAY § u paauy-
coM JebaeBCKOrO KoJbHa  (cM.
puc. 1.54) umeer pun,

Paec. 1.63. CxeMa cheMiH peHT- tg 20=I/D (1.45)

TeHOIpAMME OT NOAPKPHCTAaIH- ’

gecKorn ofipasna P IHAHEApPHYE- .

cxolt xamepe, R — panye Ka- rie D paccTosinge OT ofpasra
MepH - A0 OJeHKH,

1.9. CHMMETPRA K ®H3HYECKHE CBOPCTBA KPHCTAJIHOB

Hceneposane dusuvecksx cBOHCTB KPHUCTANNOB MNPHBEJAC Yue-
HEX K 32KJIO9CHAK O TOM, UTO B TPYINB CHMMeTpHu (TodcuHble,
MPOCTPAHCTBEHEbIC) KpPHCTAANa KaK  OJHOPOJHOR HeNpepnBHOR
CpeAn MOXeT BXOIUTH, KPOME VKE H3BECTHHIX HAM 3JEMEHTOB
CHMMETPUH, TAKXKe H HOBHA XaDAKTEPHHI 37eMEHT CHMMEeTPHH —
OCh CHMMETPHK GeCKOHEUHOro NOPHAAKA, KOTOopas HMeer ofoamaye-
BHe oo, [Ipumepamu ¢uryp, o6aafalomux ocaAMH OeCKOHEUHOro
MOPAAKA, MOIYT CJYXKUTb JioObie Teda BPAlERHA — KORYC, IH-
AUHAD, Wwap., Purypa, EMeOmAas och CHMMETPHUH  GeCKOHETHOTo
NOpANKA, COBMEINAETCst caMa ¢ coGolf Tmpu HOBOPOTe €& BOKPYT
Takoft ocu Ha MoGo# yron. Tomeuwne rpyNnbl CHMMETPHE TaKHX
buryp HaswBawTCA npedesvroimu, usn 2pynnamy Kropu, Cwucen
CNOBA <OPEASNbHHE® ACEH #3 TOTO, 9TO TeNa BPAMICHHA MOTYT
paccMaTpHBarbe Kak QHrypH, MOJAYUAOINHECs B peayibTare.
YBeIHYEHHA YKCAA TPaHed MHOrOTpaHRMKOB (NMUPaMu/IH, NPHSMHL
ADNeKasApa), KOTOpoe B NMpelede GYAeT paBHo OGeCKOHEIHOCTH.
I[1. Kiopa mokasas, uTo He TOJBKO KPHCTaJJH, HO H (uanuecKHe
ABJICHHAS, NOJs, BO3ACACTBUA MOTYT HMETbL CHMMETpHIO, KoTopasd
OmHCHIBAaeTCA CEMbI0 MpPeJeSbHHMHM TOYCURHIMH TpynmaMu  (cM.
puc. 1.64):

1) rpynna oo CoMePKMT TOMBKO OAHY OChb CHMMeTPHH OecKoHelu-
Horo mopsiika. Takofi camMerpreli o6raaaeT BpamlalOIAECH KORYC,
CymectByior KBe MOAH(EKAUHA BpallaloMErocs KORyCa: ¢ MPaBhHIM
H AeBHIM BpalicHueM; o6e MoAubUKanMd UMEIOT 0AMHAKOBYIO CHM-
METPHIO. T. € UPHHAAIEXKAT K oAHOH rpynne. Taxxe ¢urypH, Kax
MH BHIENH BHme, sHaHTHOMopdusl. Ochb BpallaOIIErocs Koryca
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AeAAPHA — €€ KOHIH KpHCTaAdorpa-

.(pUHECKH PA3NYUHHL H HE MOTYT OHITh :
cOBMEIIeRH JIPYr ¢ JAPYIOM ¢ [10-
ool

MOMBIO 3JIEMEHTOR CHMMETHH; omm o 2%/ m

2) HeBpamaINMHACH KOHYC WMeer
CHMMETPHIO comm, B HEM eCTh ofiHa
oCb CAMMETPHH GECKOREUHOIC mopal-

Ka U GECKOHCUHOE JHCJIO MPOROAbHEIX

TIOCKOCTER CHMMETpHH, mepecekaio- o /wmm *Yoo  ©Yfomm
RMXCA MeXAy cobofl no ocu Komyca. :

Ocy cuMuerphH Tospea. Toaspawe — DEe. 154 Tlomicplt Morer
HafpaBAeHEA OOWYHO H300paxaor IpeeAbHOR CHMMETpREA
ofHOKOHETHOR NPAMOf crpesxoi, Ba-

IpHMED, ONHOPOAHOE IJIEKTPHUCCKOE TIOJIe MMEET KaK pas cHMMeT-
PHIO cofM/m H BEKTOP HANpPsAXERHOCTE mons E uaobpaxaercs Ta-
KoH CTPEeAKOH; : :

3) rpynma oo/m. Takyw CHMMETpHIO HMeeT Bpallalomafics Ia-
JAHHIP; B HEM oCTh ojHa o¢b GecKOHeYHOro MOpMAAKa, COBNANAOINAA
¢ reOMETPHYECKOA oChl0 NHHJIHHApPA, OAHA monepeddas IAOCKOCTD
CHMMETDUH /M M HeHTP cHMMeTpHH. Ocb BPAIIAOINErocs UHIHHADE
mefiofapra. OOHUHO 3Ty IpYINy HaSHBAKT akcHagnHoA. Bhiure
MH BHIE/H, 9TO 3JICKTPHYSCKHE CHJIOBLe NTHHHAH NOJAPHE, MarHuT-
HBle ~— aKCHAMbHH (BpauaTedbhHH). BpamartenbHile HANDABIEHHA
OOHYHO H3006DaXalT OTPE3KoM NpsiMol H obrekaiomel ee crpen-
koft. CaMMerpueli cofm o061azal0T ToJe NMOCTOHMHOMO MAarHHTa H
MArHHTHOE NOJIe NPAMOJHHCAROTO TOKA; .

4) rpynna cuMMeTpHE c022. Takyio CHMMETPHIO BMEET CKpYHUEeH-
HHE DuJAHAP (OpaBHft H JeBHA), B KOTOPOM HMEETCH OJHa OChH
fecKoHeYHOro MOPARK2 BAOAb OCH NWIHRADA H GECKOHEYHROE YHCJIO
ocedl BTOPOro MopsiKa, NepueHANKYAAPHHY ock nuaupiapa, Ock He-
HoNAPHA, T. K. 062 ee KoHIA COBMEIAIOTCH APYT ¢ JIPYroM MOBOPO-
TOM BOKpPYT oced Broporo mopsiska. TakHe otd Ha3HBAlOTCA KPY-
THAbHBIMH, WIH GuakcuaJbHHMH, Ha pucyHkax och usobpaxaercs
OTPE3KOM NPHMOA M ABYMA oOTeKalOmWEMU cTpeNxkaMu. QurypH ¢
KPYTHALHRMU HANpaBISHHAMY HMEIOT ABe sHanTHoMophHHE MoJH-
brkanau., CUMMeTpHS, COOTBETCTBYIONAR rpynne o022, xapakTepHa
408 yOeAbHOMG BPAMCSHHA ONOCKOCTH NOJAPH3ANHU B . aHH30TPON-
HOl cpene; : : T : :

5). rpymna oo/mmm. duiypok, oblanaowed Takod cEMMeTpH-
e, ABJseTCA ReNOABMKHHA uBAHHAP. B HeM ecTh oHA oCh GeCKo-
HEYHOFO MOPALKA, COBMAAAOINAN C TCOMETPHUECKOR OChIO MUIHHA-
Pa, ofHa mollepeuHas . MJIOCKOCTh 1M, GecKoHesHOe gwMCA0 NMPOAOADL-
HHX MNOCKOCTEH CHMMETpHM #t, GECKOHEYHOE UHCIAO OCefi BTOPOTo
lopAAKa, NePACHANKYNAPHBIX OCH UHJKEADA, ¥ UCHTP CHMMOTDHH,
Ocb GeckowedHoro mopsiaxa B 3Tofl rpynne oGoaHayaercs IBYXKO-
HeuHolt CTpeJKof; L

6) rpymfia ocofcomm. OmucHBaeT cEMMETPHIO OGLIYHOTO Iapa,
¥ koToporo uMeercs GeckonenHoe qUCIO Ocell HECKORCYROro MOpAA-

+
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Ka ¥ MAACKOCTER CHMMETDPHE m, MepeceéKAoIUXCs B LeHTpe Iapa,
COBNMAAAIOMEM € NEHTPOM CHMMETDHY; S

7) Tpynna oofco ONMCHBAST CAMMETDMIO WApa, PANHYCH KOTO-
poro BPAMAIPCE B OAHY CTOPOHY {(ecAM CMOTpeTb CO CTOPOHH
NOBEPXHOCTH 1HApPa). T2KoH mWap He UMEET NAOCKOcTed CHMMETPHH,
HO MMEeT MHOXKeCTBO ocell Geckonegroro nopsaxa. lap ¢ caMMer-
pHel cofoo MoXeT HMETh jiBe HPHAHTHOMOPGHHX MopHdUKAnUd —
NPaByIo ¥ JEBYIO. ' . -

C yyerom 3THX ceMu rpynm mnoayyaercs Beero 39 TOTEUHHX
Ipynn CHMMeTpHH, NpH STOM 32 I'PYNNH CHMMETDHEH KPMCTaJinge-
CKHMX MHOIOFPAHHHKOB RBJAIOTCH NMOATPYINAMH NMpPeAeAbHBX TPYIIL
[TockoMbKy OT CHMMETPHH CPERH, B KOTOPOH MPOHCXOANT (QH3HYE-
CKHE SBJACHMA, 3aBHCHT Becb XOJ ABJCHHH, TO NMPH H3YYEHHH DHIH-
YECKHX CBOACTB KPHCTAJIOBR BAXKHO YCTAROBHTD, KAKON NpelennHol
rpynne mojYRHEHa AaHuaf IpylNna CHMMETPHH KPHCTAAA4, T. .
B KaKyio NPEACAbHYIO IPYNNY BXOAAT MENHKOM BCE 3JEMeHTH CHM-
MeTpHE . KpHcTaniuueckofi cpexsi, Kaxpoft mnpeeasHO% rpynme
COOTBETCTBYET ONPEALJICHHOS HHCJIO TPYHN CHMMETPHH KpPHCTaJJa.
BospMeM A% npuMepa NpefesbHyo IPyNny comim, COCTOALLYIO
U3 OAHOH ocu OEeCKOHEYHOro MOPHAKA M MHOMECTBA NPOAOJbHHX
naockocteil m. Ocb GecKOHEYHOro NOPHAKA COAEPKHUT MOBOPOTH
Ha mobofi yros, CJef0BaTeNbHO, pYINe commna NOJYHHEHH KpH-
crainorpaduueckne rpynmit 1, 2, 3, 4, 6. KpoMe Toro, 3Tol xe
npenenbHoll rpyfine NOAYKHEHH KpHCTAAAOrpadHuecKHe TIPYNNH
Im, 2m, 3m, 4m, 6m, TaK KaK 3epKasjbHue IJOCKOCTH CHMMETPRY -
m 3THX TPYIN COAEPKATCH CPefi¥ MJIOCKOCTEH NPEAebHOR I'PYIIH
contin. BakHo NOAYepRAYTb, YTO MEXNY CUMMeTpuell Kpucraiia
{cpeant) H cummerpuell Qu3HYeCKUX CBOHCTR BCErjla ecTh ONpede-.
JIeHHas ¢Bs3b, K/MOYOM K MOHHMAHHIO $TOH CBI3U sBJsiercss PyHAA-
MEHTANBHHA MOCTYAAT KpHCTAANO(UINKH, H3IBECTHHIA MOX HA3BA-
nueM npunyunae Hedmana: grementol cummerpuu 106020 dustive-
CKOZ0 ¢80UCTEa JOANROL GKANOUATL DACMERTOL CUMMET UL TOYEYHON
2pynnot kpucrassn. OTciofla ACHO, 9T0 (PH3IHYECKOE CBOHCTBO KpH-
cTaina Moxer obnagaTb ¥ Oolee BRHCOKOR CcHMMeThHed, geMm
xpdctann. Tosopss o cuMMmerpud (H3MYeCKHX CBOHCTB, MBl B 3TO
DOHATHE BKN&AHBACM ONpeleAeHHHH CMBIC], BHTEKAIOIHA H3 Ca-
MOTO ONpemeNeHus - CHMMETPHH, KOTOPOe NOAPA3YMERaeT HANHUHE
B 06BCKTAX H ABJAEHHHX HEW3MECRHOIO, MRBAPHAHTHOrO IIo OTHOLIC-
HRO K HEKOTOPHM MpeoOpasoBakuaM. [JOSCHHM 3T0 Ha NpHMEpe.
Duanyeckoe CBOACTBO KPHCTANAAa — 3TO COOTHOLIEHHE MEXJY OmN-
peXeTCEHLIME U3MEPHMEIMHA BENHYHHAMH, XapAKTCPHSYIOIIKMHA KpPH-
craan. lIpeanosoxuM, 970 MB XOTHM SRaTh, 06GJajlder Ju JaHHOe
(uaguecKoe cBOMCTBO TEM HJIH HABIM 2JMEMEHTOM CHMMETPHH HIH
HeT. JAnq 3Toro MH CHa4aNa H3MepsieM 9To cBOACTBO 10 OTHOIIE-
HHI0 K HEROTODHM (PUKCHPOBAHHHM oCAM., 3aTeM HeHCTBYEM mpel-
NOJAratMEIM 3/ICMEHTOM CHMMETPHH Ha KDHCTAM U CHOBa HaMe-
pseM 3To CBOACTBO B TeX Xe HANpPAaBNeHUAX H OTHOCHTENLHO TeX
e QHKCHpoBaHHHIX ocell. Ecnu cooTHOIIEHWE MeX1Yy UIMEepHEeMH-
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MK BEJHYMHAMH ‘He H3MEHTJNOCh, TO MH IOBODHM, TTO paceMaTpH-
paeMoe ¢$uzuyecKoe cBOHCTRo o6JsafaeT NpPeXNoaraeMbiM 3neMeH-
roM cAaMMerpuu, Jliofoe duangeckoe cBoficTBO HMeeT COOCTBERHYIO
CHMMETPHIO  HE3ABHCHMO -OT TOro, KAKVIO CHMMETDHIO HMEeT
KPHCTAJ, B TO XK€ BPEMH, COrvIacHo Npuenany HefAMara, caMMer-
pus QHU3MYECKOTO CBOACTBA KOJ/KHA BRJIONATH BCE DJNCMEHTH CHM-
MeTpHH HCXOAHOro (Ao BoajeficTBHA) Kpucranna. Hapady c npuH-
yunom Hetlmana e xpucraraouiuxe samxen euwe oBun nocryaar,
nasviBaemold  o0olano npunyunom cynepnosuyuu Krwopu: Kozda
pazauinoe 8030edcreus uau AsAeHUA  RAKAAOHIBAIOTCR Apyz HA
dpyed, o0paayn edunyro cucremy, ux Ouccummerpun (sapyuiedue,
paccTpolcTeo cummerpu) cxaadugaorcs. B pesynsrate ocraporca
JaHIIs ofmue 3neMeRTH cuMMerpHr. C MATeMAaTHYECKOH TOUKYU
3peHHs STOT NPHHOAN MoXKeT OHTL ¢POPMYNHPOBaH KAk TPHHIMIL,
COrJIACHO KOTOPOMY rpynfla CHMMeTPHH ABYX HJAH Gojee oOLEKTOB
(sBaeiui}, paccMaTPUBAEMHX KaK 1es0e, sIBJseTcH oflell BHCIIel
NOATPYIIOH TPYNI CUMMETPHM 3THX OOBEKTOB, oOlpefiefseMoll ¢
Y4eTOM B3AHMHOIO DACTONOXKERHs HX 3AeMEHTOB cHMMerpuH. Jas
reoMeTpHuecKux Guryp stor npuEneEn  QopMynupyerca Godee
npoCcTO: MpH coeikneHday ABYX (Hau OoJlee), TOAYEDKREM, Ke
PABHHX ADPYI JAPYTY, CHMMETDHYHHX QHUTYP B OAHY COCTABRYIO B
HOC/EANER OCTAKOTCA JAUHID T JIEMEHTH CHMMETPHH, KOTODHE HB-
AsoTes OGIIMMH RJIS BCEX COCTABJMIOMAX GMryp np¥ 3agaHHOM
croco6e MX pasMellleHHs B MpocTpaHcTBe. HanpuMmep, Ha reoMeTpH-
ueckylo Qurypy (RBajpar ¢ cCuMMeTphell 4mm}, WMeIOMYIo CHMMET-
PHIO KpHCTAJNa, HAKNAAHWBACTCA B 3aflaHHoO#l opueHTanun durypa
(pABEOCTODOHHHRA TPEYrOJbLEUK — CUMMETPHH 3 ) ¢ CHMMETpHEd
roapelicTens. Jlerko suzerh (cM, puc. 1.65), uTo B moayuawmedcs
B pesyabraTe Takol cymepmosnius QUrype, COCTABJEHHON U3 KBaj-
paTa # TPeYroJbHAKA, OCTAETCH JUIIb OAHA IJIOCKOCTh CHMMETPHH
m, obulasd ans HUX oboux. IIpH paccMoTpeHHM MaKPOCKOMHIECKHY
braugeckHX CBORCTE OGHYHO MOAPARYMEBAETCH, 9TO KPUCTANR fiB-
J5eTCA  OXHOPONHON HEMPEpPHBHOA aHu3OTpOmHO# cpenoil. 3To
6yZeT cnpaBeAsvBO B TOM CJyYde, ecjii M EMEEeM JIea0 ¢ paccTos-
WHSIMH, CYHIECTBeHHO GOJIbIUMMH, ueM HaHOOABWIMA U3 NepHOAOR
KPHCTANNHIGCKOR pelleTkd, H '
ofibeMaMH Topa3Ao GONbHIEME, 1M
ofpeM dUeliKH,

Oan  00HOSHAUHOZ0 ONUCAHUA
dusugeckux £80ldcrs Kpucrarios

S

ucnoab3yerca npasaa Oexaprosq

(opTozonaisHas) Kpucrassofusi- -

ueckast cucrema xoopdunar X, Xy, #mm

X3, onpedesennoim obpazom opu-

-GHTilposaHH.aR OTHOCUTCALHO Kpul- Prc, 1.65. K  nzmocrpanui
Tarozpaduteckoll cucTems Koop- iﬂﬁ““ﬂaaeﬁfﬁngf“ﬁﬁg‘fm‘g;‘[
dunar (cM, Ta6n. 13, npaBuaa ' . CHMMETPHH
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TaGaura 1.3 [passia awiopa KPECTANACPHIHUCCRON
CACTEMH KOODIAREAT

Oprensranus ocel

CHHATOHHS
EpucTaniorpadgud. KpRCTaLROpAZAY.
¢ — BepTHRAARHG 6o i X, X X
TprEAHHEAS 4 — caesa HEOpaso Betbop L 4 43
P a — g mabmojaremo Npok3BOAEH
MoiokrHnAR ¢ — BEpPTHKAJbHO Xillb n X, {a (m |c)
b — caesa mampaso Huorpa X ,[[a
a — K HaGmonaremo. (nan Xqf| c) '
HEKJIOHHO
PouGrueckas ¢ — BePTHKATbHO Xslle, Xalib. Xifja
b — cnesa mampamo
‘& — k raGmoaaremo
TerparonalbRAs ¢ — BEPTEKAILAC Xille, Xa|i8, Xl

b — caena manpaso
@ — K HaGmofaremo

TpAronanbHas K ¢’ — BEPTHKANLEO Xalle, Xia
TeECaroEafLAan & v # — x maGmomare-}limg xnaccos 3m n 6m2
: mo B. pasHoMepmoM pac-jugorma Xgfjb, Xy X, X
XOXNEHER
KyGrzecras § — BepTHRANLHO Xalle, Xollb, Xilla

b — cpesa mamparo
@ — K Balaonaresso

KpHcTaNoTpadieckof yCcTaKoBKY — oM. takke Taba, 1.1). Vran
MeXAy NONOXUTeNbHEMY HANPABJICHHSMHE COOTBETCTBEHHHX ocel
obeux cucreM Gepyrcst Menbbiuma 90°,

Ilpn- pelreBEHA MHOTHX KpHCTaaNoQU3KIecKHX 3aflad  HHOPAA
GHBaCT yﬂ.oﬁnee MoAL30BATLCA He KpHCTaAAoDH3IRIeCKoH, a APYroH,
crenHanbHOH#, nexapToBolt cucremolf Koopausat. [lepexon of oaHux
npamoyroanEnx ocelt X;, Xs, X, k npyram takum ke X!, Xo!, X¢
¢ TeM XKe HauadoM (HAYanQ OCTAETCS HENOJABHXKHHM) H TOR Xe
METDHMEOH, KAK M3BECTHO #3 AHAJHTHYCCKOH reoMeTpHH, NPOH3BOAAT
¢ nomomsl0 popmya npeoSpasopanus:

Xy =9 Xi+Faog X003 X
Xy' =3 X+ Xota93 X3

TJe ;3 — HaOpaBJAKOUINE KOCHHYCH YIJIOB MEXIy HoetiMu X,
78
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craphME X; ocAMH, ONpeAeNsieMbie MaTpuuel  OPTOrOHAJBHOTO
npeofpa3oBanus: '
an G2 Gy
auli= || an 622 495 §. (1.47)
a3 d32 4y

Koapdunuents MaTphus (1.47) obxazaior TeM CcBOACTBOM, 4To
CYMMa KBAJPATOB 3JIEMEHTOB KaXAO0f CTPOKH ik cronfua paefa
eIHHALE, a4 CYMMa NPOHSBENEHHA COOTBETCTBYIOUIHX 3JeMCHTOB
ABYX PasHHX CTPOK Hiad cToAfnmoB paBHA Hyal0. Maremaruuecku
3T0 O3HAYALT, 4YTO

1 npn i=j,

0 mpu i#j.” (148)

Qix Ajr= {

us3HdeckHe CBOHCTBA KpHCTAJJIOB ONHCHBAIOTCH CKANSAPHEIMHE,
BEKTODRHIMH HJIH TEH3O0PHEMH BeJWuuHaMd. EcaH BeAWuHHa, OmH-
cHBalOWas CBOACTBO, ABJACTCA MPOCTO SUCACHHOH, T. €. HE CBA3aHa
¢ HalpaBJEHHEM B NPOCTPAHCTBE M He MIMEHseTICH NpH Npeobpa-
30BaHHH KOOPZMHAT, TO OHAa HA3HBAETCH CKANApOM (TeMmepartypa,
SHTDOIHSA, TEILTOGMKOCTh H 2p.). BeKTOpDH H TEH30pH ABRISIOTCH
SHB3OTPONNEMY U B oblIeM cayuae H3MEHAKOT CBOE YHCJOBOR 3Ha-
yeHHe TpH npeofpasoBadku Koopauuar, OxHa BEKTOpHAA BEMHYAHA
MoxeT ONTh Qyukiuel Apyro#i BexropHo#i BesHYHEHN. Ecau ceoficT-

— g

so T cea3mBaer fAsa Bmertopa b(by, by, b3) u a(ay, ap, as), rae
—_- -

ay, G, @3 U by, by, by — KOMIIOHEHTH BEKTOPOB a ¥ b, Takum
offpazoM, 1TO .
b1=Ty; ay4-T1p ap4-T1s a3
b2=T21ﬂ 1+Tm ag+T23 I3, (149)
ba=Tsg a14Too @p} Tz a3,
rne 7; — KOHCTaHTH, TO TOBOPAT, UTO JCBATL KOMIIOHEHTOB ofpa-
3YIOT TEH30p BTOPOTO PaHra

Ty T Tp

T2l T22 TES

T3! T32 T33
Vpapuenust (1.49) B KoMmakrtHOfl POpME MONKHO 3amHcaTh B BHAE
bi=Tya; (i, j=1,2,3). (1.50}

Tensop Broporo panra, MoAo0HO BEKTOPY, ONHCHBAET HEKOTOPYIO
(¥3HGecKyI0 BeJuYHHY, KOTODAs HE 3aABHCHT OT BHOODA CHCTEMH
kKooparnar. [Ipy 3aMede ocel (pH3IHYECKAR BENHYHHA HE HIMEHAEST-
Cl, a HIMERACTCH TOJALKO CIOco$ ee NMpejcTaBiedds. 3aMeTHM, 9T0
N0 pAay NpAYAR {8 JACTHOCTH, KH3-32 CXOACTBA 3aKOHOB mpeobpa-
30BARMSA HOBHLIX KOMIIOHEHT depe3 cTapHe #, HaobBopoT, npm BHOO-
Pe Hopo#i cHCTEMH KOODAHRAT) CKAJNADPH % BEKTOPH  OTHOCHT X
TeR3opam. Ckaasp — TEH30p HYJCBOTO paHra, a BeKTOpP —— Tel3op
Neproro padra. lpu onucanuu Qu3HUECKHX CBOHCTB HEKOTOPHE
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cBOACTBa APeACTaBASIOTCH TeHsopaMH Oojee BHCOKHX paHIoOB—
TpeTeero, 4erbeproro, MHorme ceoficrBa Rpuerannos (yAeacHag
3AEKTPONPOBONHOCTL, TEILIONPOROJHOCTL, MATHHTHAR IPOHALNAL-
MOCTL H Ap.), KOTOPHE IABHCAT OT HANPABJCHHS .H3MEPEHHNA, OMH-
CHBAITCA CUMMETPDHUIHBIMH TeH30DaMH BTOPOTC DAaHra, moatoMy B
_ RanbHefillieM ML, B OCHOBHOM, OYJAeM yAeNdTb BHHMAHHE HMEHHO
5TOMY TEH3ODY. ' B

HafiléM reoMeTpduecKyld HHTePIpPeTALHIO TEH30pa BTODOTO
paura. M3 apanuTHIecKOR reoMeTpEH UIBECTHO, 9TO YPaBHEHHE
NeRTPAJLHOH DOBEPXHOCTH BTOPOrG MOPANKA C LUEHTPOM B HAYaJe
KOOpIHHAT MOMXHO 32[IMCATh B BHAE

S§j°X¢Xj.$l, rae (l _f 1 2 3} i3 Sggﬂsji (1.51)

C.nomomeio ypasuenuii (1.49) ypasrenue (1.51) moxer 6HTbL Rpe-
-06pa30Bato K HOBHM OCHM:

S X'y X!—*l THE Swp=y Aij S
Ecay cpannmb 3TO BHIDAXEHWE ¢ YPABHCHHEM npeoﬁpasonaﬂnﬂ
TEH30Da BTOPOrO pasra;

'
1= a T,

TO Jerko BHAETh BX HAeHTHYAOCTh.  OTcioAa fenaercsi BHBOA, 4TO
3AKOHE Npeobpasosanud (cHMMerprdrOTO T4=T3) TeH3opa BTOpPOTO
paMra coBmMajalT ¢ 3axoHaMu npeofpazosanus nosepxHocrefl BTO-
poro mopsjka; uyrofbt HaATH, Kak NpeoGpasyioTCH = KOMIOHEeHTH
. TAKQro TEH30pa, JOCTATOUHO paCCMOTpeTh NpeoOpasoBaHHe ypas--
HeEuA NEHTPAJbHOR IOBEDPXHOCTH BTOPOTO MOPSAXa ¢ HeHTPOM
B Hadale KOODAKHAT H ¢ RosthdunreHTAMH, PABHHMH KOMIOHEH-
TaM TeH30pa. q’los"rouy TaKas TIOBePXHOCTb HA3BIBAETCS XapPaxTe-
pucTuuecKold nOBepINOCToI0. AAR CUMMETPUUNOZ0 TEH30pA 8TOPO2D
paxza v moxer OHTH HCNOJb3OBAHA AAS ONUCAHAS M0GOTO TeH30P-
HOFO CBOWCTBa KPHCTANIA, BaXHmM cBONCTBOM MoBepXwocTefl BTO-
. poro mopAxKa ABANETCHA TO, 9TO OHH OOJANAI0T eRABHOIMU OCAMU —
TPeMs! B3AHMHO MepleHNMKYIAPHLMYE HanpaBIeHAsMH, Npu subope
‘KOTOPHX B KaTuecTBe ocefl XOOpAAHAT YPABHEHHEe [OBEPXHOCTH
TPUHAMAET NpOCTOR BHI

T1 X2 Ty X2 Ty Xg2==1, {1.52)
2 TEH30p, NPHBEJEHHHH X TIABHBM OCAM, 3anuuiercs
i 00
Ty=| 0 7, 0 1|, ' (1.52)
0 0 7y

me 7y, Tg, Ty — r.naBHHe 3HAYeHHH - KOMIIOHEHT TeHsopa Ty;.
Ecau yparnenue nonepxuoc*m BToporo OopsfKa 320HCATH B
KAHOHATLCKOR (popme

-l- 62=1
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Puc. 1.66. XapaxTepucrhieckie ROBepX-
HOCTH TeHsopa 2-1o paETAl a) SMIRA-
¢OHAI; B) OZHOMOMOCTHOR THnepboo-
BA: ©) REYXnojocrHoll rRIepbonoHA

f CPABHMTL €T0 ¢ ypasHenneMm nosepxnoctd (1.52), To BHAHO, uTO
NONYOCH XapaKTePHCTHHECKOH NOBEPXHOCTH HMelT ANERY /YTy,

1/¥Te 4 1/yYT; . Korna Ty, Ty 5 T3 HOJOXKHTENbHE, OBEPXHOCTD
(1.52) npeacrasnser cofok TpexochHi sanuncoun (puc, 1.66, a).
Ecir ABa koshoduIHeHTZ NOJOMHTENLHH, & OLHH OTPHIATENEH,
TIOBEPXHOCTL ABJAARTCH,0AHONDIOCTHHM runepﬁo.nonp,om (puc. 1.66).

Ecnu aga noscbdmunema QTPUUATENLHH, 4 OZHH — HONOXKTENeH,

TO HOBEPXHOCTh NipejcTaBaser cofod ABYXNONOCTHOH TENepfoacHA
{puc. 1.66, c).

Jas EarasiiHOTO NpeNCTaBJIEHHS O crmme'rpnn H aBH30TPOIHH
CBOfICTBA, ONHCHBAEGMOrO TEH3IOPOM BTOPOr0 paHTa, KPpOMe Xapak-
TEPHCTHYSCKO# NOBEPXHOCTH, MOMHO BBECTH H JIPYTYIO MOJE3HYIO,
TaK HAILIBAEMYIO, YKAIATEAbRYFO nosepXxocTs. Jlas  nocrpoeHus
TAKOH NMOBepXHOCTH H3 Karo#i-iwGo TOUKH, BIATOH BHYTPH KPHCTAJN-
Y2 H BHOpDaHHOH 34 HAYAJ0 KOOPAHHAT, NPOBOAAT PaiHyCH-BEKTO-
PH o BCeM BOZMOXHHM Hanpap/eHASM, OTKIAJNHBAH BAOAs HEX
HaMepeHHNe OTHOCHTEAbHBEIE 3HAYECHHA BeJHYHH, XAapaKTePHIYIOMIKEX
paccMarphBaeMoe csoficTBo. CoedHHMB KOHIE 3THX BEKTOPOB,
fo/ydaioT  NOBEPXHOCT, onncunalom.yro panHoe (prauveckoe
CBOACTBO.

YpasHueHne yxalarenasuon nonepxuocm IS CBOHCTBA, ONMHCH-
BaEMOTO TEeH30pOM BTOpOrQ paHra, NPHBEJEHHOE K T[JABHHM OCAM
ch, HEMeeT BHJI

X2 x32

T#

2 + =1, (154)

. 9Ta noBepXHOCTL NPH JIOGHX 3HAKAX TAABHHX KOMIIOHEHT TEH30pa
€crp aauncous ¢ noayoesmu |Ty], |7Tql, |73, rne T— BexanuuHa,
XapaKTepHayiolas XAHHOE TEeH30pHOe CBONCTBO B HanpapJeHHE
TnagHHx ocefi,
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Bume roBopHJIOCE 0 NOJAC3HOCTHE YKasaTe/bHOH OOBEpPXHOCTA
310 fefcreuTensHo TaK. Ilo dopme 3Tofi moBepXHoCTH MOXHO BH
ABHTb JKCTPeMAaJsEHE HaNpaBJeHuA, B KOTOPHX BeAHYHHA, Onpe
AEeNAINAS CBOACTRO, HIPDHHHMAET MAKCHMA/ILHOS HAH MHHHMAJBHO(
3udueHue; MOXKHO TaKXKe YBHASTh CUMMETDHIO caMoro cBo#cTBa.

Kaxk Mu yxe rosopund, $pHauyeckue cBoficTBa ONUCHIBAIOTCS
CKANApaMH, BEKTOPAMH H TeH30opaMH. Bee 3TH BennqUHH HMeEN
COGCTBERNYIO0 CHMMeTpHIO. JIerKo BHAeTb, 4YTO CHMMETDHS CKAAApE
COOTBETCTBYET CHMMeTphHH (Imapa) npefieibHo#i rPynne oofcomm
[Tonsipueill BEeKTOp HMeeT CHMMETPHIO comm. AKCHaJbHHIH BeKTOf
AMEeT OCb ©0, ecThb Monepeqnas NJAOCKOCTH CHMMeTPHH M, HO Hel
NPOXONBLHOM, HO3ITOMY PYNNAZ CHMMETPHH AKCHAJNLHOTO BEKTOpE
{MaraMTHOrO} ecThb oo/m.

Haxonel, ¢cHMMeTpEUHHA TeH30D BTOPOrO paHra B 3ABHCHMOCTH
OT COOTHOINEHHH MEeXIy ero IMNIABHWMH KOMIOHEHTZMH  MOXeT
HMETb COGCTBEHHYIO CHMMETPHIO mmm, oo/mmm WIK oofoomm,
Tipua T1=To=T, xapakrepucTHIeCKas NoBepxHocTh (1.52} BHpOXK-
Aaercst B cthepy. B 3ToM caygae cuMMerpHs TeH3opa Oyaer
ocofcomm W, CAEROBATEALHO, TEH30p BHpPOXAaeTcs B cKajap. IIpm
Ty=T5#T; XapaKTepHCTRYECKAsA NOBEPXHOCTL -— SMJIHICOHA Bpa-
HICHUS C OCKID 0o BOAL X; H CHMMETpHS TeHaopa GYReT -oofmmm,
Ecan’ T\#Ty#T,, TO XapakTepHcTHUeCKAas NOBEpXHOCTL INpeBpa-
IAeTC B TPEXOCHHWH 3AAKICORA C CHMMETpred mmnt, a cJefoBa-
TellbHO, H TeH3op T,; Oyder HMeTh 3TY e CHMMETPEIO,

o crx nop He HPHHMMaJoch BO BHHMAaNHe KOHKpeTHoe (usHye-
CKoe COIEepXKaHHe TEH3OopOB. B 3aBHCHMOCTH OT HX OTHOLIEHHS K
O0beRTY (H3KYeCKHe TEH30DH OHBAIOT ABYX pa3JHYHHX BHJIOB:
MATEPUOABHLLE TEH30PH .— ONHCHBAIOT CROHCTBZ KPHCTAMNOB B
nojesbie TeH30pel — ONHCHBAIT BO3JEHCTBHE HA KPHCTAMI H €TI0
peakitnio, CHAMMeTPHA MaTepHANBHEIX TEH3OPOB, B COOTBETCTBUH &
npunanpnoM Hefimana, A0MKHA  COITACOBHBATHLC] ¢ CHMMeTpued
KpuCTalliia, W 3JeMeHTH CHMMeTPHE 3THX TeH30DOB, XapaKTepH-
CTHYECKHX H YRa3aTeJbHHX TIOBEpPXHOCTEAl NOMKHH COBHAZATD C
COOTBETCTBYIOULHMH 3JIeMEHTaMH CHMMeTpHH RpHcraana. CHMMer-
PHf - NMOJIEBHX TEH30POR He CBA3aHA ¢ CHMMeTpHefll KPHCTalia, H
TEH30PH MOTYT HMerb JIO§VI0 OPHEHTAHHIO IO OTHOLIEHHK K 3Je-
MeHTaM CHMMeTPHH KpHcradna. [Ipu 9ToM, B cOOTBRTCTBHE ¢ HpHH-
nHNoM cyneprnosnuun Kiopu, KpBCTand NOK BHEUIHYM BO3ZefcTBHeM
B3MEHSET CBOI0 TOYGYHYIO IPYNNY CHMMETPHH TaK, YTO COXPAaHSET
JAHIOD JIeMeHTH CHMMETPHE, OfIHEe ¢ 3eMEHTAMH CHMMETPHH BO3-
nefictBHs. s Gonee noamoro w Godee yrayGaeHHoro wH3yueHHd
BOIIPOCOB, CBR33aHHHIX ¢ COOTHOLIEHHEM MeXAYy TOoYeyHoH cHMMeT-
puel KpHcTaana B caMMeTpHell ero GH3HUECKHX CBOACTE, OTCHJIAGM
yuTarens K xawre «CoBpeMeHHas KpHcrasmiorpadms», M.: Hayxa,
1981, T. 4.
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rAABA 2

MEXATOMHOE B3AMMO JIEACTBUE.
OCHOBHBIE THIIBI CBA3EH B TBEPBIX TEJAX

2.1. KIACCHPHKAUHS TBEPJBIX TEJ, THIIH CBA3H

Jo cHX mop MM paccCMaTPHBANH TBEPAOe Tello KaK CHCTeMY, CO-
CTOSIYIO H3 RACKPETHHIX YACTHI (aTOMOB, HOHOB, MOJIEKyJ), oGpa-
SYIOHIEX HALANbHYK TPeXMEPHYI HEPHOAHYECKYI0 CTPYKIYPY, X
. rJIaBHOE BHHAMAHHE YAeNSNH 3aKOHOMEPHOCTAM CTDOEHHA H CHMMeET-
pHE KPHCTA/UTHYECKHX pelleTox. IIpa sToM MBl HEMTO He rosOpHIN
0 CHJAX, KOTophie YAEpKMBAIOT YACTHIH BMECTe OKOJO NOJOXKe-
HHA HX pasHosecHd. CHNIH, YEepXKHBaIOMKe YACTHIH B XPHCTANTE,
MAMEIOT TY Xe NPHPOAY, YTO H MEXATOMHLIE CHAHM, KOTOpHe ofyc-
noBAHBAT 00pasoBaHHe CHOXKHHX MOJEKYJ, DTHMH CHJAaMH, Kak
cefluat TOUHO YCTAHOBJIGHO, SBASAIOTCH, B OCHOBHOM, CHJIH 3JI€KTPO-
CTATHYECKOTO HPHTAXEHHA MEXKAY TPOTHBONOMOKHO 3apAXEHHHMMH
_vacTHOAMH  (37eKTpOHAMH 4 fAIPaMH} # CHAW  OTTANXHBaHHS
MEXLY ONHOHMEHHO 3apsDKeHHBIMH YACTHHAMH (3/eKTPOHAMH H
SNMEKTPOHAMH, SAAPEMHM H SAJAPaMH).

OueHKH NOTEHURAJOB BlamMOAeHCPBHA MEXKJYy HaCTHHAME B
KpECTaJJIe DOKasHBA0T, 9TO MATHHTHHE CHJIH 3Jech BeChbMa MalH,
a FpaBHTALHOHHHWME CHJIAM# Boofuie MoxHo npeneGpedn. TakuMm
06pa3oM, XxapaKTep CHJA MeXATOMHOFO B3aHMOXEACTBHS B NEPBYIC
oYepeb ONpenelseTcs CTPOEHHEM 3JeKTPOHHHIX O00JOYEK B3aHMO-
AeBCTBYIOIIUX ATOMOB. _

XapaKrep MeXaTOMHHX CHJ HHOT/A KJaAyT B OCHOBY KJ/acCH-
$pukauuy Teepamx rea. CordacHo 3To% KiaccHPHKAHBR BCE TBep-
Ane Teda pa3feNdiOT Ha YeTHpe THNA: METAArAUYecKus, KoadAeHT-
Hble, HOHRSIE U MOACKYARPHOE KPUCTAAALL,

Kpucranasl neopraHuueCKHX BeUleCTB ¢ 6000pO0nOL ¢8A3bI0
{(koTOpast mO cBOGMY xapaKTepy #BJISeTCH, B OCHOBHOM, HORHOT)
TacTo BHAENAT B oTAeabHHE THI. Boaopornas cBA3p obycloBae-
Ha 3JeKTPOCTATHUECCKHEM IPHTSMHEHHEM MEX]JY aToMOM Bojopoja H
KakAM-Tn00 cHaInHO aderTpooTpuuatensuuM atomoM (O, F, N, Cl
H np.}. KnaccwdgecKHM HpHMEPOM TAKHX BeELIECTB abJsfeTcd BoAa
B XXHAKOM HJH TBEPAOM cocToAHHMH. M3-aa HellocraTka MecTa MM
He SyneM GoJee moapodHo OCTAHABAHBATHECA HA STOM THHE CBH3H
H oTomieM uutaTelss K Godee dyHLAMENTANLHWM TPYLaAM oo ¢a-
3HKe TBepHOro Tena.

3aMerdM, 4TO He CYIDeCTBYeT OXHO3HauHore cnocoa KAACCH-
$ukanun TRepnnx Tel. Tax, BCe TBEPAHE TeNa MOXHO KiAaccuH-
WHpoBaTs MO cBORCTBAM CHMMETDHH HX KPHCTAJJIHYECKHX CTPYK-
TYp, mo »AeKTpHYECKHM cBoficTBaM. B cOOTBETCTBHH ¢ NocJaefnHed
RKnaccmpuranpeft TBepaue Tenaa, Kag 510 OyIeT NOKA3aHo B . 7,
Aensirea Ha nposoduuiy i 430AaTOpsl, THIHUHGIMH NPOBOIHHKAMH
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aJleKTpHyecTBa ABJaROTCA Meraaasl (Ag, Cu, Au 1 jp.), a M3ons.
TOpaMHA -— HOHHBE KPHCTA/IH. Mexny MeTaAlNaMu H H30AATOpa-
MH pacnonaratoress noagsmerassst (Bi, Sb} H noAynpoBoAUMHKH
{81, Ge). INoJynpoBOZHHKH NDH HH3KUX TeMIepaTypax BeAyT ce-
6n Kax H3oaaTopH. HonyMertaaaw, nNopobHO Merally, NPOBOART
TOK, XOTSl KOHICHTPANHS 3JACKTPOHOBR NPOBOAMMOCTE B HHX IpH-
mepHo B 104 pas meHblre, yeM B Meradnax. Taxoe pasnmune ofyc-
JIOBAEHO 0coOeHROCTAME 3JEKTPOHHOH CTPYKTYPH,
B macrosmel riaBe MH NpHMeM KJAacCu(PHKALHIO TBEDAHX Ted,
OCHOBAHHYIO Ha XapaxTepe MeXKATOMHBIX CHJI B3auMofelicTBuA,
. KOTOpHIi, KaK TOBOPHAOCL, BHIIE, Olipeflenfercd CTPOEHUEM 3IJeKT-
pOHHEIX 000JlodeK B3aHMOLeHCTBYIOMEX aToMos. Kak ipaBmio, B
MeXATOMHHX CBA2AX ¥ OONLIIMHCTBA 3A¢MeHTOR NPHHHMAIOT Yua-
cTHE Bce BHellHue BaJleHTHHe saeKTporw, ¥ Cu, Ag, Au, Eu, Yb,
Am BecHeXCTBHE CDABHHTEALHO HeOOJBINOA SHEPTHH CBA3N IJTeXT-
POHOB, 3amofHeHHKX 4, j7 u 4 060J0%eK B MEXKATOMHEIX CBASAX
MOTYT [ONOJHHTENbHO YY4aCTBOBATH OJHE-AB3 3JMeKTPOHA 3THX
obosouex. CyIECTRBYET PAA 3JEMEHTOB, HMEWIMHX GOAbIIOE YHCIO
BAaNeHTHHX 3JeKTPOHOB Bo BuemHel o6oi0uKe, HO H3-32 BHCOKHX
SHePrHA CBA3H C ATOMOM He BCE BANESHTHHE 3JMEKTPOHB MOTYT y4aa-
CTBOBATL B MexaToMHHX cBssfXx (O, F, Fe, Co, Ni » 1p.}).

Unene BANEHTHB(X 3JEKTPOHOB, CIOCOGHBIX YUaCTBOBATL B MEZK-
aTOMHHX CBSI3fIX, FEPHONHUECKH H3IMeHAeTcss ¢ BO3pACTaHHEM
aToMHOTo Homepa Z, YTO SBAACICH CJeNCTBHEM IePHOAKYECKOTD
3aKOHa MeHJeNleeBa, B COOTBETCTBHH ¢ KOTOPHM Bce (PUIHKO-XH-
MHYeCKHe CBOHCTBA AOJIKHB HAMEHAThCH NEPHOAMYECKH C POCTOM.
ATOMHOr'o HOMepa. .
Ha puc. 2.1 npuBegeHa 3aBHCHMOCTH I1I€PBOTO  NOTEHHHAAR!
HOHH3AUHH aToMOB J oT aromuoro HoMmepa. [lepselil norenyucs
uonUsQyUY COoOTe8eTCTBYer 3Hepeun, HeoOxolumold Oaz OTPoiBR:

238
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Prc. 2.1. 3amrHcHMOCT: NepBOTD HOTEMIMANA HKOHH3AUHH OT
TOPSAKOBROrD HOMEPA 3JeMeRTa B tabnane Mewgencepa
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34CKTPORG O Hell1parsnozo HeB036ymOennozo aroma. 3aBHCH-
mocTs (2.1) HMeeT OTUETHHBHEA NepHofHYecKmA Xapakrep. Kak
prgHO M3 puc, 2.1, wedounne Merannam (Li, Na, K, Rb, Cs) nme-
foT N0 CPABHEHHIO C-APYTHMH 3JeMeNTaMH MHHEMAJbHBE TOTEHitHa-
o monusauud 5,4; 5,16: 4,35; 4,18; 3,90 aB cootpetcrBenno., B
aTOMaX IIEJOYHHX MeTaJJA0B HMEETCH BCero JAHIIL OAWH BalleHT-
HHli 37EKTPOH, KOTOpHE HAXOAHTCA BHe 3aNoJHeHHOH o6ONOUKH H
[0S3TOMY CBSI3aE OTHOCHTeNbHo cjafo, w®3-3a 4Yero B PASJAWYHHEIX
eaKlUHWAX 3TH 3JMeMEHTH JerKo TEpfioT BHCIMHHE 3JIeXTpoH, obpa-
ayd TPH 3TOM IOJOXHTEALHO 3APAKEHHHE HOHH — KQTUOHbL Lit,
Na*, K+, Rb*, Cst+. Tlocse noTepn BHEINHETO 3/eKTPOHA JEKTPOH-
ghe OGOJOUKYM COOTBeTCTBYIOULHX ATOMOB CTAHOBSTCA TaKHMH XKe,
Kak ¥ ODOJIOUKH aTOMOB OAHXKAALIEX K HEM #HeprHuX rasos (He,
Ne, Ar, Kr, Xe, Rn), uMeomux odYeRb YCTOHUMBYI0 3IJAEKTPOHHYIO
KOHOHIYDALHIO, HEePBLI MOTEHIHAN HOHH3AUMH AN KOTOPHX O4YEHb
BEJIHK H HaMensiercs ot 12 mo 25 3B (pme. 2.1), '
[lepes MHEPTHHMH TasaMu PACHONATAIOTCH TaloreRH (aneMeH-
et VII rpynnel mepuofuteckKoil CHCTEMH €0 3BAYEHHEM I€DBOTO
podu3aLHONHOre norennuana or 10 no 18 3By — F, Cl, Br, I, ¥
KOTOPHIX He XBaraeT ogHOro 3JeKTPoHa jnA ofpazopadns yCToH-
UHBHX 3JEKTPOHHHX oO60JoueK GMHKARMHX K #AM ATOMOR HHEpT-
HHX fa30B, NOSTOMY OHH Jerko NPHCOSEHMHAWT K cele 3JeKrpoH,
ofipasys COOTBETCTBYIOHIHe OTPHUATEAbHHE WOHH — aHWOHH: F-,
Cl-, Br-, I~ 3nepeuo 3, ocgobomdaiowyiocs npu npucoedunenul
areKTpona Kk HelTpasbHomy Heso3byscdendomy aiomy ¢ 66pa3nea-
HUeM GHUOHG, HARLIBAIOT Hepaueld CpodcTaa GTOME K 3ACKTHOHY.
‘HanpOonbliuM CPOACTBOM K 2JeKTpoRy ofJaXaoT aToMbl FaJOHEOB:
F-—234538B, Cl —,36 5B, Br — 34 3B, I — 3,1 3B. C noustus-
M TOTEHNEAJa HOHH3ALKH W SHEPTHH CPOIACTBA K JEKTPOHY Tec-
HO CBA3dHA MOHHAA BaNEHTHOCTH, ONpefelseMan KakK MHCAO JIeKT-
POHOB, KOTOPOE MOKeT TepsTb miH lprobperars arom. Lilenounsie
MeTRJJAE TOJOKHTENBHO OXHOBATEHTHH, NMOCKOJLKY OHH COLEPXAT
Ha OREH JEKTPOH. 6OJblIe, YEM ATOMH COOTBETCTBYIOIHX OAnxafl-
MAX AHEPTHHIX JMeMEHTOB, HANPHMED, HOHHAA BATEHTHOCTB ATOMA
Na pasua +1. ATomMsl rasouRoB OTPHUATENLRO OJNHOBAJEHTHH, ¥
HEX He XBaTAe€T OIHOTO AEKTPOEA AAS 06pa3oBaHHaA ycToiluHBOR
000noyRH 6AHXKANWHY ATOMOB HHEPTHHX Ta3oB. Tak, RJs aroMa
Cl monnaa panemthacTs paBHa —I, Avanormano atomu II rpynns,
TEpsIE ABA SJAEKTPOHA, MOTYT TAKKe 06PA3OBLIBATE HOHH ¢ 3JEKT-
PoHHOH CTPYKTYpOi Onmxaililgx ATOMOB HHepTHEIX Ta3os: Be®t,
Mg+ Ca% Sr?+, u, CIexOBATENbHO, 9TH ATOMH 06JaAa0T NOJO-
XKurenpHoft BafeHTHOCTSI0, pasrol —+2; aroMu IIT rpynmw, repsd
’:IPH SJEKTPOHA, MOTYT OGPA3OBHBATL HOHH C BAaJEHTHOCThIO H-3
AT R
‘o Tpu ssaumodedicrsuu aTOMO8 00KO20 COpTa ¢ aroMamu Jpyzozo
_aaﬁggrxapaxrep XMMULECKON CBA3U ONPederseTes Ux crOCOOHOCTHI0
! Beare UAn 07008aTe BQAeHTHOLUL 3reKTpon. BTa cnocob-
Nocry xapaxrepusyerca Tak HA3BIBAEMOL  3AEKTPOOTpHUGTEAb-
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nocrio aromos X, Tlo cyniecTBy, 3JAeKTPOCTPHUATENbHOCT, — 3TG
nmapaMerp, BHDAXAKWMIHA TeHHACHNHIO ATOMA NPHTATHBAaTE K cebe
3JeKTPOHH B KOHKPETHOM TBepAOM Telde. IDNeXTPOOTPHIATENbs
HOCTH -— OTHOCHTENLHAA Mepa B3aHMOoAefCTBHA aTOMOB, oHa He
sinjsercs cTporo ¢H3HYeCKoN BeNHYHHCOHA, NMOCKONMLKY OHA He HO«
CTOAHHA M 33BHCHT OT NPHPOAS! APYrOro aTOMAa, ¢ KOTODHM XHMH-
HeCKH ¢BSI3aH JauHblk aToM. OfHH H TOT K€ aTOM B XHMHYECKOR
CBH3H H7IOMJa ofXHOBpPEMeHHo MOXKeT BRICTYHAThH H KaK 3JeKTpPOIO-
JOKHTEABHHHE, H KaX 3AeKTPOOTPHUATeNLHHE. IJEKTPoOTpHUA-
TEABHOCTh O4eHs cJa00 3aBHCHT OT THNA CBA3H H 0T KOHKPETHHIX
ocoGeHHOCTeHl KPHCTAJJIHYUECKOR CTPYKTYPH, YTO JXEJTAET €€ HEKOy
TOPHM OOBEKTHBHLIM NaPaMETDOM ATOMOB, KOTOPHIE HOJe3eH NpR
oOCcyXAeHHH CBOHCTR TBeDJAHX Te. .

3a npubamKeHHOEe 3HAYEHHe 3JIEKTPOOTPHLUATENBHOCTH aTOMa
00HYEC HPHYHMAIOT CPeIHEee apH(METHUECKOE NePBOr0 HOHH3ANHe
OHHOTQ NOTEBN#ANA H IHEPTHH CPOACTBA K NeKTpoHY! '

=!s(14-3). 1)

Bce saemenTH mnepHoiHdecKof Tabauun MeHneldeeBa MOXKHO
PACTONOXHTE B DPAA N0 3HAYEHHIO SJEKTPOOTPHUATEILHOCTH
(taba. 2.1). Mz taba. 2.1 sHAHO, 4To 3Ha4YEeHHS 3JKTPOOTPHUA-
TeNbROCTH HameHnswtea ot 0,7 3B aas Cs no 4 3B ans F. Orop —
HauGonee 3JAeKTDOOTPHHATEALHME sJeMeHT. KaXnuwf pAA NepHO~
Jrueckofl TabaHnH HaunHaeTcsd ¢ HaHboJee 3€KTPONOJOKHTENb-
HHX 3JEMEHTOB, T. € HaHOoJee CKAOHHHX K 06pa3s0BAHHIO IMOJO-
HKHTENbHHX HOHOB (UIeJouERe MeTaJlJibl, HMEIlHe MaJhle SHepTHH
HOHH3ANHH ¥ MaJBle SHEPTHH CPOACTBA K 2JeKTpoHy). Ha ApyroM,

Tatanua 2.1, InaueHns SACKTPOOTPHOATEABHOCTH
QA4 HeXOoTOPHX SAsMeHTOR TAfaHIN Menzeieera

Tlepnoz " Baemenr (X, sB)
t ' H
' 2.1)
2 Li Be B C N 0 F

(10) (1% (20) (25 (B0 (&5 O

Si P ) C
(09) (1.2) (1,8) (L8 (21} (25) (30

4 K Ca Sc Ge As Se Br
0,8) (LO) (L3 (1,8) (20) (24) (2.8)

5 Rb Sr v Sn Sh Te I
(0.8 (L0) (1.3) (L8 (1,9 (21) (25)

5 Cs Ba At
(0,7) (09) (2,2)
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ppaBOM KOHHE KaxIoTo PAfXa pacmoaararcs Haubosee 3aeKTpo-
pTpHUATENbHbE 3JeMEHTH, T. €. TAaKHhe, KoTophe Hanbollee Jerxg
' pOpasyioT OoTpHRATedbHHEe HOEM (rasorenH, ofiajamwmie 60Jb-
[EMH TOTEHUHANAMH HOHA3AUHH H 3HAYHTENLHHM CPOACTEOM K
2a€KTpoHy). TakuM oOGpasoM, B Jesolf wacTu TabaHusl pacionara-
joTeA dNeMeHTH ¢ HanBoNlee CHILHO BHPAXKEHHHMHE METAANHICCKH-
MH CBOHCTBaMH (Meralnsl), a B NpPaBoi — 3JeMEHTH ¢ HauboJee
¢HJbHO BHPAXKEHHHMH HeMETAJJIHYCCKHMH CBOACTBAMH (MeTalao-
pau). B TabnHme MOXHO YCJNOBHO HPOBECTH TPAHHNY MEKIY Me-
raniaMH H MeTalJoHAaMu. 3Ta IPaEHala NPOBOAMTCA N0 XHMH-
yecKEM NpH3BRaKaM. OZHHM H3 TAKHX OPH3IHaXOB SABAAETCA TO, UTO
B BOJHBIX pACTBOpaxX THIla coJiell NPOHCXOAHT HOHHAS ITHCCONHA-
ugs, B PEIYALTATE KOTOpOH B pacTBOpe NOABAAIOTCH FHAPATHPOBAH-
yHe NOJOXHTedbHbe HOMM (XKaTHoeH) Meramna (Nat, Mg, ..},
a TaKXe OTpHIaTeNbHHEe HOHEB (anuoHH) wMeTanjouga (Cl-,
§2-, ).

Paa)aexzeuue XUMUMECKY OQKTUBHBLY JACMENTO8 Ha MeTaAAst U
MeTiAA0udbl NO3BOARET B6ECTH TPU OCHOBHOIX TUNG CBA3U: METaA-
AuqecKas, kosaAeHTHas U uounas. CBsAas MeXIY CANBHO INeKTpo-
NOJIOMKHTENbHEMH MeTRNAAMH H 3JIEKTPOOTPHUATEALHHMHY HeMe-
TAAAAME TPAKTYeTCd KaK HOHHas CBfA3b. 1dK KAK OHA OCYLIECT-
BASETCH MEXAY NPOTHBONOJOXKHO 33apmKeHHHMH HOHAMH. To ee
HA3HBAIOT — HO NOJAPHOCTH HOHOB — 2eTeponoasproll. K zomo*
ROAADHLIM OTHOCST METANNHYECKYIO H KOBAJIEHTHYIO cBs3H. Me-
TAAAHIECKAS CBA3b PEANH3YETCH MEXKAYy MeTaJJaMM H MerajllaMu;
a KOBAJNeNTHAA -— MeXAY HeMeTalJaMH H HeMeTaJMaMH HJIH Me-
raanonAaMH. HaasaunHe THNIK CcBA3ed HBASIOTCH lpeXensHHEMH
cAyuasaMH XHMHYeCKoro B3awMmojiehictsds. B peanbmoit curyanmn
KOB4JIeHTHHE CBR3E B YHCTOM BHJE PelKO PeanHsyioTCs M HMEloT
B Kakoif-To Mepe yacTHyHO HouHuf xapaktep. CoegmHenufi, 6AH3-
KHX K HIEaJdbHO HOHHHIM, TaKXe YPE3BHUaiiHO Majo.

Hoaio 9aCTHYHO HOHHOTO Xapaxrtepa (CTelneHb HOHHOCTH. HJH
HOHHOCTb) KOBAJEHTHOH CBSI3H MOXHO ONEHHTb, ECJIH H3BECTHLL
3JeKTPOOTPUIATENILHOCTH B3aHMoeficTbyollx aToMoB A w B, 3a-
METHM, YTO IIPH aHaJH3e XapaxTepa CBs3H OOHUHO NPHHATO pac-
CMATPHBATb HE CAMH 3JEXKTPOOTPHIIATENbHOCTH, a4 PA3HOCTL JJEKT-
pootpunaTensHocTe#f BaanMoJeficTBYIONIHX aTOMOB.

Hns oumeHKH HOWHOCTH COGAHHEHHA YAOGHO BOCNOJNbL30BATHLCH
BHpaxKeHHeM:

OTHOCUTEALHAR UORHOCTE ==1—exp[—0,25 (X 1—Xg)?], (2.2)

fle  Xa u Xp — 3JeKTPOOTPHHATENLHOCTH B3aHMOJEHCTBYIOLIHX

aTomoB A H B.

| Ecnn orHocuTensHas uOHHOCTH, paBHa I, T. e. cocTaBiser
00,%, TO CBA3H MEXJY ATOMAMH YHMCTO HOHHAA, eclH xe oHa

PaBua 0, To cBS3b 4NCTE KOBalenTHadA. B npomexyTke Mexay 0 u
HMeeM KOBANMEHTHYI CBSASh ¢ YACTHYHO HOHHBEIM XapaKkTepoM.
€M SoJbile pasHOCTH 3JEKTPOOTPHIATEMbHOCTeH, T. . 9eM Hallb-
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Tabanna 22, DpdexTananie 33pANH IATOMOE B HEKOTOPMX COCHNHERNSX

Coeannenne SdexTupnuft 3apag
NaCl +0,92e (sna Na)
NaPBr +0,83e (nas Na)
Si0y +1,97e (zaz Si}, —0,9%9e (aax Q)
Nag§ +0,75¢ (;um Na),, —0,96e (nas S)
ZnS —0,88¢ (s S} -

1le OTCTOSAT ABa 3JIeMEHTA OJHH OT APYTOTe B DARY 3AEKTPOOTDH
naredAsHOCTH, TeM OTYET/IHBEE nponnnne'rca HOHHBIA  XapaxTe|
. CBH3H.

OnukM Ha 3Kcnepumemanbnmx NOATBepHAEHHA ToTO, YTO HOH
Hasg CBASb B KPHCTalJaX NOMKHA pPacCcMaTpHBATRCH JHWDL KA
HpefleAbHbll cHydafi YACTHYHO HOHEON CBA3H, fBIsercs Tor (dakl
4yTo (pdexTHBHBIA 3apAJ, aTOMa, BXOAAILETO B COCTAB TOTO M
HHOrQ, COefHHEHHT, onpene.ﬂaeuuﬁ KaK anrefpaHyecKas CyMM(
erg OTpPIl].aTEJ'IbHOI‘O 3JTEKTPOHHOI‘0' H NOJIOKHTJbHEOro 3apaia iax
Pa, XdX NpaBHIO, He PaBeH NeNOMY YHCAY 3ap;umn 3JI€KTPOHA |
(raba. 2.2).

Kak sunno us3 T36 2.2, OZMH H TOT Xe 37MeMeHT B PasHEIX €O
eJHHEHHAX HMeeT pa3linuydne shdekTuBHBe 3apanul. Hanpumep, 1
NaCl sdexrusunii 3apsj atoma Na pasen -+-0,92e, a B NaBi
cocraBaser +0,83e. INo-sBuapMoMy, npu Baanmoneﬁmnun NpoHE
XOJIAT TNepepacnpejciede 3apafa MeXAY aTOMaMA o Tex nop
NOKa PA3HOCTL 3MEKTPOOTPHMATEALHOCTEH He CTaHeT paBHof HyJI0
Tag xak omuH U TOT Ke aTOM MOXET BCTYNATH BO B3ZUMOZeRACTBH(
¢ pa3snHYHBIMH aTOMaMH, KaXAHA 43 KOTOpbLIX HMCET CBOIO 3JeXT
POOTPHUATENBHOCTL, TO U 3(derTHBIHe 3apaiL paccMarpHBaeMor
aTOMa B PA3NHYHHX COEAHRHEHHAX PA3JHYHH,

22, 3HEPTHS CBSI3H

[Ipo6GeMa CBH3H 2TOMOB B TBepAHIX TEJax H3-3a ONHHAKOBO
NPHPOAH CHJ B3AHMOLERCTBHS MEXNY ATOMaME aHAJOrHUHA TPol
JéMe CHJ CBA3SKH aAaTOMOB B MOJ’IEKY.H&X Cuasl cBssH B MOJeKyaal
H TBEpAHX Telax UMelOT Muoro ofitero. OrBer o CHIax CBA3SH 1
TBEPAKX TeNax npejAcTaBaser cofofi ofofimenne orBeTa, NOMYHEH:
Horo AAs MoOJeKyJ. [lo3ToMy AJisl KOJHYeCTBeHHOR OHEeHKH 3Hep:
THH CBfi3H aTOMOB B TBePAHX TeAax CHavajla PACCMOTPUM CRAB
KOTOpHE YAepXKHBAKT ATOMH BMecTe B JBYXaTOMHOH MOJIEKyJe,

Honyeram, uto uMelorces aBa aroMa A B B. Eci atoMH Haxo:
IATCA AaJeKo APYr or Apyra, TO OHH BeAYT ceGfi Kak cBoGoNHHE
DHeprus Taxoli CHCTEMH, COCTOAINEN H3 ABYX H3OJIHPOBANHHX aTO:
‘MOB, paBHa CYMMe aﬂeprnﬁ 3THX ATOMOB, KOTODYI0 HUPOH3BOJLHC
MOXCHO NPAHATL 32 HYAb, ATOMSH He Baanmoneﬁcmym- JpYT ¢ EpY-
rOM BO Tex Mop, NMOKa DAcCTOAHHE r MeXAY HMUMH BENHKO Ito’ cpab:
HeHHW ¢ (ra-}r»}, roe rz W rp — pajamycw atomos A u B. Ecan
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ppH YMeHbUIEHKH PacCTOSHUS MexK- uir)
Ay 2TOMAaMH HEePTHS CHCTEMH IMo-

HHMACTCS IO CPaBHEHHIO € CyM- ‘ Uom
mMapHO# 3Heprued H3CJTHPOBAHHBIX l" -
ATOMOB, TO MeXJAy aTOMaMH BO3- \
HRKAET CHJA UDHTAMEHHSH, uYeMy AL
COOTBETCTBYET YMeHbUIEHHE NOTeH- S |gHit ==
puanbHo® sHeprum cucrems U(r). §
[IpEe HEKO’POE}GM PACCTOHHHA =ty 7 Uy 2255 N\ Us
spepra  U(r) pmocruraer Muuh- Ry X U=Unp Hlpm
MAJBHOTO 3HAUEHHS, KOTopoe Co- /
OTBETCTBYET CHIE: ] /
(G ) o 28
T\ Tgr =, =0. (23 py 29 3ecnenveens nommod mo-

TeHUHANbHOR 3SHEPTHA BlaHEMoxel-
DTOT MHHHEMYM ©OOA33TENLHO CY-  crems nsyx aTomo  (CIAOWIHAA

{1eCTBYET; B INPOTHBEOM CJY4d€ KPHBAaA) OT PAcCTORHHA  MeXAY

soofiile He cMorya O o6pasoBaTh- HAMH :

¢H MOJEKYJa ¢ KOHEUHWM pac-

CTOAHHEM MEXIY SAPaMH. - ,
ITpu mampuedmeM cOAXeHHH aTOMOB MeXAY HUMH HAUYHHAIOT,

ZeficTBOBATH CHJH OTTAJKHBAaHRA, GHICTPO BO3PACTAIOIIHE C YMeHb-

MEHHEM 7/, YTO CONPOBMKAALTCH TAKXKE BO3PACTAHMEM NOTeHUH-

" anbrof sHepruu U (r) (oM. (2.3)). —
CMeHa NPHTAKEHHS OTTARRKUBAHEEM MOXET G65HTh MpHOJHXEH-

RO oNHcaHa myTeM NPEACTABJEHHS NOMHOW MOTeHHHANLHOA SHEPrEH

B3ABMOJIeACTBEA B BHJAE CYMMbl IBYX YJEHOB, H3 KOTODHIX OJMH

{orpunaTensHHA) COOTBETCTBYET SHEPTHl CHA NPHATAXEHHA, 2 KDY-

Toft (MONOKBTeNLHHE) ~— 3HePrHR CHJ OTTANKHBAHHA:

U(")_"’Uﬂn(r}+U0T(r)- (2.4)

Ha puc. 2.2 cxeMaThueckH H3oGpaxeHn KpHBbHle 3THX NOTeH-
BHanos ¥ cyMMapHas KpPHBAsd, COOTBETCTBYIONIAS IIONHOA MOTEHIH-
@nkhofi oHeprud Baaumogeficrsust. IIpu r=ro, COOTBeTCTBYMOIIEM
MHHHMYMY 3HEPrHH CHCTEMEl, CHJM HPUTSIKeHHH YPaBHOBEIIHBA-
OTcq cunamu orTankHBauua {Frnp—For=0), npu 3ToM ofpazyercs
Mousexyna AB c naubonee crabuabuofl koH$HErypauHel, B KoTopofl
%Apa aToMOB CcoBEepWIAKOT KoJeGaHHA C COGCTBeRHOH uwacToTof We.

dMerym, 49TO BOJHIN NOJOXKEHHA paBHOBecHs ¢opMa XpHBOHK
=U{r) Guuska kK mapaGoie, Kak 3To BHAHO H3 DA3NONKEHHs
Ury s pan Tefiopa B OKpecTHOCTH r=ra:

_ 2
U(r)mU(fo)-l--;—(f“—"ﬂ)?(gU )f=r0 -

4 dr?
— 3 +...
& (r rG) ( 473 ) r—rﬂ' AR (25)

& (2.5) caeayer, uro mpud He CAHIWKOM GOJNLIIAX OTKACHEHHAX
AToMa OT TIOJIOXKEHHA PABHOBeCHR (KOTHA TPETHHM UJEHOM MOMKHO
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npeHedtpeus) BOIBPAULANOMIAA CHNIA IPONOPUHOHRANbHA DACCTOAHHE
H aTOMH KoJedJioTes Kak IapMOHBYECKHe OCHHAJNATOPH. JHepre
THYECKHE YPOBHH TAKOro OCUHAAATOPA, KAK 9TO CAEAYeT W3 KBay
TOBOA MexaHHKH, MOTYT GHTb MOJVYEHH H3I CHERYIOIEro BHIPaXKe
HHA:

En=h wo(n+_'— ) (n=0.1,2,3,..). (26

Iny6rna muanMyMa U, paBHa SHEPrHH CBA3M aTOMOB B MOJIE
Kyne. JEePrUs CBA3H, WM SHEDPTHsl CUENJEHHs, paBHa DPagHOCT
NOTEHIHANLHOR SAEPTHH .CHCTEMH B HaYaAbHOM (1} u xomueuno

{2) cocTosHUAX:
U=U,—U,. C(27

3@ HaYAAbNOE COCTORHUE CUCTeMb! OOHYHO NPAHEMAIOT TaKa
COCTOsIHHE, KOTNa 4aCTHHH (aDOMbI, MOJEKYJH, HOHH} HAXOXATC
IPYT OT KPYTa Ha LOCTATOMHO GOABILAX PACCTONHHAX B HE BIAHM(
RefiICTBYIOT MeXAY cofoH, Tak YTOo MOMXHO Nnodoxurs {J1=0.

Koneurnoe cocTofiue OTBeqaeT pABHOBECHOMY pACIOJIOXKEHH)
qacrun cucteMsl 1ipn T==0K. Hexons k3 cKasanxoro, sHepra
CBSI3H MOXKHO NPelCTABHTh B BHe _ '

Ues—Us. (2.8
C YIeTOM HYNEBHX Rojefauuli ¢ uactorol w, SHEprus CBA3H HA
MoJekyas {Us—Fh wof2=Us—Eoe (cM. puc. 2.2).

JAasa oeRKH HEpPruH cBS3H, KAK 3T0 BHAHO K3 dopmyns (2.4
HeoOXoAHMO 3HATH XoTd OH B O6lEM BHAE 3aBHCHMOCTH HOTe!
HKaNOB NPHTSKEHHS Ump, u orrankmeanua U,, or paccrosinus.
MeXIy B3aHMONEHCTBYIOmUME aToMaMu, KORKpeTHHH BHI 3T¢
3aBHCHMOCTefl ONpeAeNsAeTcs NPHPOMNOH B3ZHMOJAEHCTBYIOIIHX aT
MOB.

Jlerko BH}I&TB Y10 MOTEHUHAJ CHJI TPUTSKEHHS, HCXORA I
HX 3JIeKTPOCTATHUCCKOIO XapaKrepa, MoXHo NPEACTABHTh CTEle
Hofi ByHKuHeH .
Unp=—ﬂ/rm’, (2.!

rje ¢ — NOJOXKUTENLHAA KOHCTAHTa, /M — NOKa3aTeks CTENeHH
HMeeT TaKXKe MNOJOXKHTeNbHOe 3HAYEHHe,

[TIps m=1 norenunan (2.9) coorsercTByer oGLIYHOMY KYJIOHO
CROMY B3aHMOAeHCTBHIO MeXAY NHPOTHBONOJOXKHO 3apAKeHHBIN
HOHAMHE, a OpH mMm=0, KAR MBl YBHAHAM HHXe, — TNOTeHNHANY Hp
TAKEHHS NIPH B3AUMOZEHCTBHE MEKAY ATOMAMH HHEPTHHX Ta3ol

Jns noreHuHaNa CHA OTTANKHBAHHS, KOTOpHE ofycnoBM
Mpexje BCEero OTTAJNKHBAHHEM SA€P B3aHMOIACHCTBYIOIUHX ATOMI
B 3aBHCHT 0T 3KPAHHPOBKH AAED OKpPYKAIOMHMH HX SJICKTPOHAM

Bopm u Jlawge, HCXold H3 KJAACCHUECKHX OpPERCTABJICHHH, NOJ
YHIH BHPAXeRHe
Uor=b{rm, (2.1
rie b, n>>0 — nOCTOSHHHe, ¢ —— DACCTOSTHEE MEXAY HEHTpal
B3aAMOJICHACTBYIOMNRX aTOMOR,
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[ipH BHBOAEe (GOPMYAH JJAS NOTEHUHANZ CHJ OTTAJNKHBAHAA
BopHOM H JlaHae 6H/a BHOpaHA CTATHYECKAs MOJelb 4TOMA, B
KOTOPO#H .37EKTPOHEL B ‘8-aqexrpoHHONR  000JNOUKe pasMelIeHH 1o
peplimHaM Kyba. ficHo, 4ro mpH B32HMOJCHCTBH®X TAKHX aTOMOB
poTEHUHAN CHJY OTTANKHBAHAS HOJAKeEH 3aBHCeTh OT HX BIAHMHON
opHEHTAllHH, OJHAKO STOTO HHKOPZA He HabJnolaerca B SKCHEPH-
MeHTE. ' :

KBaHTOBO-MeXaHAYECKHH pacYeT, B KOTOPOM TOYEHHOE pacilpe-
peJEHHE 3JIEKTPOHOB B33MEHEHO DpacHpejleVielHeM, ONHCHIBACMHM
KBaADPATOM MOAYAs BoJHOBOH GyHKuHH ||? Bumoinenuud Bop-
joM M MatiepoMm, mpHBeJ A8 MOTEHNHANA CHJ OTTAJAKHBAHHA K HO-
AYIMITHPHICCKOMY BHPAXKEHUN, KoTOpoe Jy4llle COTrJacyercd ¢
3RCNEPHMEHTOM! '

p———" (2.11)
fae b H p — MOCTOAHHHE.

[lpu BHBome (opMYJa HJs SHEPruM CBAsH MH OyiaeM m0Jb30-
BaTECA LAA DOTeHIHaXa cusi OTTANKHBaHHA BHpaxennem (2.10),
MOCKOALKY ero HCHOJb30BAHAC 3HATHTENABHC YIIPoLlaer pacueTH.

Temepb 3afANIeM BHpaXeHHe AJA IOMHOA MOTEHHHAJbHON SHEp-
rud B3auMoxnefieTsua ABYX aTOMOB B BHIE

b

ra

a
=~7W+ (2.12)
Hag Toro, urobu Gyuxuus {/ B BHpaxenun (2.12) Amena MHHH-
MyM, HeoOXOZHMO, 9TOGH MOK&34TEeNs CTENEeAH MOTeHNHaNa OTTaf-
KHBAHHS OHJ 60Jbille [IOKA3aTes CTeNeHH MOTEHIHAJ A NpHTAKE-
HHS, T. e. YTOGH BHIOJHSATOCH YeJaoBue: n>>m. Henonbsya (2.12),
HajijeM paBHOBECHOE PACCTOSHHE Iy H3 YCJIOBHA MHHHMyMa 3SHep-
i d Ufdr=0 ' -
- n—m. .
: ro= Ynbf(ma). (2.13)
HMoacrasup 1, B dopuyny (2.12), Raiifiem Bulpaxenne 1A SHEpruM
CUETITeRHH ABYXaTOMHOR MOJIEKYJIBI:

a . m :
Uo. e (1 - ) (2.14)
TaK_.KaK n>m, to u3 (2.14) caenyer, uTO SHEPTHH CiICMJIEHHS, B
OthoBHOM, onpepenfiercs MOTEHURANOM CHJ HPATSXKEHHs, a MOTEH-
U2y cus oTr2JIKABAHMA SBAAETCH JHIUL HeGoJbumofi Ho6aBKoR K
Hemy 3ro cBwzao ¢ TeM OGCTOATENALCTBOM, YTG HNOTEHUHAN CHII
:’;‘;anxnsaﬂaﬂ BO3PACTAET CTOJNb KPYTO K IIPH YMEHbLIEHHH r, UTO
N BKhaj B MOJHYH) sHeprHl B MuHuMyMe bynkunr U(r) crano-
UTCH OTHOCHTETLHO MAJIhIM. .
ABHCAMOCTH PHEPTHH CBA3H B KPHCTaJAJgaX OT MeXAaTOMHOro
qCCToRpUS r, TAK JKE KAaK H B MOJEKYJaX, ollpefesseTcs AByMsi
ABHWMMH useHaMu: 1) MPHTHKEHHEM 3TOMOB, 0O0YCHOBJICHHHM
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B3aHMOREHCTBHEM BAJIEHTHHX 3JIGKTPOHOB, H 2) KYJAOMOBCKHM O1
TANKHBAHHEM BHYTperHHX OOOJOYEK ATOMHEIX OCTOBOM H OTTal
KHpaHweM agep. Jdas ycroiiyusoro paBHosecvoro cocrosnus (U
rg) 0093aTe/bEO HaAHUHe MHHUMYMA SHEPrHH Ha CYMMapHOH KpE
BOH 3HEPTHH NMPUTMMEHHS H OTTAAKHBAUHA, KOTOPHH COOTBETCTBY
eT onpenenersol cTalHIbHOH KOH(PHIYpalHH B DAacHoJOReHH
‘2TOMOB KPHCTA/NHYECKOH PeleTxy. _

Suepeun cesu (Uau 3HEPRUR CYenderuR) Kpucrdisq nped
€TaeArer coboil Inepeurs, KOTopas Heobxoduma das pasde/eeﬁu
FeAd WG cocTaewsie #acTu. B 3aBHCHMOCTH OT THIA. TBEPAOIC TEX
COCTEBHHMH YaCTAMH MOTYT OHITh MONEKYJbl H ATOMH B MOJIEKY
ASpHHX KpHCTAJIAX, A4TOMH B KOBANEHTHHX H MeTaliHYecKy
KPHETAAAAX, NOJOKATEALHO H OTPHOATENLHO 3apSKEHHBIE ‘HOHH .
HOHHBX KpHCTAJJIax.

[Ipn pacdere suepras CLENJIEHUS MO.HEKYJIﬂpHHX B ADHHM
KPHCTAJJIOB B CWJY TOTO, UTO KOHQHIYpaudsd 3JMEKTPONOB B 3TH
KPHCTAAAaX He CJHIIKOM CHALHO OTJHYAETCH OT HX mmbnrypam{
B M3OJHDOBAHHHX ATOMAx WIH HOHaX, OOHTYHO. OTpaHHYHBAIOTE
BHUHC/ARHHEM KJAACCHYECKOH IOTERUUMANBHOH SHEPTHH  CHCTEM|
chepHuecKH CHMMETPHUBHIX YACTHI, 06pasyoiiuX OHpelesieHry]
KPRCTAJHYECKY0 CTpyKTypy. CuHMTaercs, 4To CHIH, AcHCTBYIOWY
MEXHY ATOMAMH HJH HOHAMH, ABAAIOTCH HEHTPAJLHHEMH, T. € rmg
Has MOTEINHAJLHAS SHEPrHA CHCTEMHE 3ABHCHT TOJbKO NHID
PACCTOSHAS MeMAY B3AHMOACHCTBYIONIHMH UWACTHIAMHA, KOTOpH
AOKAJH30BAHEl B y3JaXx peIUeTKH H KHHEeTHUeCKas 3Heprud Koty
pHX mpeHeGpeHMO Mana,

Oxa3smBaercs, 4YTo Jaxe NPH TAKAX  JOBOJLHO- TAKH rpyﬁu
npnﬁmﬁxennﬁx TEOPETHUYECKHE OIEHKH ZHEPTHH CBA3H npnnoﬂﬂ
K JIOCTATOYHO XOPOLUEMY COTJACHIO ¢ SKCHePUMEHTOM. J

Ecau nas mpocrore npeanofomurb, 4ro 2HepTHS BSﬂHMO,Hﬁ‘é
CTBHfl HBYX 4acTHL (aTOMOB HJIH HOHOB) CHCTEMBl He 3aBHCHT
TIPHCYTCTBUSE APYTHX HacTHI, TO IJA KDHCTANAA, B KOTOPOM XOi
- {pErypalHH H 3SHePreTHUeCKHE COCTORHUS 3KBUBAJEHTHBHIX YacTH
- OAWHAKOBH, 33 WCKJIOUEHHEM YaCTHL, JIEKAWHX B NOBEPXHOCTHY
“clloe, MOXHO HafiTH SHEprviy B3aHMOAeHcTBHA JKOOT0 aroMa
BCEMH OCTAJIEHMWMY ATOMAMH, & 3aTeM M NOJHYIO no:reHunanLHyi
SHEPTHI0 KPHCTAJNA. ;

Nyere U(ry) — noTennunasnsHas sHeprus B3anmo,ueﬁc*rni
Mexy ABYMH 4YACTHLAMH B KPHCTAJJje, PAcCfosiHHe MEMAY KOTS
'PHMY paBHo ry;. BuOpas B o6beMe KpHcTadaada ueBTp i-fl acTH
33 Ha4aJNo OTCYeTa M NPOCYMMHPOBAB MO BCEM HacTHRAM Mp# |
uafinem suepraio U, BzauMoaeficTBHa i-f QaCTHUE cO BCEMH ﬂpi
FHMH Ya4CTHUAMHE PeLIeTKH:

= 3 Uiry). (2.1
Jeisi )

AHaJ‘lGl"HqHy’iﬂ npeileaypy nOpoieiwBaeM IJR BCEX DCTEBLI.IHXé

s LR L oo
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N—1) dactuu. Torga mo/iHasg NOTEHRUAABHAS 3HEPIHS PELUETKH
gpHCTaAJa, collepXKalmero N vacrun,

1

1

J#=i

npeﬂnonarae"rcsi, yro (N aeCTATOUHO BedHKo, 4TOOE MONKHO OHJIO
npeHebpedb MoBepXHocTHHMH s({dexramu. B dopuyse (2.16)
MACKHTENDb 1/2 NOSBAAETCH 3a CUET TOTO, UTO TIPH CYMMHDOBAHHI
IpOM3BOAHTCS YUET SHEPIUH BIAHMOAEHCTBHS KaXAoH MapH wacTHIL
peaxai. Bupawxernue (2.16) nns noreHumnansHofi sHeprmu cHpa-
BeLiIHBO KAaK AJS OAHOPOAMHX, TaK H AJs HEOLHODOAHBIX CHCTEM,
[TpuBeleHAHe BHIIE pe3yJbTaTH CApaBeAJHBH JHIb AJAS pac-
yeTa 3HEPIHH CUENAeHHA MOJEKYJAPHBIX H HOHHHX K[HCTAMJIO0B,
JInsi KOBAJNEHTHHX KPHCTA/MJIOB ¥ METAJJIOB, B KOTODHIX KOHQHIY-
pal¥d BAJEHTHHX 3JIEKTPOHOB 3HAYHTENBHO OTJMYAWOTCH OT HX
xOH(HUIYPaALHE B HIOJAHPOBAHHMWX ATOMAX, yXe HeJOCTATOUHO KJIac-
cuuecKnX TpeacTaBAeHHR B HeoOXOAUMO HpPHUBJEUEHHE KBAHTOBO-
‘MeXaHHIECKHX NPeaCcTaBIeHHA. ' N
Humxe, npuy olieHKe SHepTHHE cuelJeHUS MeTalJoB, MH OrpaHH-
ygMcg Auilb rpyfo nmpHONHAKeHHOH HOHHON MOJASABbI0 Meranfia, a
M TOHHMaHHY ocoOeHHOCTeR KOBAJEHTHOH CBA3H OrpaHHYHMCSA
paccMCTpPeHHeM 3ajayH o0 o0pa3oBAHHK MOJIEKYJH BOAOpona NpH
B3aUMOJEHCTBUYH NBYX ATOMOB BOJOpOAA. :

2.3. MOJIEXYJIAPHLIE KPHCTAAND!

K MOACKYASPROIM KDUCTAARAM OTHOCAT Teéepdule TeAd, 8 Y3-
AQx KpUCTAAANYECKOf peIleTKy KOoTopelx - pacnosqzaworcs Aubo
00uHaKoebie moreKyasl ¢ RacsuyenNoimuy ceassmu  (Hy, Cly, Brg,
- L), 2ubo aromer uneprueix easos (Ar, Ne, Kr, Xe, Rn). K rpynne
HHEepTHHX rasoR cleJoBasic OH TakXe oTHeCTH H reaui. OpHako
CHALL B3aHMOAeBCTBES MeXAY ATOMAMH TefHd HacTONLKO clabH
(sweprus cuennenus Ge: yuera MyJeBHX KoReGamuil cocrapiiser
Beero Jume 0,75-10~8 9B}, a KBaHTOBO-MeXaHHUeCKAw SHEprus
- 4TOMOB 10 CPABHEHHIO C 3THMH CHJA3MH HAacTOJbKO BeJMKa, 4TO
8Ta sHeprus #ABsAeTcs Tpeobiagaiomed. 210 obCTOATEALCTBO MpPH-
BOAMT K TOMY, 4TO NpH HOPMAJLHOM JaBJEHHH TeJHH Ocraercs
Hunrum Bmiors ac § K. Jas Toro, 4rofu mepeBecTH Tedddl B
TBepnoe cocTosiHUE, Tpefyeres papaeHne 2,5- 106 I1a.
O0noil 13 xapaxTeprbix 0COGENHOCTEY MOALKYASPHOLY KPUCTAr-
208 RenRETCRA TO, 4TO HACTU4LL (ATOMbL MOAEKYALL) 6 KPUCTAANE
epuuaaroTC 8MecTe OYens CARGHIMy cusamy Baw-dep-Baassca.
Heprus cOemieHHS MOJEKYJASPHBX KPHCTAJNAOE OU€Hb Maja H
Locrapasger 0,02—0,15 aB {cpasunre ¢ sHeprHeli cueNieHHS HOH-
8*?1?( KpucraaioB: Tak, asa NaCl sHeprus cueflJieHHS HOpgAKa
3B), Taxuwe Hebospline SHEPruH CHENJEHHS OOYCIAOBJHBAOT
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TaGauma 2.3 Temaeparypu. NAABICHRA HEXOTOPHX MOACKYASPHKEX KPHCTALR
Z — aTommbit Homep SnestenTa)

Kpmam' Ne Ar Kr Xe Rn N; F; Cl Br, I CH,

Z 1o 18 3 54 8 7 9 17 35 53
Hoa K 24,5 83,8 1159 161,2 202,1 27,1 55.1 171,2 265,8 386,1 190,5

oueHs HHIKHE  TeMNEPaTypH HNAaBlieHHs  3THX  KPHCTAJNJIOH
(raba. 2.3). .
Hanunue cun Ban-dep-Banroca orpaseaer ToT (Haxr, 410 Hell
TPAAbHDIL UBOTPONHbLL ATOM ( h'eurpa::buas MOzeKYyAd) Mowcer noy
ARPUFOBATHCR NOQ BAUAHUCH FAEKTPURECKOR0 NOAR, NPUREM Ay
060 Helirpaasiex usoTponHsix aroMa undyuupyror Opyz ¢ dpya
Maable GunosbHble 3AeKTpuYecKue MOMenTsl, TIpOHCXOKAeHHE Ccuf
Ban-aep-Baaabca MOXKHO OOBACHHTE HCXOAS H3 CACNYIOMHX HPOG
THX coofpaxeHnii. B aToMax WHepTHHX razor BHeHIHHE 3JEKTPY
“HH 0Opa3y10T OYeHb NPOYHHE YCTORUHBHE IPYHNIHPOBKH H3 BOCEMY
SJEKTPOHOB B- COCTOSHEAX §%p% BeleNcTBHe 4YeTo Ha JBHXKeHH]
5JIeKTPOHOB ¢naf0 BiAHAET NPHCYTCTEHE COCEAHUWX aroMoB. B cpep
HEM paclpeieleHde 3apiia B H30JHPOBAHHOM aToMe HMeer cd
pHUECKYl0 cuMmMeTpHio (puc. 2.3), NOJOXKHTeNsHL 3apsl SAp
paBer OTPHUATeNbAOMY 3ap4iy BCEX 3JIEKTPOHOB, OKPYXaoniug
AP0, ATOM HBAMeTcH SJEKTPHUeCKH HeATpaJbHWM, H LEHTPH 3§
PSADE JeXaT B UeHTPe AApA. '
Ecan ABa TakKHX aTOMa HAXOANTCA OTHOCHTENBHO AaJieKo APW
OT APYra, TO OHH He B3auMolefcIBYOT MeXAy cobol (pHc. 2.3
Mpr cOammendn aTOMOB MOABMKHHHA OTPHUATEJbHHE 33pHy
fo61aKo) OAHOTrO 3 ATOMOB B KaKOH-TO MOMEHT BDEMEHH MOXH
OKa3aTbCH CMEOIEHHHM, TAK UTO UEHTPH NOJNOMHATENBAHX U OTPK
HATeAbRBIX 3aPANOE YXe He OYAYT COBNAjaTh, B pe3yJbTaTe BO§
HUKHET MrHOBeHHHA KHIONbHHA 2JekTpeueckuiéi MoMenT. Taxd
pasgenenne 3apsaAoB (paAykryaiuus) MoKeT BO3HHKAThL H3-3a VE
nuyeHHA SHEPTHH ATOME, HANPHMEp, B pe3y/bTaTe CTOJKHOBeHH
¢ apyroi gacrauefl, Takum oGpasoM, B KaXKALH OTASALHEE MOMER
BPEMEHH ATOM MOXKeT o64ajgaTth OTJIHYHEIM OT HYJS AHMOJBHBY
SAEKTPHUECKHM MOMEHTOM, XOT B CPEJHEM NI BpeMEHK STOT
MeHT PaBeH HYiO.

Pre. 2.3. Npa oaunaxo- Pue, 24.

BHX  HEB3AHMOAEHCTBYIO- TPOHHHZX 0ONAKOB 3

IHHX aToM# HHEPTHOTO B3aHMoelcTEYIOMHEX AT

rasa. Pacupepenelie aa- MOR HHEpTHOro rasa .3

papa nmeer - cdepHUECHYIO g
CHMMETDHIO
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MTHOBEHHEIH AMIOJbHEIR MOMEHT aToMa co3/Jaer B LEHTpe APY-
roro aTOMa 3MEKTPHUECKOe HQJie, KOTOPOE HABOAMT B HeM TaKike
MrAOBEHHHA THIOALHEA MOMEHT, T. €. H B 3TOM aTOMe {IDOHCXOJHT

azfeseHde 3apanes. Taxum oOpasoM, mo Mepe GPHOIAHKEHHS IBYX
aTOMOB ADPYT K APYry HX crabuipHast KOHQHIYDands CTAaHOBHTCA
oKBUBAJEHTHOHR JBYM 3JeRTpPHYECKHM JunolaM (puc. 2.4).

Tak KaK npursxkeHue Gosee GAMIKHX JPYr K APYrY HPOTHBOIO-
JOKHHEX 3apajoB (pHC. 2.4) yBeauukBaeTCsl NpH CONMMEHRUH CHJb-
Hee, Y8M OTTAJKHBAEHe Oosiee AaJNEKHX OZHOHMEHHHX 3apsloB, To

e3yAbTATOM Gyaer NPHTAXKEHHe aTOMOB APYT K ADYIY.

KeauToBO-MeXaHHUECKHR pACUET ITHX CHJ [OPUTAMEHHR 1A
cHCTEMH H3 ABYX HAEHTHYHHX TapMOMHUYeCKHX OCHMAIATOPOB, Ha-
YOASHINXCA Ha PACCTOSHHH 7 OJHH OT Apyroro, O§HJA BHNOAHEH
. Jlouzorwom {(1930). Buiio nmonyueHo, 4ro moJHasi 3HEPTHA ABYX
83aUMOIECHCTBYIOHINX OCIHIISATOPOR YMEHBUIAeTCs H3-3a B3aHMO-
ZeHCTBHA HAa pelWuHHy, ofpaTHO NpPONOpPUHMOHAJBHYK) HIecrofl cre-
JeHH PACCTOHHHSA MEHIY HHMH:

_ %? a
AU=—F wa o6 ral (2.17)

rae we— coOCTBEHHA# YacToTa NPOCTOrO TapMOHHUECKOro OCLIHJ-
asropa; k=h/2n — nocrogunas Ilnanka; o=P/E — noaspuaye-
Mocthk ocumsddropa (aroma); P~ mHNOABHHH MoMeHT; £ — Ha-
Nps’KEeHHOCTDb SJEKTPHYECKOro HOJ%; & — OCTOSHHASN,

¥MeHbHIcHHe sHeprum (2.17)  cOOTBETCTBYET BO3HHKHOBEHHIO
CHAH TPHTSXEHHS MeXAY OCHHJAATOPaMH, KOTODas H3IMeHSeTCA
obpaTHO MPOHOPUMOHAJNLHO CEALMON CTENeHH pPAacCTOSHWUE U 3aBH-
CHT OT NoJSpH3yeMocTH o. [loAfpH3yeMOcTs, KaK H3BeCcTHO, ofipe-
lesiAeT TaKxe ONiTHYeCKHe cBOHCTBA KPHCTAJLIOB, B YACTHOCTH AHC-
nepcHio cBeTa {H3MEeHeHHe CKOPOCTH cBera H NOKasaTeNs HpelJoM-
JeHHS cpefll B SABHCHMOCTH OT YaCTOTH ), TO3TOMY MOJEKYNspPREE
CHJIE HHOrAA HA3EIBAIOT CQUCREPCUONHOIAL,

YMeHbIIeHAe 3HEPTHH OpH COJHKEHHH ATOMOB BOSMOXKHO NPH
YHOPSIOueHHH B PACHONOMKEHHH AHNONLHKX MOMEHTOB. ITO NpPOSAB-
dfeTcys B COMVIACOBAHHOM ABHKEHHH SJEKTPOHOB B  COCefHHX
aromax. Kax mokasansu wepaBHHe paborsl JI. HHCeHa, mpud B3aHMoO-
EZeACTBHH ATOMOB HHEPTHHX K rasoB B KAKoH-TO CTelmeHH TaKke
HMeer MecTo o6MeH BaAeHTHHMH 9JAeKTpoHaMH. Tax, B KpHCTa/IH-
Yeckofi peurerke aprora Ha stor oSmen npuxoautcs 0,1 Y%, anepruu
CBazy, Takoit o6MeH, KaK MH YBHIMM HMXE, XapaKTepeH AJf Ko-
BanenTHOro THHA CBA3M.

MosiekyASpHNE CHAN JefiCTBYIOT HE TOJBKO MeXAY AaTOMBMH
HHepTHHX rasoB, HO ¥ MEKAY MOGHIMH ApYTHMH aTOMaMH, KOTAa
ORN paxopATcs AocTaTouHO OAM3KO APYT XK APYIY, T. €. TAaK, 9TO
ABHKeHHe SMEKTPOHOR B COCEAHHX aTOMAaX He NPETepNneBact pajH-
Xa/bHoro HAMEHEHHH, a TOBKO HCMHTHBAET cJaboe BO3MyuUIEHHE.

ITpu naneeefilueM YMeHBUIEHHH PACCTOSHHS MEXAY ATOMaMH
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BO3HHKAIOT 3HAYHTEJhHHE CHJAH OTTatkuBavus. OTTaaKuBaHHe
c/Iy1ae WHepTHHX [a30B, TIABHEM o6pa3oM, MOABNSCTCH B Pe3yiind
TaTe fefictBus nNpuHuHna sanpera [layan. Ilprm . OeperpHbpanuyg
SACKTPORHEIX 060JI09eX SJIEKTPOHH TIEPBOrD aTOMa CTPEMATCH
YACTHIHO 3aHATH COCTOSHHSA BTOpOro. IIOCKOJbKY ATOMEl HHEpTHHY
T430B HMEIOT cTabuJbHHE 3JeKTPOHHHe O0ONOYKH, B KOTOPHX BCH
SHEPreTHYecKHe COCTOSIHMA YXe 3aHSATH, TO NpH NepeKphTHH 060l
JIOUEK 3IJMeKTPOHH JOMKHH TIepexOfHtTh B CBOGOHHBE KBAHTORL
¢OCTOSIHHA ¢ GoJiee BHICOKOR sHepruel, TaK Kax, COMIacHO NPHHIIN
ny Ilayhu, 3JeKTpOHH He MOTYT 33aHHAMATH OJHY # Ty ke 00JacH
mpocTpaHcTBa 0e3 yBesJWYeHHs HX KHHETHUECKOH 3HePTHH. YBenm
ueHne KHHETHUECKOH SHEPrAM {IPHBONHT K YBeJHICHHIO NOJHO
3HeprHH CHCTeMB! [BYX B3aHMOAEHCTBYIOIMMX aTOMOB, a 3HAYMT.
K MOSABJIEHHIO CHI OTTAJKHBAHHH. '
Jas toro 4TobGW cyMMapHEA moreduEaa THna (2.12) nme
MUHHEMYM, HeoGXOAHMO, UTOOH Ha MANKX pacCTOSHHAX NOTeHIRA
€ui OTTAJKHBaHWd Ohli GoJbHIe MOTEHNHAAA CHJA [IPHTSIKCHHY
IlprHsATO NHOTEdUMan CHA OTTANKMBAHMWA INpelCTABAATL B (opPM
creneEHoro 3akoma: Usr=b/r™, rie nokasaredn n paped 12, xo¥
 TaKOH TIOKAa3aTeJb He HMeeT CToJdb HajleXHore oGOCHOBaAHS, K
nokasatells 6 B moTeHIuANe CHJ NPUTSKeHHSA, OLHAKC BHpAXKeHR|
Uor=b/r'’ npegcTaBisfeT npocroe A XOpoillee NpUHGAHXKeHHE. '
Tenmepe DONHYIO TIOTERHAAJLHY0 3SHEPTHIO B3aHMOJASHCTRY
MeXay IBYMS aToMaMy, HaXONAMHMACS HAa DAacCTOSHHH 7y ADY
OT Apyra, MOXHO 3aNACaTh B BHAE : E
' a b ' A
v rot + 2! (2'1.-.

TAE @ B b — HOJAOMKHTEJLHHE NOCTOAHHEE. 3

O6uuio sMecto (2.18) xas ONHCAHUA B3AHMOAEACTBHA. 37¢H]
pPRUECKH HefiTpaibHHX AaTOMOB M 3JeKTPHYECKH HeHTpaAbHEIX -j§
HEMOMAPHEIX MOJEKYJ uenmoapaywr norenyuan Jennapda—
oa: . . k-

il N

Hortenunan (2.19) 3aBRcHT oT XBYX NApaMeTpoB: e=(b/a)1.
o=a?/(4b). [lapaMeTp G COOTBETCTBYET MEXKAaTOMHOMY DACCTH
HHIO, IPH KOTGPOM TOJHAs ToTeHUWambHad SHEPrHS DaBHA HYJRE

. a MapaMerp & HMeeT Pa3MEpPHOCT, SHEPIMH A PABeH MUHHMYyMY 3
- reHunansHOl sHeprHU mpH re=21%¢. Paccrogure o PapHo panHy
ciephl HEMPOHHIAEMOCTH B3aRMONEACTBYIOIMX aTOMOB, 2 f
XAPAKTEPHIYeT paiuyc AeHCTBHA MEeKATOMHHX CRI. [Tapamerphy
H 0 NORYHAOT W3 IKCIEPHMEHTAJLEHX H3MepeHuH B rasosofi ¢4
TEpMOLNHAMHGECKHX BEJIWUHH: 61PUAAbROLY xosthduytienros, KO
(UYUERTO8 BR3KOCTU U KOIPPHUYHEHTOS Iicoyan — Tomcona.
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Bupuanesue Kos(pduuvearw B(T), C(T), D{T) BxoasTr B BE-
pHA/JbHOE PAINCKERHE TEPMOLAHHAMIAYECKOTO YPABHEHHs COCTOAHAS

razéd:
-‘ti=l+ B(T) n C(T) D(T)
‘RT v V2 Vs
{p — naBierme, V — ofbem, T — TepMogHHaMH4ecKad TeMmepa-
typa, R — MONApHAs razosas NOCTofHHas). BupHaibHbe koaddH-
nHeHTH 3aBHCAT TOABKO OT TeMIEPAaTypH H TIONHOCTHIO olipere-
AISIOTCH TEMNepaTypod W NOTEHHHAJNOM B3aHMOAEHCTBHI MeXAy
MOJIEKY1aMH ra3a, B zacTHocTH, '

B(T)=Y I (1—e
v

+ +...

-~ {rii= .BT

)dV,

rae U(r) — norenumay B3auMofedcTBHA MeXAy  MOJEKyTaMH
(aToMaMu) rasza; kg — nocrofgnHas Bombumana. Ilo u3BecTHHIM
BEPHAJBHEM KosthdHOHeHTaM, MOJYICHHHM H3 H30TEDM ypaBHEHH:
COCTOSIHHA, MOXKHO onpeneadTs BHx noremumana U(r), a 3nagar,
¢ H G :

Echu ryy B (2.19) BHpasuTe B elMHHNAX PACCTOAHHA T MEXAY
GauxafmuMy cocendMu (ry=r-8;) W 3arem (2.19) noxcrasurh B
(2.16), TO LA nOAHOE NOTERUUAALHON SHepzuy pelieTky KPucTaA-
4a, codepacawezo N aromos, noayaus soipascenye

U(r)=2 N e[A 1z (0fr)2—As(alr)®], (2.20)
tae Ap= T 1/8;'2; Ae= 3 1/8;% — CcTpyKTypHbie CyMMbL, 3a6UCH-
ol - s

Utie TOALKO OT TUNG KPUCTAAAUNECKOE CTPYKTYPOL.

ITo paneum xomcona ¥ Harxama, aas T'IIK pewerkn A=
=~12,13 npu n=12 u Ae¢=14,15 npu m=~6. Orcioia 0YeBHIHO,
YTO, KOrJa NOKa3aTeNH cTefneld n W m Goabliuwe, To BKJaj B
CTPYKTYPHYIO CYMMY TIPH BHYHCNCHHN SHePTHH B3aHMOXEACTBAA
{-T0 aTOMA CO BCEMH OCTA/JBHHMH ATOMAaMH PEINETKH BHOCHT TOJb-
Ko Gamkafinine cocelEHe ATOMH. :

g EaxoxAeHHs SHEpIHH CHEIVIEHHH KpHCTAAIa HeoOXORHM
3HATH PABHOBECHOE DACCTOSIHAE fo, KOTOPOE ONPENEASIOT H3 MHHH-
Myma sueprau d U/d r==0 [supaxenne (2.20)):

| Ap )m ( 12, 13 )lfa |
— I,-‘s(_.. =91/8 = . 2.21
ro==21/% 2, a=2 STNE: o=1,09¢ (2.21)
Honerasisg snauenne ry B Gopuyay (2.20), moaydnMm AJs SHEPrHH
ClielieHus MOJeKyAApHOr KPHCTANJIa BHpaKeHHe

Urm—N e —_86Ne. (2.22)
24

Kak Bunno w3 Ta6s. 2.4, BuuncaenHde mo (2.22) IHaueHus sHep-
Thy ciennenws, npuxoasuiefica Ha ofdH atoM (Ue=—86¢e), ynos-
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Taﬁ.nnn.a 2.4, Teopermuecusie s IRCOCPUMCHTATRENE SHAMEHNY  NAPAME!
" XRpRETEpEIYWNME novemiman Jlenmapna—JLEORCE B SHe{prEE CYOTACHMA
BeROTOPHX MOJCKYAAPHLY KPECTAANOE® B

’ rz:10-), M
Kpuc-. [s -10-% au 3B ty=—385 8, 1uy-3B
Tann [ (eKemeprM.} [ (skenep)] (veop.) | (skem) | 3B (teop) | (skemep) .

 Ne 2,74 3,14 299 | 00031 | —0,027 —0,02 °
Ar 3,40 375 371 | 00104 | —0089- |  —0,08
_Kr 3,65 4,00 398 | 00140 | —0,120 —0,11 ]
Xe 3,98 4,35 434 | 00200 | —o,172 —0,17. ]

* Ilanuwe BaArW m3 craThe: Bernardes N. Phys. Rew., 112, 1534 (1958' 3'?.'

METBOPHTE/ILHO COTNACYIOTCS C SKCNePHMEHTANLHEMH 3HAYCHHAMY
TeNJAoT cyGARMAlHH A/ HHepTHHX Ta20B,
Hivetoniaecs B Taba. 2.4 neGONbINHe PACXOWASHHS MeXAY T
PeTHUSCKHME H 3KCIEPAMCHTANBHHIMY IHATEHHAMH CBA3SAHH ¢ Hed
yueToM HyJeBHX Koae6Gaumit aToMos npe T=0 K. A
. 3aMerHM, yro YeM BHILIE MaCcA aTOMa (aTOMHHM HoMep), TeM
Oonbme SHEPTHH CHENVIGHHA B TEMNEPATYPa NNABJCHHA MOJCKYIAp
HHX KPHCTAANIOB (Tabh. 2.3). 310 cBI33HO C TeM 0GCTOATENBCTBOME
UTO ¢ NOBHUIeHHeM aTOMHOrO HOMEPA 3JAeMEHTa HHCO 3JeKTPOHON
BO3PaCTAET, 5JEeKTPOHHAS o6GOJOUKA CTAHOBHICA Ooinee PHIXION ¥
JReTKO neqaopuapyeuoﬁ npH B32UMOJEACTBHR aTOMOB APYr ¢ np

9T0 M NPHBORAT K BO3p3CTaHHIO sHepruu cuengennd. Ilpu onEoly
# TOR e TeMNepaType H JABJeHUH PasHHe. BEmIECTBA ¢ PA3AAY
'HHMH aTOMHHMH HOMEpaMH B CHAY YKa3aHHOTO  OfCTOATeNLCTBY
MOTYT HAXONHTLCH B PA3JIHUHHX ArperaTHHX cocTtoaHudAx, Tak, npi
 KOMHaTHoit TeMneparype $rop (Z=9) — ras, Gpom (Z=35) -
RHAKOCTS, a HOR (£=>53) — kpucrajn. 4

Kak nokasnBaloT pacuerH M SKCHepHMeHT, Haufojee yeTOHUME
BOH CTDYKTYpOR AN KPHCTAAMAOB nﬂepmux rasos sBnasercd I'LIKA
CTPYKTYpa. 2

Hrax, cun Ban-nep- Baa.m:ca SBIAOTCH  OCHOBHHMA CHIaM}
NPHTAXKEHHA B CJYYae KPACTAJNOB XHMAYECKH HeaKTHBHHX aToMOj
H MeXAYy MOJCKY/JaMH ¢ HACHINEHHHMH CBS3AMH B MOJEKyASpHLS
. Kpucrannax. Crporo rosops, cuast Bau-aep-Baanbca He ABAAIOTCH
YHCTC N2PHEIMA CHJAAMH, K3K 8TC NPEANOJNaraeTcs NpH BHYHCACHUH
" SHEPIHH CHOENJeHHS ¢ HCHONbIOBAHMEM nNoTeEMuaida Jlenrapra -4
Hxonca. SItHo, 9T0 np# BSaUMOnefiCTBHH ABYX aTOMOB NpHCYTCTBHE
PANOM TPETHETO BH3HBaeT NepepacnpeicseHHe NOJOXKHTEALEHX N
OTPHIATEABHEX 33aDAA0B B ATOMAX, a cAeNoBaTeNLHO, H HIMeHeHMS
SHepTHY B3aAMOJEACTBHS MeXJIY HUMH. B ciywae HeRTpaibuby
ATOMOB 3TH CHJIH MOIYT DacCMaTDHBATHECHA NMAPHHEMEA JU OoJbiy
paccTosEHA, KOTAa BRIOAHAKTICH CTENEHHHE 3aKOHH, —afre u bjr'%y
B npuSamxenuyn napHux esaumopeiicTrufi cuinl Ban-nep-Baasnbcs
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'gpoME TOro, ABJAAOTCH HEHTPAJBHHME ¥ KOPOTKOAEACTBYIOIHMH,
raK KaK B BHDAXKECHHR AJAA CHJN NPHTSXKEHHS BXOZHT DACCTOAHHE.
p MHHYC C&ILMCH CTENneHm.

24. HOHHBE KPHCTANIH

Honnble kpucrassbi npedcrasasior cotoli coeQUReRUs ¢ npeod-
ANOQIOUBM UOHHBIR XaparTepom xumudeckold cassu, @ OcHoge KO-
TOpOfl ACKUT 3ACKTPOCTATUYecKoe G3auModeficTéue mewdy saps-
MCeNHBIMIL UOHAMY. THNHIHEMY NpeiCTaBHTEISMH HOHHMX KpHC-
rafJA0B SBJASIOTCH TaJIOTEHHAL DIJIOYHHX MEeTAJJOB, HanpHMep,
co crpyx1ypok tuna NaCl g CsCl,

Hpu ofpazopauun KPHcTanioB THOa kKameHHo#t coam (NaCl)
aromut ramorencs {F, CI, Br, I}, oSaamaomue GoabliEM cpoacr-
BOM K 3JIEKTPOHY, 3aXBaTHBAIOT BaJeHTHHE SJEKTPOHH UleJOUHHX
smeraanor {Li, Na, K, Rb, Cs), aMepInux HH3KHE HOHH3ANUOHHHE
noreHUHal u {cm. puc. 2.1), npH 3ToM ofipasynrcs MOJCKHTEALHHE
H OTPHEHATeJbHEE HOHH, 3JEKTPOHHHE 000JOYKH KOTODHX MOA0OHH
cpepHIECKH CHMMETPRUHHM 3anojHeHEHHM s?pf-ofoaoukam Giu-
WafuIX HHEPTHHX ra3op (HanpuMep, o6oJouka Nat momo6Ha
obonouke Ne, a ofosouka Cl=— ofosoure Ar)., B pesyasrare
" . KWICHOBCKOTO TIPHTSXKEHHA aHHOHOB H KaTHOHOB HPOHMCIOIHT mepe-
KpHTHe LIECTH BHellHHX p-opGuraJell H obpasyercs pellleTka THlla
NaCl, cummerpusi KoTopol H KOOpAHHAamHOHHOe HHCHO, paBHoe 6,
OTBERAIOT WIECTH BAJEHTHRIM CBA3AM KaxkJOT0 aTOMa €O CBOHMH
coceasmu {(puc. 2.5). CylecTBeHHHM SBIAETCS TO, YTO NPH mepe-
KPHTHH p-0pOHTaNed HMeeT MeCTO NMOHHMKeHHe HOMHHAJLEHX 3apfA-
2ob (~++1 aans Na u —1 pasa Cl} Ha nonax jo HeGospuInX peadib-
AHX 3HaYeHHH  BONEACTBHE CHABMIA 3JEKTPOHHOH. IIMOTHOCTH B,
WecTy CBA3AX OT dNHOHA X KATHOHY, TaK UTO PpeaJbHHH 3apan
aTOMOB B CcOeliMHEHHH OKa3WBAeTCH, HampHMep, ajas Na paBabiM
4+0,92¢e, a paga Cl — OTpHUATEJbHHHA 332pAA CTAHOBHTCH TakkKe
Menbme —1 e. :

IlouuxeHHe HOMHHAJBHHX 3a-
pPsaoB aroMoB O peadsHHEX 3HA-
YeHHH B COeJHHEHHAX CBHeTe]h-
CTBYET © TOM, UTO JajKe YIpH B3aH-
MOAeitcTBuH HauboJiee 3JIEKTPOOT-
PHEUATENRHHX H 3JeKTPONOJOXH-
TeALHHX SAE¢MeHTOB ofpasylored
COeqHHEHHY, B KOTODHX CBfi3b He
AB9eTCA YHCTo HOHHOH.

Tlo ondMcaHHOMY MEXaHHU3MY .
06]:}'33Y}0Tcﬂ He TOJbBKO ralloreHH- Pre, 2.5. Honuw#i MexaenaM of-
I [IeJoTHNX MEeTailoR, Ho TaKXe PA3oREHHA MEeRATOMHEX cpaiedt
HUTpRAK KapOHIH MHOTORA- B ctpykrypax Thma  NaCl

’ . CrpeqkaMy MNoKasaHul  Halpas-
JIEHTHHX nepeXOiHHX - MeTaJJI0B, NeHna CABHFA 9/eK TpOHHOR
SosbimureTBo ROTOPHX  HMEIOT TIOTHOCTH
Crpykrypy tana NaCl

S a9
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B cuay TOZ0 4TO HOHNQS C8A36 NEHANDABACRNA 1L HeNACHILLeNHE,!
O0R UONRBIX KPUCTAAAO8 XODAKTEpHsL BoAblile KOOPOUNAUUOHHbLE
uucad. OCHOBEHE 0COGEHHOCTH CTPOEHHMS HOHHHIX KPHCTAJIIOB XO-
pOLIC OMHCHIBAIOTCS HA OCHOBE NpHHIMIA TMJOTHEHIIHX ynaxonox&
H3 IIApOB ONpefeJeHHHX paguycoe (cM. ra. 1). Tax, B CTPYKTYpe:
NaCl kpynsue anmonsl Cl o0pazylor KyOHUECKYK) MACTHeHIYIO
YNAaKOBKY, B KOTOPOH 3acefeHb BCe OKTa3APHYECKUe NYCTOTH!
Oonee MenKHMH [0 pasMepy Karnonamd Na. TaroBH CTPYKTYPH
-KCI, RbCl u MHOorux  apyrux coepnHeHud. KoopAHHALHOHHHE
YHCJA KaTHOHOB, PasMePH KOTODHX BCETAA MeHbille, YeM pa3sMep:
AHHOHOB, 34BHCHT OT OTHOUIEHHS panuycon refra (e — pam—ryc
KaTHOHA, ra— pafRyc aHHOHA). :

K HOHHEM KPHCTANNAM OTHOCATCH GOJBUIMHCTBO nna.rrer{'rpnxon
€ BHICOKHMHK 3HAYEHHAMH YAEAbHOTO 3JeKTPHUECKOro CONPOTHBJIE- ]
HHSl. DJeKTPONPOBOAHOCTh HOHHHX KPHCTAJNAOB NDPH KOMHATHORS
TeMneparype Oojee ueM Ra ABAANATL MOPAIKOB MeHbille 3/EKTPO-§
NPOBOAHOCTH METAJJAOB.  DJNEKTPONPOROAHOCT: B HOHHLIX KpHCTAN-]
nax OcyUIeCTBASETCS, B OCHOBHOM, HoHaMu, BoasuiuHCTBO HOHHBIX)
KPHCTANJIOB HPO3PadHel B BHAHMOH o0JacTH SJAEKTPOMAaTHHTHOTOY
CIeKTpa.

B HoHHEX KpHCTa/IaxX NpHTSKEeHHe OoOYCHOBJAEHO, TIJIaBHHMY
06pa3oM, KYJOHOBCKHM B3aHMONEHCTBHEM MeXIy 3apiKeHHHIMRY
HoHaMH. KpoMe MpUTAMKEHHS MeXKAY PASHOMMEHHO 3APSKEHHHMT ]
HOHAMH CYLIECTBYET TAKIKE OTTAJAKHBanHe, 00yCloBAEHHOE, ¢ 0AROR]
CTOPOHH, OTTQNKHBAHHEM OJIHOMMEHHHX 3apsioB, C APYro# —
AeACTBHEM NpUHHMHNA 3ampera  [layiad, HOCKOJBKY KaXAHHA HOH|
obJlafgaer YCTOHUHBLIMH 3AEKTPOHHHMH KOH(MHTYpALHSMH HWHEPT-
HHX T'430B ¢ 3amoJiHeRHBIMM ofofouKaMu. Takylo CHTYanHIO MBS
yxke oficyKAansy B § 2.3 IpH pacCMOTPEHHH MPHPOAH CHA OTTAJKH-Y
BaHuH TIpH B3auMOLEHCTBHH- aTOMOB HHepTHHIX ra3or. C rToukHj
3peHHs CKa3aHHOIro B MPOCTO# MOJEJIH HOHHOTO KPHCTAJJI3 MOXKHO
NPHEATH, UTO HOMSl HPeACTABJASIOT COO0H XecTKHe HeNpoHHIaeMhle)
saprxKeHHSle c{ephl, XOTH peasbHO TIOf AeHCTBHEM 3JEKTPHUECKHX
.noJte cOCeOHHMX HOHOB cepHYecKH-cHMMerpHuHasn ¢OpMa HOHOBY
B pe3yJbTare NOASPH3ALUM KECKONbKO HAPYLIASTCH.

B ycioBufiX, KOTfid CYLIECTBYIOT OAHOBPEMEHHO H CHIIH NPHTA
XeHHA M CHJH OTTaNKHBAHHSA, YCTOHUHBOCTE HOHHHX KpPHCTAJJOB]
OOBACHAETCH TEM, 4TO PACCTOAHKE MEXKJY DASHOMMEHHEIMH 3apRja:g
MH MEHbIlE, JeM MEKAY ONHOHMEHHHMH, IToaToMy CHIH MpPHTANE:S
HHA NpenfAafa:T Haj CUJIaMH OTTAJKHBAHHS.

CHOBa, KaK H B ¢jlydae MOJEKYJASPHHX KPHCTAJJOB, NIPH pacye-]
Te 2HEPTHH CHEIJICHHS HOHHHX KPHCTAMI0B OyHeM HCXOIHTbL H3
0OHYHNX KAaCCHYECKHX NpEeNCTaBJeHNult, CYHTAs, YTO HOHH HaXO0+]
ASTCH ‘B ¥3J4aX KPHCTAJNAHUECKOA pemerkH (NOJNOXEHHSX paBHORE-]
CH%), HX KWHeTHUecKas® SHeprus MPeHeOpexkHMO Mala M CHJIH;H
AeHACTYIOIHE MeXAY HOHAMH, SBAAIOTCH HeHTpaaLHKMHU. [TocrenHeed
YTBEpIKJEHHE AN HOHHHX KPHCTAJNIOB BIONHE CNPaBejfiHBO, Ta ;
KaK BHpPameHHe JJA8 3SHEPrHH B3aHMONEHCTBHA MexJy BYMS]
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HOHAMH JABHCHT TOJBKO OT PACCTOAHHA MEXAY HHMHM, [PHYeM CHJIZ
HAIIPABJEHA BAOML JHHHH, COSIHHAOMIEH HOHH.

Bmpagxeﬂfle AJI  PHEPTHH B3AUMORCHCTBHA MEXKAY IBYMSA
pOHAMH i H [, HAXOAAIIHMHCA Ha PaccTOAHHH ry; APYT OT Apyra,
5 KpHCTAMIe, 00pa3oBRaHHOM H3 HOHOB ¢ 3apsagamMu Z,¢ | Zye, €O-
AEPHHT ABA W/ICHA:

2
Ui— (izﬂﬂ )+b , (2.23)

Iyj ri;"

rae MePBuill yieH COOTBETCTBYET MOTEHUHANY CUJl NPHTAMKEHHS TPH
KYJAOHOBCKOM  B3a#MOJEHCIBHH, a BTOPOH — moTeHUHaJy Cmdl
OTTRJIKHBAHHHA.

IMonarast ry=r-8;, Tie r=rqo+r, ~— pACCTOSHHE MeXjy OJH-
KAFLIHMY COCEAHNMH HOHAMM, W CYMMHPYS N0 BCeM HOHAaM [pH
j75i, HaipeM 3HEpryl B3aHMOAeHCTBHA i-rO HOHA CO BCEMH APYIH-
MH HOHAMH:

AZ Zyée? n B

r rn

U= (2.24)

3xech .
A= Z (x1/8;), B=b 2 (1/8;) (2.25)
Joed ji

— CTPYKTYPHbBe CYMMBL. CTPYKTYpHARL Cymma A noaydura nazsauue
nocroannoid Madeaynea, ona 3a8ucuT 0T KOOPOURAUUONKO20 YUCAA
U TUNG KPUCTAAAUGEEROE CTPYKTYPol. 3HaKH TAIOC H MHHYC, €CaH
-t HOH 3apAXeH OTPHEATENbHO, OTHOCHTCH, COOTBETCTBEHHO, K MO-
JOXHTEAbLHEM H OTPHIATEAbHHM HOHAM.

IIpn pacwerax nocrosHmolt MagmenyHra Hajno GHITb IpelenbHO
BHHMaTeJbHEIM, TOCKoAbKY A mpeAcrasjser coGoi yCJOBHO CXOAA-
mufica PSA H €ro cyMMa 3aBHCHT OT NOpAAKA CYMMHDOBAHHSA.

B xauectse NpHMepa PAacCMOTPHM pacueT HOCTOAHHON Mane-
Ayura_ana ctpykrype NaCl (puc. 2.6). Bmbepem oTpHUare/sHE
Hog Cl- 32 wcxopmmi. OGo3Haunm r  6Samxalillee  paceTosHue
Mexny unomamu Cl- m Nat, Toraa

A 1 1
SRS
r ot O
I3 6 12 8 6 24
*‘;‘ 4+ — +-“—~“-—----). (2.26)

Y1 ¥2 ¥3 ¥4 ¥5
Ysesa +6, —12, +8, —6, f_+24 # T. A. HOUBJARIOTCA H3-3a TOTO,
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On " yto Ha paccrosmuu r¥1 mom Cl- ox-§
o " pyxen 6 nomamu Nat, Ha paccToAuHmy

i T@ o : rf-2_ — 12 wonamu Cl-, cae,z{yxoma-
' f')--— - “-{1% reymma cocronr k3 8 moHoB Na+ Ha
T =3

paccrodnu ry3, 3atem pacno.nara"

I

I

A - sorca 6 wonos Cl- Ha paccroguun rY 4,3
;3_ noroM 24 wona MNat Ha pacCrofBHE]

r¥5 ¥ 1R _
oNa' OCL Hrobut ofecneirs CXOMEMOCT, PAAAY
(2.26), HeoGx0RKMO uJieHH pAAA PACRO

Prc. 2.6. K pacuery mo-  jaraTh Tak, 9TOGH €10 NONOXKHTEIbHAN]
°"°“:9ﬁ M“ﬁf& AIf y oTpHLlATeNbHAA YACTH NOYTH KOMITEH.
TPYRIYP cHpoBaay Apyr Apyra. B mamem npame-

pe Taxas mponeaypa npunognr gas NaCly

K A=1T48.
Hcnonbays pupaxkenue (2.24), 3anHmieM NOJHYID SHEpI®
pemetku U(r) BpHcraana, colepxamero 2N HoHOB, B BHle

7 2, .-‘
leae A . B ) ) (227)

o r re

U{r) =-NU,=-—4‘N(

OO6nuHo 3HePrHI0 CHENEHHA HOHHHX KPHCTAAJIOB pAaCCUHTHBAICTS
. He Ha OAMH, & HA Napy HOHOB, NOSTOMY MM B3AJH KPHCTAAA, KOTO-]
pHE comepxur 2N HOHOB, CAcKOPaTenbHO, B (2.27) N oanavaery
9HCN0 MOHHEKX Nap. 3

B pasHopecHOM cocrosnu# (r=ro) snepra U(r) MHHHMAJbHASY

du \ ('zlziezA nB ) i
(G7 ) (AB52 - 200) 0 e

Orciona, nocne NopCTaHOBKA suaveHus B=Z,Z;e*Aln-re' M
(2.28), sHeprus cUeNJCHHS HOHHOTO KpHCTajNa B pacuere Ha HOHY
HYIO Napy COCTaRHT - ]

2z2A (1) 2013
U(ra) —\ 1 " (2.

{dpopymyna Bopma — Jlanne).

Ecar cufTaTh, 4TO H3BECTHH SapAAH HOHOR H CTPYKTYPa KpH<
cranna (OTEYAa MOXHO ONMPeNeAUTb MOCTOAHEYID MaReayara HJ
fosarst-rg}, TO ANS BHUHCICHHA SHEPTHH CUENJCHHS HYIKHO SHATHY
-edle n-— MOKa3laTeNh CTEMEHH B MOTEHIMAaAe CHA OTTAJKHBAHENA
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l'loxasa'rem. OGH'IHO onpenenﬂm H3 mmaeuocm rcpucma.m .
Tlo onpenenexnio, .
1 dV (2:30)
L — ] p—l---- .
=TV dp

rxe V — ofmeM Kpucranna; p-—nam_xenxe. Mpr 0K dU=—pdV,
T. €

1 @2vU

O6Bem RpHcTaNAa Ve=y N 3, rae N — uuclio map HOHOB; y— MHO-
WHTeAb NOpARKA 1, ROTOPHH 3aBHCHT OT THEA CTPYRTYypH. Tak,
a5 cTpyrrype NaCl o6bem, sanumaemsuit N MonekyJIams, paBeH
V=2 N3, Tae r=rgtr, — paccrosuue Mexny SIMXKAAMAMH HOHA-
MH, y=2. 310 creayeT H3 TOro, 9ro ofmBeM, 3aHHMAEMHE OXHOR
‘MoneRynofi, pasen !f; a® rae napamerp KyGEweckofi- auefixy NaCl
—2r Has CsCl muomurens y=154; aas ZnS co crpykrypoit
gmrra y=3 1 7. 1. Hcpooapsys sHpaxenus (2.27) u (2.28),
1), nonyunm

4y 4n e0-9y reh '
Gl 7y ey pel (2.32)

Muoxuarens 4 ng, NOABHATA NPE SAMHACH Kynono'ncxoro IOTEHIHA-
na mpataxenus B (2.23) B CU: au——lf(4n -109 &BfM — anekrpxu-
yeckas MOCTOAHHAA.

Toxncranass s (2.32) uasecrsrte axs NaCl 3nazerns Z.—Z-_»=-=
=1; A==1748; w5=2; re=2,81.10~10 u; e=1,6-10"1* Ku;
=3, '3.10-11 M’fH noayuum n=9,4 R MOARYI0 MOTEHLHANBHYIO 3nep-
THIO, IPHXOAANIYIOCA Ha Mapy HouoB (cMm. (2.29)), — 12,9-10-% Ix
{~ 8 3B). 3o xopomo cornacyercs co sHauyendeM .(—7.9 3B), no-
TyJeHHHM IKCEPHMENTANbHO NIPH KOMHATHOX TéMRmeparype.- - Mer-
KO BHAETb, uTO OCHOPHOA BXAajn (90 %) B sHeprHi clenneHni
RHOCHT 9/IEKTPOCTATHYECKOE BIaUMOIEHCTBHe W' TOABKO 10°% npa-
XORUTCA’ HA MOTEHIHAN CHJ OTTAJKHBAHUA.
- 3aMeTHM, uTO NIOKAa3aTelb CTENEHH .2 AAA GOABIIMACTBA HOH-

HHX KPHCTAJANO0B H3MeHReTCA B mpemeaax ot 6 xo 10.

Qopmyaa (2.29) paa sHeprUH CHeNeHMS HOHHOINO KPHCTaMAla,
. lonyweRHas B ‘Teopuu BopHa — Jlanzne, He sARJAAerca YHCTO TeOpe-
THYeCKOH, TAX KAK BeJHYHHH 7, HeofXOAMMHe AJAA pacuerop, On-
PeflensloTCA 9KCNepHMeHTaAbHo. [Ipy 3TOM pacxoxieHde pacuer-
Hug ianaﬂx c 3KCHE‘pHHEHTa.T!th!MH, Kax. npaanno He tpeBbUia-
er

Corsiacue MexAY 3KCHEPHMEHTOM H Teopueﬁ MOKHO ynyqumrb,'
ecnp B dopmyne (2:27) aasS sHEpPTUM BMECTO GOPHOBCKOTO CTe-
NeHyoro MOTeHOHAMNA CHJ OTTAJNKHBAHHA HCNOJABSOBATE GoJee pe-
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}
ansHL SKcHOHeRNHAanbHuA Norermuan Us.=be—, B atom cay4
yae 3HEPrEI0 KPHCTAAAA 3RMHIICM B BHAE i
}
L

U(r) N (._é.l._?g..ei-{l-__.B e-rip ) . (233}:

Hpouaaonnas{ OpH r=r¢
(25 -v(& LeA L Bew) =0, (2.34)
dr /™7 ry? p :
Toraa $opMyna ANR SHEPrHH CUElICHUS KPHCTAJdJa NPHMET BHI
Do 2 ;
U(,-.;):.__,Z_‘z_iﬁ_‘i‘_( 1__"_) (2.35)

fo T .

(bopuyna Bopra — Maikepa). .
) II(’OQQ)dmuHEHT p TakXe ONpeNeAAeTCA H3 CHHMAEMOCTH KpHC@_?
Tanna; !

To g Syrddne (2:36);

Z; de’A " )
Ecan 3 (2.36) noscraeuts AaupHe gan NaCl, To noayuum
« rofp=10,46. -

Orcioaa CAeAyeT, UTO B3aHMOASliCTRHE OTTaNKHBAHHA NPORB-4
Amerca B ofaacTd pasmepoM p33-10-11 M.
CyDiecTBeBHRM MNpenMyitectsoM dopmMyaw (2.35) ans 3Hep-§
TBH CHEMAeHHA MBASAETCH TO, UTQ OHA TEOPETHUECKH Gosree 00OCHO<
BAHHA, 2 {aMoe rAaBHOe — BEAMYMHZ p H3MEHAETCA HeCPABHEHHOY
_-Medbine, qem . MaxCHMaJlbHOS OTKJAOHEHHE p OT CPefHero 3Haue-A
HAA <Ip>>==0,345 He npenmmaer 6 %. i
B -ofweM chxyuae ApH pacueTe SHEPTHH CLENJEHHA HOHHBIX{
KPHCTAJMA0B HeoOXORHMO TAKXKE YIHTHIBATD HYNeRHe KoaeDaHuwm
PelIeTKE H MOJCKyJApHHe Ccaal BaanMogeficteua. TIpH rakomy
‘yuere ¢gopmyna Bopua — Maliepa 1as 5HePruE CUEMACHHS HOHHO-Y
ro KpHCTaAAa, HPHXOAAmMEHCH Ba OAHY HOHHYIO Iapy, HMEer BHIY

L

Ure) = Z1Z:e2A +Be-f0!p--%f—}-ﬁ'o, (2.37)

ro

k-
]
rpe  Cfre® — sueprus Bau-nep-Baanabca; Ey — SHEPrHS HYJAeBHX!
KoseOanui. . . _ :

VYxaszauAHe YTOYHEeHHS He CKa3HBAKTCS HA OCHOBHOM BHIBOIE,
o ToM, 9T0 okoAo 90 % sHepTHE cuenNeHHs 06YCAOBACHD KYJIOHOB- ]
CKHMH CHAAMH NpPHTAXKeans, PaiByc ReACTBHA 3THX CHI nocm-i:

TOYHO BeJHK, TaK KaK MOTEHIHAN, KOTOPHA ofparHO HPONMOpHHO-}
HajleH pPaCCTOAHHMIO, MEHSETCH AOBOALHO MEAJEHHD, - i
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2.5. KOBAJIEHTHHE KPHCTAMJb]

K x08aAeHTHOIM KPUCTAAAGM OTHOCAT T8eplble Teaa, KpucTan-
AudecKkan CTPYKTYpa KOTOpsix 00pA308ANG 30 CHeT KOBAALHTHOL
c823u. THNHUHBIMA MPEACTABHTENAMH KPHCTAJJOB ¢ YMCTO KOBA-
JEHTHOH CBA3BI0 ARAAIOTCH: anMa3, KPeMHWH, TrepMaHuii, cepoe
0JICBO, KOTODHE NOCTPOeHH IO THAY CTPYKTYPH a/iMasa  (cM.
puc. 1.37). :

CyllecTByeT GOJBINOR KJAACC ANMA30MOROGHHX  COSAHHEHHM
A™BY, AUBYI AIBYY co cTpyKrypo# TMma cdanepura H BIOPIHTA
(cM. puc. 1.35 u 1.36), npu oOpa3soBaHHH KOTOPHX HapsALy ¢ KO-
BaJ€HTHOH CBA3bI0 BCETNAa BO3IHHKAET AONONHHTENLHAA HOHHAA
KOMMOHEHTZ CBH3H, KOTOPAA yBEJIHUMBAETCH NPH NEpexXofe OT co-
eqanesnfi A'BY k coepunenuam A'BYVY. KopajeHTHHe KpHCTAJJIHL
KaK NPaBHJo, ABAAIOTCS MONYNPOBOJHHKAMH.

Kosanentnos c8a3e uMeer T0 pce NPpoucxosderue, 4T0 4 C6AIb
g 2oMmonoaspubix mosexyrax (Hg, Cly, Is, ..), oxae obycaosaena
O6MEHNBIM JACKTPORNBIM s3aumoOedcTouem Mexdy aromamu. B
MoaeKyAapHux xpucraanax {(Hy, Clp, I, ...) kobanenTHas cBAsb
A0KAJH30BAHA MEXAY AAPAMH B MOJEKYHe, MOJEKYJAH yaepKHBa-
10T BMECTe cAaGBMHE cuilaMH BaHi-aep-Baansca, Onsako B cay-
yae aJMasa HAH rpa@HTa HeCKOMbKO BAJCHTHBIX SJEKTPOHOR ABAN-
0TCA OGNIHMH AN 4ATOMa M DAAA ero coceiefl, ¥ MOITOMY HeBOS-
MCKHO BHJENHTh KaKyK-1H60 Fpynmy aTOMOB, KOTOPYI0 MOXKHO
paccMaTpPHBATE KaK XHMHYeCKH HackimeHHylo (puc. 2.7). C aroh
TOYKH 3peHMA KDHCTANN 2JMa3a [NPeACTaBiser coboft OrpoMHYIO
MOJIeKyay.

Eciu NpHMHCath COOTBETCTHYIOLIHE CBASH ONpeiefeHHHM Dd-

Anrmas Bodopoed
a &)
Prc. 2.7, CxemaTuaecKoe H3ofpae- Prc. 2.8. Terpasapuuec-
BEe cB¥sell B CTPYKTYpe ajMaza KO pacloJoXeHHe aTo-
(@) M - B MoJexyse BOLOpPOSa MOB YIAepolla B CTPyK-
My(6). Kamawt atoM yraepoua Type anMasa. Crpenkd —
OTHaeT HA CRASE GETHDPE BAACHTHHX Hampapneaud ofMeHa

spexrpoda. B Momexyne Bodppoja

KaxJHA aroM  OTHAaeT HA CHY3b

00 oHHOMY 3JSKTPOHY H CBSI3B
OXKASHBARTCH JAOKaAH3I0BAHEON
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paM aTOMOB, TO HX MOXHO PACCMATPHBATH KAK NapHMe H KOPOTKO-
_ pefictayioumine cuan. OpHaRO 3TH CRJAM He BCerAa NEHTPAABHH,
Tak, HanpaMep, B Mojekyne Hp sueprus xaMuseckoff cBA3H 3aBE-
CHT TOJIBKO OT PAcCTOAHHA MEXJAY ATOMAMH, a B anMase ¢yumecr-
BYeT TEHAeHHHA K TOMY, UTo0H cOoCeiHHE ATOMM PACROMATAMHCh B
OUPEJe/ICHHOM IIOPAAKe, H NAS DAcueTa  IHEPTHR HEolXORUMO
SHATL HE TOABKOG PACCTOAHMA MEXAY aTOMAMH, HO H SHAYEHHH Ba-
NeHTHHX yraoB. B anmase atoM yriepoaa HAXOfHTCR B TeTpa’j-
"PHISCKOM OKpYWeHHH ADYTHX aroMoB yraepofa (puc. 2.8) x yrox
o MEXAY NRYMS COCeIHHMH CBA3AMH cOCTaBasger NpHMepro 109°
.KonruecrReHHOE PAcCMOTPeHHe KOBAJEHTHHX CHJ CBA3H OueHb
CJHOKHO, MOCKOJBKY IIPH B3AHMONCRCTBHH ATOMOB ABHIKCHHE 3JeK-
TPOHOB NpeTeplieBaeT pPaiHKaJLHOE H3MeHEHHe MO CPABHEHHKY C
HX EBUKeUMeM B H30JXPOBAHHHX aTOMaX, KOTODOE yXe HeRO3MOX-
HO ONHCATL HCXOAR H3 OOMYHMX KJaCCHUECKHX IpeACTaBleHHf, a
HEOOXORAMO IPHBJECHEHAe INPEACTABICHAR XBAHTOBOH MEXAHHKH.

Jas NOHHMAHKHA CYIIeCTBA KOBANCHTHOR CBA3M MH OrPaHHYHM-
CH pacCMOTPEHHEM MexaHH3Ma o0pa3oBauus MOJIEKYJAHW BOLOPOAA
H; npu p3aEMOREHACTRAA ABYX aTOMOB BOAOPOIA.

AToM BOAOPOAA B H3OJHPOBAHHOM COCTOSHUH BO BHemHed 06o-
A0uKe HMeeT 1S! 3JCKTPOH, TAK UTO €My He XBATACT ONHOFO 3JIEKT-
poHA AAA TOro, uYTOBH NOAYYHAACH IOMHOCTLI) 3ANOJAHEHHAS
.oBoaouyxa GamKafiiero x HeMy MAepTHOro raza reaus. IIpu mocre-
nefiHOM COMHMEHHH ABYX aTOMOB BOAOPOAa BO3MOMKHO NEPeXpHTHe
3JCKTPORENX 000J0YeX W NEepPeXoi 3JeXTPOHA OT NEPBOFO ATOMA
KO BTOPOMY, a BTOpOro — K NepBoMy. [IpH 3TOM HepeKpHITHe
MOXET IpoHCXonuTh Ge3 mepexoja 3J1eKTPOHOB Ha GoJee BHCOKHE
gHepreTHUECKHe YPOBHH —— 3JeKTPOHHHEe OBOMOUKH He MOAHOCTHIO
' 3AMOJHEHW H APHHUMD 3anpera Ilayaw paspeinaer Taxoe mepe-
KpHTHe,

Ecan sHeprus cacTeMH ABYX B3AHMOAGHCTRYWIOLLHX ATOMOB IIPH
MepeKPHTHH HHXKE, UeM 3HeprHEd CHCTeMbl, B KOTOPO# aTOMH
A30AHPORABH (T, €. HAXOZATCA HA CPABHHTENLHO OCABLIOM pac-
CTOSIHHH ADYT OT Hpyra}, 10 3a CYeT NePeXPHTHA MOTYT BO3HHKAThH
CHAbBl MPHTAKEHHS, KOTOPHIe NpH AaAnHedweM COIHMEHHH aTOMOB
CMeHSiTC# OBICTPO BO3PACTAIONIHMH CH/AAMH OTTAJIKHBAHHS aiep.
IIpH HeKkOTOPOM PACCTOAHHH MeXHIY 4APAMH, COOTBETCTRYIOUIEM
MUHHMYMY 3HEPFHH CHCTEMBI, CHAM MNPMTANKEHHA YPABHOBECATCH
CHAAMH OTTAAKHBAEHS H ofpasyercs MojeKymaa Hi, 3/eKTpOHHaA
oforouka KOTOpOR noioGHa of0AONKe HHEPTHOTD rasa reawa. B
TAaKOR MOJeKyse aToMOB BOXOPOAZ HeT, B HEH COXEPIKATCH TOJBKO
COCTABHHE YACTH 3THX ATOMOB — jBd NpOTOHA H ABA 3ACKTPOHA.
DneKTPONH, KOTOPHE BXOJAHIH B COCTaB OTAEHLHbIX aTOMOB, CTAHO-
BATCA ofmHMy Ang oGOHX AAep HAM, KdK TOBOPAT, 3JAEKTPOHM
KOANEXTHBH3HPYIOTCA OGOHMH sipaMu. IIpy 9TOM, MOCKOALKY 3J€K-
TPOHH COBEPIICHHO OAMHAKOBH, TO TPH HX o0MeHe MeCTaMH COCTO-
SHHE CHCTEMH HE MeHSeTCs.

106


http://www.print-driver.ru/?demolabel-ru

C KBaHTOBO-MEXAHHYECKOR TOYKH 3PEHHA NMOBENCHHE BANEHTHHX
3MeKTPOHOB B aTOMax ONHCHAaeTCs BOJAOBOH GYRKIEH ¢ (r), rioe
r~- PACCTOAHHE OT LEHTPA AAPA 10 MECTAa MAXOXKJEHHS 3JeKTPOHA.

PaccMoTpuM Ipa M30MMPOBAHHHX aTOMa @ H b, noBeseHwe Ba-
JIEBETHHX 3JIEKTPOHOR B KOTOPHIX OIHCHIBAETCA COOTBETCTBEHHO BOJ-
HOBHIMH (QYHKIHAMH b, H Yp. IIYCTH B HIONHPOBAHHOM COCTOAHMH
E,— znepria. aroMa 4, a £Ep— 3Heprud aroMa b, Tax uTo
Ea+E, — sueprus Takofi ccreMmu. Ilpn cGnamxennu atomMos Ha
paccToAHMe NOPAAKA CYMMH ATOMHEBLIX PajHYCOB HASHETCH 3HAYH-
TEAbHOE NepPeKpHTHe BOJAHOBHX GYHKUEE B3aHMOAEHACTBYIOUIHX
atomos. Korga BajeHTHHE 3JeKTPOHEl HAXORATCA B MERBANEPHOM
NpOCTPAaKCTBe, 3JCKTPHUYECKHE NOJ4, AEeHCTBYOLIXEe €O CTOPOEH
4TOMOB, NPHMEPHO OLHHAKOEH H OKA3HIBAETCH BOIMOXKHBIM 085006-
mecrajeHne BAJEHTHHX SJeKTPOHOB, KOTOPHE Tellepb MBHKYTCH B
noAe 060UX aTOMOR.

losedentie 0606UECTBAGHHBIX IAEKTPOHOE8 ONUCHIBALTCH TOK
RAILLGAEMOE MORERYAAPHOL BOAHOBOE (PyHRYyled ), KOTOPASA HOCUT
“epTol HEBOIMYUCHNOLY BOANOBUX (YRKULL &, N Pp.

IOt pemrenns 3afaud 0 NOBEREAHH KOJJAEKTHBH3IHDOBAHHEIX
371GKTPOHOB PACCMOTPHM CTALMOHADHHIE COCTOAHHA CHCTEMHI, OfH-
cisaeMute ypasnedneM Ilpepmirepa, He cofepxKalleM BpeMeHH:

Hp=Ep, (2.38)

A A A

rae H=K-+4U — oneparop Tamusabrona, K — ollepaTop KHHETHYe-
ckoB swepruy, U -— noreHuuabHAf 3HEPrus cucTemst, £ — noanas
IHEPIHS CHCTEMH. _

Monexyna BelllecTB2 COCTOHT B GOJBIIHHCTBE CJAYYAEB H3 HE-
CKOJLKHX BJEKTPOHOB W HECKOABKHX ATOMHBIX fAEP, MO3TOMY OIE-
PATOp KHHETHUIECKON IHEPrHH COCTOHT W3 JIBYX YacTed: oaHa 4acTb
COOTBETCTBYET KHHETHUECKOW 3HEepPrdH IBHXKEHHA AAEp, gpyrasa —
KHHETHYECKO! 3HEPTHH ABMXKEHHA 3JekTpoHor. [loTennuHanbHas
3HePrHaA CHCTEMH paBHa ¢e oOIledl SJEKTPOCTATHUECKON 3IHEPrHH.

Ipx vccnenoRaHHH ABHXKEHHH CHCTEMH, coCTosNled Gojee HeM
H3 ABYX uacTHI, peuieHse ypasHenna Illpexunrepa Moxer OHTH
TOALKO ApHEmKenHuM, Tak KAk Macca figep CYLIeCTBERHO GoJibilie
MACCH 3JEKEPOHOB, TO fApa B MONEKYyJle ABMXYTCH 3HAYHTEAbHO
MelJeRHee 3NeKTPOHOR, 4TO NO3BOJAET OMHCHBATL NPHUCIHKEHHO
ABMKEHHE FAEP H 2AEKTPOHOB B OTHEJbLHOCTH.

IMpeanonoxenHe 0 MaNOCTH CKOPOCTEH IRHAKEHHS AREP MO3BO-
Ader guycTdTh B nepsoM mpubmHkesud B (2.38) omeparop HX KH-
HETHTECKON IBEPIHH, a KOOPAMHATH fAAEp CYATATh (PHKCHPOBAHHH-
MH TapaMeTPaMH, YK43aHHOe ONMHCAKHE [OBEASHHA CHCTEMH HOCHT
HasBaHWe aAHaGaTHIECKOro NMpuOIMKeHus (noapobhee cM. ril. 7).

[Ipy chAenaHHHX Npennonoxenusx B ypasrennn Ilpexannrepa
AA8 MONeKYsd H KDHCTAJJAOB MOXHC COXDAHHTh TOJLKO YJ/EHE!, OT-
HOCALIHecA K aJeKTpoHHOk wactH. COOTBETCTBEHHO YUPOCTHTCA H
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MOJIEKYAAPHES BOJNHOBAA (PYHKUHA, KoTOpasA Hyaer QyHKOHEH TOJb-
KO KOOPAHHAT 3NCKTPOHOB:

=0 (%1, 41, 21, %2, Y2, 22, ...).. (2.39)

‘Mporge npEGanKeNHHe MeTons pemteHHA ypasHenus llpesunrepa
ONHpAaTC Ha TAK HaaWBaeMufl gapuayuonkeil npunygun, Cym-
HOCTb 5TOFO NPHHIHNA MHE PaOCMOTPHM B OGLIMX 9€pTaX Ha IPH-
Mepe MeTodQ MOREKYARPHRLLX opburanel.

YuuoxaM ofe TacTH ypaBueHus (2.38) Ha KoMIekcHo-compd-
HEHHRYIO ROAHOBYIO (yHKHRIc b*, [IpouHTerpHpoBaB no BceMy ofb-
eMy, mONyuMM

§ wrHpav

E=—t . (2.40)
Jerwav
v .

A .

B (2.40) ramMuabToHHaH cuCTeMbl F H3Becrex, W AMs BHTHCACHHAA
3HEPrHH HEeoOXOAMMO SHATh BOMHOBYIC (GYHKUHIO ). Touuul¥ BHA
aroft MYHKIBM He MOXKeET GHTb HafiieH NPAMHM pelleHAeM YpaBHe-
Hust [iIpeannrepa, mo3ToMy OOHUHO NOAGHPAIOT NpHOICKEHHHe
3HAYeHHd MOJEKYNSPHOH BOAHOBO# (YHKOHH HCXOEHM K3 obwax
(dHsHyeckuX ychosHRA 3amaud. Jlyuymlefi NpuHOIMIKEHHOH BOJHOROA
dynknue#t H3 panHoro kaacca Gysxuuii Gyner Ta, Koropad OTBe-
qaeT MHEHMAJBHOMY 3HAYEHHIO 3HEPIHH CHCTeMBH!, OnpefeiseMoN
o ¢opmyne (2.40).

B kavyecTse MOMEEYAAPHOHR BOJHOBOH (byﬂxmm ¢ BulepeM BOJI-
HOBYI0 (PYHKIHIO, KOTOPAS ONHCHRBAGT ABHXEHHE ORHOFO, 3JIEXTpoHA
B ofmeM HoJe ABYX aTOoMoR @ H b. B kauecThe nprMepa MoxHO
HA3BaTh MOJeKyapHu Hon Bojopona Hot Takada sonnobas dyHk-
UHA HOCHT HazBauHe monekyaspuofi opburanx MO. Ilaa omHoMep-
HOR Mosekyian MO aenserca auneHHOR Kouduﬂauneﬁ ATOMHEX
opOuranell (JIKAO) H30RHPOBAHHBIX ATOMOR:

$=CaPat-Co0o=N (ba-FAps); N=Ca; A=Co/C,, (241)

rae ap, H Py — HEBOIMYIICHHHE aTOMHHe BOAHOBHe dynkuzm; Cg
2 Cp — nocrosHHue KoehdulMenTH, XapaKTEpPHIYIOULHE AONKD
YyUacTHA B MOJEEY/NAPHOR BoAHOBOH (YHKIHA KAaXIOH M3 ATOMHEHX
opGHT. W3 yeAoBHS HOPMHEDOBKH BOJHOROH (YHKIHH

J vprav=t (242)
) |

HafigeM .

rae S= J- Yatpp & V ~~ mHTErpan mEpEeRpHTHA, XapaxTepHayiouui
'.f
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CTENCHD NEPEKPHITHA ATOMHAX BOJHOBLIX YHKUEE npu BsawMo-
AeftcTRHH. O6nuHo S<< 1.

INoxncrasup MoseKyAapHYIO BOJHOBYK dyHkuuw (2.41) B (2.40),
TMOJYYHM AJSl 3HEPIHH CHCTEML BHpaXKeHHe

_ClEst2Ca Cy A+ G2 E,

£ Ca?4+2C. C, S+C2

(2.44)
TAe
A A
Ep= j‘ba* HipodV, Ep= _[ P* Hpp dV (2.45)
v v

COOTRETCTBYHT DHEPIHAM KYJAOHOBCKOFO JJICKTPOCTETHUECKOro B3A4li-
MOZeHCTBHA 5ACKTPOHOB C AJpDAMH, 3JNEKTPOHOB Mexiay colod H
agep Mexay cobofi (Eq, Ep<<0) 1

A I
A= J pat Hapd V= § pr Fryadv — (2.46)
v v

oGMeHEH{t HHTETPAJ, MPENCTABAAIONIHE cofofl  AONOJHHTEJLHY!O
FHEPFHIO BSﬂHMOIleﬁCTBHH, BOZHHKAKIUYIC BC/ACACTEBHE Nepepaclpe-
AeNeHns BJIEKTPDHHOﬁ IMAOTHOCTH IPH MNEepeKPhITHH aTOMHBIX BO.I-
HORMX OyHKmHE. 3neck mo smaxy A<<0, 2 no monymio |A]=>|E, .
{Eg|. Pane}}\crno (2.46) crnpaBelJHBO B CHJIY CaMOCONPSKEHHOCTH

onepatopa H (3pMHTOB omepaTop).
MuHNMAJBHOE 3HAUGHHE SHEPTHH HAXOAWM RApPbHpOBaHHeM £
(2.44) no napamerpam C, u Cy:

dE dE _
rTom =0 e =0). (2.47)

BapbuposaHssie NPHBOAMT K CHCTEMC JHHCRHBIX YPaBHEHMH OTHOCH-
TeAbHO Kosdpuuuenros Cp u Cy:

(Ec—E) C,+ (A—E S) C,=0, |
(A—F S} Co+ (Ev—E) Cy=0, (2.48)

rie E ~ HcXoMOe 3HAaYeHHE SHEePrHH CHCTEMBL.
Cucrema ypaszeHHHl (2.48) umeer HeTPHBHAIbHHE pEICHIIT.
eciid IeTepMHHAHT:

s | E—B) (A—ES)

(A—ES) (E—E) | " (243)

OTcrofa moaydaes ypaBHEHHe, H3 ROTOPOIO MOXKHO ONpeneiuth £:
(E—Es) (E—Ey)—(A—E 8)*=0. {2.60)

Oas caysad CHMMeTPHESHON IBYXaToMHO#l MoaeKyan (Eq=Ep),
0603HaauB A=Cyp/Cs, u3 ypaBHenuit {2.48) HaxoauMm A2=1 Hiu
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A=z-1, 3naueHnic A=-+1 OTEEUAET CHMMETPHUHAS BONHOBRA dyHK-
s [eM. {241)]

_ Pom==at1Ps. (2.561)
3HAuEHHIO A=—! OTBE4AeT AHTHCHMMETPUYHAS BOMHORAA BYHKIAS
Parr=Pa—Ps- _ (2.52)

HAbym cobcrBennuM GyERmaaM (2.51) H '(2.52) coOTBeTcTBYIOT H
ABa IHAYCHHA SHEPIHM:

X E,—A
Elﬁumﬂ"%f:-TA H Eg=Um=‘—'lt§"’ (253)

3 noayueHHHX pesyJpTaToOBR BHTEKA€T AB3 BaXHHX BHIBOAA.
_ 1. TIpu COMMMEHHH ATOMOB H NMEPEXPHTHH HX BONHOBHX GYHK-
uail NPOHCXOAHT paclleNNeHHe 3HepreTngeckoro yposHa E,=E,
"HA ABa MOJCKYASPHMX yponHR sHePrHH Ucny H Uanr. Ilpu  3TOM
H3-88 TOro, uto S<<1, A<0, yposeus Ucy, norHxkaerca, a Ugm
MOBHINAETCSH OTHOCHTENbHO HCXOKHOTO YPOBHA 3HEPTHA B H3OJMHPO-
sanuom cocroanuy E,=E, (puc. 2,9) _
TTonuxenye ypoBHA Ucmy COOTBETCTBYET BOIHHKHOBEHHIO CHJ
npursxennd. Tak kak |A|>>|E,|, To nonmkeuue yposHs 0GycaoB-
JIeH0, B OCHOBHOM, OGMEHHEIM HHTErpaloM A, MOSTOMY TaKHe CHJH
MPUTSKEHHS H NONYIHIIH HOIBAHUE OOMENHbIX. o
2. Tlonmxenue 3HeprMH Ucyy CRA3AHO ¢ MOBHIEHHEM 3J€KTPOH-
HO# NAOTHOCTH MeXOY AKDAMH B3aHMOJACACTBYIOIIHX aTOMOR H3-3a
3HAYHTENHHOTO [epepacnpelileacHd 3JEKTPOHKOA . NMAOTHOCTH IO
CPABHEHHIO ¢ NJOTHOCTAMH B H3OAHPORAHHHX aroMax. D10 JErKo
YCTAHOBUTH, MOCKOJBEY 3Je¢KTPOHHAS HNJIOTHOCTE NPONOPLHOHAAbHA
%] B cayuae moHHXeHHS IHEPrHH 3/EKTPOHHAA NJAOTHOCTE Npo-
NOPMHOHAAEHA Plowu= (Pat1Pp) *=Pa’1-2 o potaps®. Orcopa Ba-
 BEM, TTO B HPOCTPAHCTRE MEXHY AAPAMH 9JAeKTPOHHAN MJAOTHOCTB
NOBHIIAETCA IO CPABHEHHI0 ¢ CYMMapHOfi IJOTHOCTLIO, KoTOpad
Moria Gu NOJYUMTHCS TIPH NPOCTOM CJOMKEHHH NJOTHOCTER H3OMH-
popaHHHX aroMos. B posfyxiennoM coctoannH Uam, 3NeKTPOHHAA
IAOTHOCTE Yl am™= (Po—Ps)? B MEXBAXSPHOM NPOCTPAHCTBE IHATH-
TeJLHO {IOHHKAeTed, a B CAyudae OZHHAKOBHX aTOMOB H BOBCe CTa-
HOBHTCA PaBHOM Hyamo. SIApa oKasHBAKTCA MeHee IKPaHHPOBAH-
HLIMH 3JIEXTPOHAME, M CHAH OTTRJKWBAHHA MEXAY HUMH IpeBH-
IRIOT CHAB NPHTSXeHUA. Moaekyna He ofpasyercs.
Ilpn paccMoTpeHHH pealib-

Ugeam Holt Monexyant H, BO3aHnKaer
Ea=Ep y OO HATEAbHAA TPYAHOCTD,
: H curt CBHi34AHHAN C TEM, ¥4TO HYXKHO

peliaTh He OAHOBJIEKTPOHHYIO, 4
M' C’;‘;in“el:fei; _ IBYXSJCKTPOHHYIO 33Aa%Y.
mmmg,‘;m n,}ffx . 3TOM cayyae HeoOxomumo ydu-
‘ aTomoB ¢ u b THEBATs NpPBHIHN 3anpera [lay-
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vid. OCHOBHOMY coCTOfiHREIO Mojexkyau Hy (mpuTakensio) orBeuaer
B COOTBETCTRRR C 3TEM TPRHIINOM Da3MelleHue o60HX SJIEKTPOHOB
Ha HH3LIEM 3HEPreTHYecKOM YPOBHE ¢ MPOTHBOMOJOXHOA oprenTa-
ouell COHHOB, KakK 370 f0Kazano Ha pmc, 2.9, B cocroanus Ugme
CNHHENE JOMKHE OHTL MapajielbHH, TO OPOTHBODEUHT IPHHORDY
[Tayan. . _
DJIeKTPOHHAA HBJIOTHOCTE B MEXBIANCPHOM IIPOCTPAHCTBE MOJE-
KyJH BOJOPOAa 3HAUHTENHHO BHIE, UYeM Y MOJeKyJfpHOTO BOZO-
pona. ITO HPHBOAHT K TOMY, WTO PDAacCTOfHHE MEXAY SAPaMH
1 a=1,38 ap=0,074 M (@p=0,053 aM — paanyc GopoBckofi opORTH)
B Hy; oxaskBaercs mensille, 4eM rH_,..j=2 a=0,106 am 8 H,yt, Coor-
2

BETCTBCHHO SHEDPTHA NHCCOMHANAR MoJekynw Hi, paBnas 4,72 sB,
TpUMEpHO B ABa pasa Goanlie sHeprid RMcconmraunn Hit (2,64 9B).

Ilepexons OT Mojexyas BOZOPOZA K KPHCTaNJIaM, OTMETHM:
ocHoBHOL xQPAKTepHOL OCOOEHHOCTLIO KOBOAEHTHHLIX KPULTGAAO8
HBARETCA TO, 4TC KOAUYECTBO KOBAACHTHULIX caszed, obpaayemsvix
KOQKObia OTOMOM €O COOUMU COCEOAMYU, PABHO KOAUNECTBY HECNO-
PERHBLY GHEWIHUX DAEKTPOHOS GTOMG 6 C8COOOHOM COCTORKUU UAL
8 8030YNIEHRHOM 8AAHTHOM COCTOARUU. B 3TOM cMHCae KOBAJIRHT-
Haf CBsisb ABJAercs HacHmedHofl. Jlexo B ToM, wro aroMm Nph
B3aHMOAeHCTBAH MOTYT BO3OyXHaTh APYr APyra H IPOHUSBOIHTH
pacnaprBaHRe SJAEKTPOHOB, T. €. NePeBOJIHTH ONHH H3 CNapeHHHX
3JeKTpoHOB B cBoOOZHYI0 AMeHKy Ha HEe3aHATHA >HepreTHUecKui
ypoBeHb. TaK, HanpHMep, CTPYKTYpPa THRA ajMa3a y SJEMEHTOB
IV rpynnd, HMEIOHIHX YeTHpe BHeIHHHX BaANGHTHHIX 2JEKTPOHA
s%p2  (anmas Si, Ge, @-Sn), Bo3HAKaeT BCJAeACTBHE Nepexofa
oAgoro s-sfiekTpoHa B p-cocroaHne (prc. 2.10).

[TIpu B3aRMOACHCTBRH AaTOMOB YTJIEDOAA ORKH H3 2 §-3JEKTPO-
HOB NIepexXoadT B cBoGoanyo 2 p-agyeliKy, 4 yXe y yriaepofa Ha
BHEIIHAX 000JOYKAX NONYyuaeTcHd yeTHpe He- :
CnapeHAHX 3JjeKTposa. B pesyabrare B3anaM- e,
HOTO BO3OYMKACHHRS BCe UeTHpe sJeKTpoHa m“ﬂ.
CMECTHJIACH CO CBOHMX OPOHT H HAXOAATCH Ha 3 752 257
CMELIaHHHX, HNH 2ubpulusix, opGurax. Brto 4

aBJIeHde HasuBaercs 2ubpudusayued s- u p- IEIF
SERTpON0E, [Aonn

B anMasomonoGBuX cocuHeHHsx (cha- 'S° spS-eubpud

JEpHT, BIOpUHT) obpasoBande ueTHpex cBH- g

3efi Tpefyer nepexoja OXHOrO—TPEX 3JIEKT- -
ponoB or 3aeMetros V—VII rpynn K aaemen- E::-Eé%ﬂﬁ:;ip?;ﬂe-
tam I—III-rpynn. Ilepexol 3JexkTpoHoB H POROB TT0 OPOHTAIAM
HOJIPUSALHS BEAYT K NOSBACHHIO SOPEKTHB- 3 yrnepoze: a) saex-
HHX 3apAJOR Ha aToMax, MNO3TOMY K KOBa- tpomman  oboaouxa
JieHTHOA KOMHOHReHre poGaBasiercs HeOoJIb- arToMa yraepoza B8

Imasg ROHHAS KOMIIOHEHTA. ¢BOGOAHOM, HODMANE-
: HOM CcocTosHHE; G)
B 3agmouende NORUCPKHEM, UTC RAAGO-  posGyxaenmoe cocros:

2ee xapakTepHas YepTa KOBAaJeHTHON CBH3H — EHe
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@& CHIBLRAS HANPABJIEHHOCTH B NPOCTPAHCTBE, T. €. OHA ofpasyercs
B TEX HANPABJEHHAX, B KOTOPHX JOKANH3YETCA INMEKTPOHHAA HJOT-
HOCTR. BeJiencTBue HANPABJIEHHOCTH CBSI3H KOBAJERTHHE KPHCTAJ
JAH 06JanAa0T BHCOKOHR TBEPIOCTHIC K XPYIKOCTBIO, :

2.6. METARAN

MerannkuecKkue TBepAHe Teja B OTJAHIHe OT JAPYFUX ' TUMOB
TBePALIX Tei o0MafaloT PRIOM HHTepecHHX ocobennoctefl. K aTHM
0cO0eHHOCTAM CAGHNYyeT OTHECTH BHCOKYID 3JEeKTPONPOBOILHOCTE,
MeTaJIIHIeCKAR GJecK, CBA3aHHWE c GoabmiAME kKo>(pdHUHEeRTAMH
"OTPaXMeHHA ACKTPOMATHATHHX BOJIH, BEHICOKYIO IJIACTHYUROCTD (KOB-
KOCTR) H-Ap. YAedbHas 3JEKTPONDOBOXHOCTH METAJJNIOB NPH KOM-
HaTHHX TeMRepaTypax cocrapaser 108—100 Om—!'.-M~!, roraa kKak
THNAEYHHE HEMETAJJH, RATpHMeD KBAPI, NMPOBOAAT 3JeKTPRULCKER
TOK mpuMepno 3 10% pa3 xye THIHUHoro merasna cepeGpa. [las
'METAJIJIOB XAPAKTEDHO BO3PACTaHHE 3IJICKTPOMPOBOAHOCTH € ROHE-
KenueM TemuepaTypH. Vs 103 snemerros rabanu Mengeieesa 19
He IBJAAIOTCS MeTaJJIaMH. '
- Haspapane cnenAduuéckre cpoiCTBA, MO CymecTsy, 00yClOB-
JeHH HAJHUHeM B METaanax cBOGOZRHX 3AeKTponoB. Merajnuve-
CKdA ¢BA3b BOZHUKAET NPH B3aHMOAEACTBHH aTOMOB 3JEKTPONOSAO-
KHTENbHHX 3/eMEHTOB, BHEIHHe BaJICHTHHe 3JEKTPOHH KOTOPHX
CBA3aHH C HAPOM OTHOCHTENBRO ciado. [IpH ofpazoBaHdH TREPAOTC
COCTOAHHUS B pe3yJbTaTe HepeKPHTHS BOJAHOBHX DyHKURHA MeTaJlJiH-
YeCKHX 4aTOMOB {HampHMep, aToMoB Na) JIBuXKeHHe 3JeKTPOHOB,
KaX B B clydae KOBaJeHTHOR CBA3H, NpeTepll€BaeT pagHKaJNbHOE
.H3MeHeHne ¥ 3JeKTPOHH ofobmecTBasiorcs. [IpH 3TOM KaxAas cO-
. CeNHRd Mmapa 3JeKTPOHOB npeanouia On o6paszoBaTe MOJEKYJY,
¢ TeM uYTOOH MOHeNHTR ceBs MexAy ABYyMs aroMaMH. Ho y xax-
Aoro atoMa Na B TBEepPAOM COCTOAHHH HMeEeTC B cpelHeM BOCEMb
coceflell ¥ TOJABKO ONRH BAJEHTHHA 3JeKTPOH, KOTODHH A0KeH
OHTEH TOLEeNEH ¢ KaxieHM H3 9THX coceiefi. B oranume ot caydas
KOBAJIEHTHOH CBS3H, KOTAA Mapa SJACKTPOHOB, B OCHOBHOM, KypcH-
pyeT MeXay ABYMS COocelHAMH aTOMAaMR, KOJNSKTHBH3HPOBAHHOMY
3JEKTPOHY B MeTajne NPAXOAUTCH COBEPUIATh AOBOJLHO CHOMKHBIRA
IyTh, MOCEMAS MO OUEPEAR KANKAHA aTOM (IOJOXHTENIbHHHA ROH) -
TBEpAOTO Tesia. B onMcadHO# CHTyalHH BCe HOHH 0GAanaoT BCeMA
3JeKTPORAMH BMECTe, a 3JIeKTPOHH MOTYT cBoGOAHO NEPEeMeIarTses
OT ORHOTO HORA K APYToMy. '

Hrax, @ meraasé sHetlHile BUABHTHbIE 3AEKTPOHEL GTOMO8 KO-
AEKTUBUBUPOBAHEL U 06LA3YOT 203 UAU IWUTKDCTE, 3GNOARRICULYIO
MENUOHHOE NPOCTPAHCTE0. TI0N0MCUTCABNO  3APAKEHAbBIe  LORB
CTR2UBAIOTCA OTPULATEALHO 3GPANCCHHBIM IACKTPDOHHLIM 201304 8
kpucraasr. I3 cxazaHHoro cnefyerT, 4TO CBS3b B pellleTKe MeraJia
PBO3SHHKAaeT BCAEACTBHE B3auMOASHACTBHS TNOJOXATENbHHX KOHOB ¢
JACKTPOHHAM Ta30oM. 0 - !
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Ilpu pacuerax sHepruR CUENJNeHHd METANIRYECKAX KPHCTAJAOB
HeoGXOIHMO YYHTHIBATL B3aHMOJAEHCTBHE: ATOMHHZX OCTATKOB APYT
C APYToM, ATOMHHX OCTATKOB ¢ KOJIIEKTHBH3HDOBAHHEME 3JEKTPO-
HAMH H KOJ/VIEKTHBHBHPOBARHHEX 3JIEKTPOROB APYr ¢ APYrOM,

BsaumodelicTaue noACKHCUTEAbHELX QTOMHOIX OCTATKOE OpYys ©
Opyeos He c8OOUTLR TOALKO K UX BIAUMHOMY OTTAAKUBANUID, ¢ 3G-
KAIO4GETCR TAKHE 8 NEPeKpbiTUlL X BHEUHUX JACKTPOHNBY 060.40-
neK, aelyuiem Kk OOPASOBAHIIO BAACHTHbIX cassel. Hmenwo a1o-To
nepekpuTue U no3eosser obsacHuTe 06pazosatue TO20 uUAL UHOZ0
TURG KPUCTAAAURECKIUX CTPYKTYP. :

Has rpy6oft OlleRKH SHeprHH CHEIVIEHAS NeJOYHHX METANIoB
OOLYHO NOJMB3YIOTCH WOHKOL #Modenero. Corntacio stofl MOmesH,
NOJMOKHTENBHO 3aPSKEHHBE ROHH, KOTOPHE CUHTAIOT TOUEUHBIMH,
pacnojaraloTes B ¥3/JaX KPHCTANJIWUECKON DEUIETKH, a4 KOJIEKTH-
BR3HPOBAHHHE SAGKTPOHH DPABHOMEDHO DaclpeliejicHbl MeXAy
WOHAMHA. JHEPrHs CUENJCHUS MeTaJJMHqeckKoro KpHCTadaa B Takoh
MOIedH MOXET GHTH paliCuUHTana ¢ NOMOIBID METOAOB, HCHOABIVE-
MHX TIpH. PACUETe SHEPTHH CHENJIEHAS HOHHHX KPHCTAJLIOB.

Kagk moka3sHBaoT pacuert, SHEPTHA KYJIORORCKOMO NPHTIXKERHS,
NPHXOAAIIASNCA HA OARH aTOM, MEXJIY NOJOXKHKTETLHHMH HOHAMH H
OTPHUATENBHO 3APFKEHHAHMH 3JIEKTPOHAMH. AJIf IIEJQUABIX METan-
JIOB, KpHcTamaRsylomuxes mo tuny OLK-pelerxs, Moxer GHTb
npencrasiena B puae (B sBfatom):

24,35
- (refao)

3nece qo=0,529.10~'0 u — Goposckuil paanyc; r.=[3/(4nn)]"® —
panuyc chepn, ofbem KOoTOpol paBeH o6beMy, NPHXOAMIEMYCH HA
OJHE KOJIEKTHBUBHDOBaHRHHY »qexTpon; a=~N/V — Kosnedrpauns
KOJLIEKTHBR3HPOBAHAHX 9JeKTPOHOB. _

B paBHOBECHH CHJ/IH NDHTHMeHHS A0KHM YDPABHOBEUIHRATHCS
CRJIAMR OTTaJKHBAHASY, B MeTaljIax CHAH OTTAaNKHBAHWS CB3AHH,
B OCHOBHOM, C ABHJKEHHEM . KOJJICKTHBHIHPOBAHHHX SJEKTPOROB,
KOTOpHE CO34al0T BHYTPR MeTaJjia fadJieHHe. BuyTpennee rnaBne-
HHE, CO3aRAEMOe SJMEKTPOHAMHA, CBA3AHO ¢ HX KHHETHHYECKON IHep-
'TRe#, NOSTOMY OYEBHAHO, uTO npaTsxkeHne (2.54) nomxkuo ypas-
HOBEUIHBATh KHHETHYECKYIO SHEPTHIO SJIEKTPOROB,

g ofROBajleHTHHX WIEAOUNHX METANJOB HMECTCS N0 OAHOMY
9NEKTPOHY HA ATOM, TOTAa CPeAHAR KHHETHYECKAH SHEPrHA 3JIeKT-
poua(n 3B/aTom)

Unp== (2.54)

3 30,1
Um= —5' EF= W‘ ¥ (255)

re sHeprus PepMr (cM. 1. 6)

" F @ I {9 e
_EF——gn-(3u?n)gf3~ om (rs/ao)‘*ao2 \ 4 )
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Kpoue Upp B Uiy B GopMyse axnst 3HEprUE KpHcTalna HeoGXo-
IHMO TAKKe Y9ecTh SJACKTPOH-3JIeKTPOHHOe B3amMofeficTBHe, ofy-
cnoBneHHoe o6MeuHEHME sddekramu (B 5B/arom): :

12,5
U | ——~-F . .-—_.-;--«..
. . {rs/ao}
OKonyaTeiibHYI0 QOpMYJy SBEPrHA lesouyHOro MeTajya, BhipAXKEH-
woft B sB/arom, sanrmeM kak cymmy tpex wieHos (2.54), (2.55)

4 (250): 30,1 36,8
(ﬁa{(;l})z _(r,/ao) '

Tlpu pasnosecun H3 (2.57) moayuum refas—1.6.

JKCIEPpHMEHTANBHO HAGMIONAEMBle 3HAUCHHS [,/Qy IR UIENOH-
HHX MeTaJLI08 H3MEHSIOTCA 0T 2 o 6, T. €. 3HAUATENbHO OTIHYANWT-
¢Sl oF pacuerHHX, TaKkoe pacxojeHHe CBR3aBO C T€M, 4TO HOHHa¥
MOJIeNk MeTajjia CJAHINKOM rpyfa, uTo6H MOXKHO GHJIO PACCURTH-
BaTh Ha xopolliee corjacke ¢ onuToM, OAAAKQ OpeACcTaBJIEHAE ©
CTPYKTYpe MeTajina KakK 00 HOHHOM OCTOBE, HOTDYKEHHOM B 3JIEKT-
POHHEIH a3, KOMNEHCHPYIOMHAN CHIN OTTANKUBAHHA MeXKAY HOHAMH
H CBA3HBAIOWMHA KX B KPACTAJJM, ‘AOCTATOYHO TOYHO OTpaxKaer
PeasibHyIo CHTYAUHIO.

B Meraie cBoGopHhie 3JEKTPOHH  ONpeAefsioT ' He TOJBKO
97IeKTPHYECKHE K APYTHe CBORCTBZ, HO H KDHCTAASHUECKYI0 CTPYyK-
TypyY. HailpuHe cBOGOARHX 3JEKTPOHOB OGYCJORJIHBAST HeHanpas-
JeHHHA H HeRACHNIeHHHHA XapakTep Merajlinueckoft cefszu. Doils-
UIAHCTEO METANJOB KPHCTAMIHBYETCA B CTPYKTYpaX, OTBeualomHX
iloTHeRMeR IMapoBOfl yNaKOBKe aTOMOB ¢ MaKCHMAJbHBIMA KOOpP-
AMHAUROHHWME uxchamy, pasmuMy 12 (THK- r [TIV-peineTkn).
Pax MetalsioB Takke KpAcTaasusyercs B Buae npocrhix OLIK-
CTPYKTYP ¢ KOODJARHAUHOHYEM wdciHOM 8. OAHH H TOT Xe 3JIeMEeHT
B 32aBHCHEMOCTH OT BHEIURAEX YCJOBHH MOXeT KPHCTAJIIH30BATHCH B
BHAE DAANHYHKX CTPYKTYP (a8aexue nosumopduana). Hanpamep,
Li ¥ Na npu Huskux TeMneparypax o0pa3yloT NJOTHOYINAKOBaH-
HYI0 TeKCAroHAJBHYI0 pENIeTKY, a NpPH KOMHaTHHX -— KyOHUecKylo
06'beMHO-LeRTpApOBaRAYI0. TIpakTiueckH MHOTHe MeFandw o6fa-
ZaloT cBofcTBOM MOJHMOpdHIMA. .

B 3aBHCHMOCTE OT KPHCTAJNAWUECKOR CTPYXTYPDH OAHH R TOT
Ke 3JeMEeHT MOXeT GHTE AAG0 MeTasnoM, JH60 MOJYNpoBOHHKOM,
aubo gusiekrpukoM, Hanprmep, u4€3BecTHO, uTo Geloe OJA0BO —
MeTadsin, a cepoe —— HOHYHPOBOILHHK, yrjaepoa B BHAE alMasa —
JAH3JIEKTPHK, 4 B BHge TpadHaTa OH DPORBAAECT METAJIHUECKHE
cBoficrBa. .

B sakiioueHre OTMETHM, YTO HEKOTOpHE UePTH KOBaNEHTHOA H
MOJIeKYASpHOR CBH3R MOXKHO OCHADYXHTL B Meraajax, ocoGeHHO B
gnaropoaunix (Au, Ag u £p.}), B RTOMax KOTOPHX d-060JIOUKK
He OUEHb CHJBHO CHS3aHH ¢ SAPOM, H MOSTOMY NpH BsaaMopeficr-
B{H OHH HCNHTHBAIOT CYNECTRERHWE HCKAKEHHA,
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TJIABA 3
JE®EKTH B TBEPABIX TEJAAX

PeanpHbe KPRCTAAAL OTNRYAIOTCH OT HACANHSHpOBAHHOR Mo-
JeJI: HallAIHeM RZOCTATOYHO MHOTOUACJEHHHX RapyIIeHHH perynsp-
HOTo pacmofioeHry arTomoB. Jliofoe oTKIOHeHWe OT NepHOAMUE-
CKON CTPYKTYPH KDHCTAMNIA HasumBsalor deghexrom. HedekTu cTpykK-
TYPH OKasHBAalOT CcYUEcTBeHHOe, NOPOH onpejendawllee, BARAHHE
Ha CBOHCTBA TBepIAHX Tej. TAKHMH CTPYKIYpHO-UyBCTBRTEJBHEMH,
T. €, 3aBHCAMHAME oT nedeKroB CTPYKTYPH, cBOHCTBAME sBJAsOTEA
3JEKTPONPHBOAROCTS, (GOTONPOBOAUMOCTL, JIOMHHECHCHUHH, HPOY-
HOCTh R MJIACTHYHOCTb, OKpacka KpHcrainos u 7. A. Ilponeccst
ARpoy3un, poCTa KpHCTA/IOB, PEKDRCTAJJIMISLUAH B DHA APYIHX
MOXHO YIAOBJETROPRTENhHO OODBACHHTH, HCXOAS K3 Npeanoioxe-
HAA 06 WX 3aBHCHMOCTE oT aedexros. B Hacrosulee Bpems ocHos-
AEbe cBefesHs O gedekTax HeoGXOURMH He TOJBKO (PH3HKAM, HO
T4KKEe KOHCTPYKTOpAM H cozjatensM npuGOPOB HA OCHOBe TBEp-
JHX TN, 3IaHHMAIIHMCA BHPANIABAHHEM COBEPINEHRHX MOHO-
KPHCTAJII0B, a TAKXKE IPYrdM CleqdalicTaM.

3.1. KJACCH®HKALHA HE®EKTOB

Knaccuoukanuic nedexrop 0GHYHO OCYIIECTBAMIOT KO YHCTO
TEOMETDHIECKHM INIDH3HAKAM, A HMEHHO IO URCAY HRIMepeHAd, B
KOTODHX RapYIUeHHS CTPYKTYPH KpHCTaNJjia [POCTHPAIOTCA Ha
‘paCCcTOSIHESA, TpPEBHINAIONIAE XapaKrepHwHf napaMerp pelleTKH.
- Buaeasior yernipe Kiaacca aedeKros.

Toueunnle (Byapmepume) Rediexth. Camo AX Haspadre cBEIE-
T&JABCTHYET O TOM, YTO HAaPyIeHdR CrpPYKTYpH JIOKAJR30BARK B
OTAGMLHHX TOYKaxX KpHcraiia. Pasmepn ‘ykaaanaHx aedekros Bo
BCeX TpeX W3MepemHfX He NMDPeBHINAIOT OLHOTO HAH HECKOJLKHX
. MEXXKATOMHHX PacCTOSHHTA.

K roueunum gedekram oTrOCAT gaxaAcui {BaKaHTHHe Y3JH
KPHCTAJJIHYEeCKON pellleTKH®), ATOMM B MEXIOY3JRAX, ATOMH NpH-
Mecefl B ysJnaX WJH MEXJIOY3JHSX, a TAKXKe COYCTAHRH NPHMECch—-
BAKAHCHA, NPHEMeCh — NIPHMEChH, naoﬁﬂﬂe H TpofiNHe BAKAHCHH.
" {m#- B TPHBAKAHCHH B IP.).

Jlupefinne (onnOMepRbe) AePeRTH  XapaKTePHIYIOTCH  TEM,
‘YT0 HApPYUICHHE NepHOXHUHOCTH NPOCTHPAIOTCS B OLHOM H3Mepe-
'HUH Ha PaCcCTOSHHS, MHOTO GONbLUIME NMapaMeTpa PeueTKH, TOraa

* Eme paz noamepkHeM, uTo EPHCTAMMHUECKas petieTRA M KPHCTA/NHY&CKAN
‘CTPYKTYDa — MNOHATHA PAMIHUAHe. ¥Ysel pDEeTRH He ofHSATENLHO COBMajder ¢
4TOMOM B KpHCTaaNe; OOAIaTeNbHHM HABAAETCS TONLKO HISATHIHOCTh PacloJo-
WeHWA ATOMOB BOKDYT Yand. OzHaxo HPH oNncaHeR AedeKTOB, NAA NPOCTOTH,
+OUHYHO CIHTAKT, UTo Y3/AL pellleTKE COBMAJANT ¢ MATePHA/LHEMH TACTHNAMEA
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KaK B ABYX ADYTHX HM3MEDEHHAX OHH He NPEBHILAIT HECKOJbKHX
napaMerpos.

JINHeAHEIME Ae(exTaMH MBISIOTCH OUCAOKAYRU, MuKpOTpeui-
not. BoaMox#o Takixke o0pasoBanHe HEYCTOHUHBHIX JHHEHHHX Ae-
eKTOB 43 DemoYeK TOYeUHH X AeteKToB.

IosepxHocTRble (AByXMepHBE) medpeKTH B ABYX H3MEDEHRAX
HMEIOT pasMepii, BO MHOTO pa3 NpesLIIAONIHe TapaMeTp peller-
KH, 4 B TPETheM — HECKOAbKO IIapaMeTpoB.

I'panrHEH 3epeH H ABONHMKOB, AedeXTH YNAKOBKH, Mewdasune
rpafHHUE, CTEHKH [OMEHOB, a TAKXKe NOBepXHOCTh KPHCTANJA Npea-
cTaBAqeT cobolt ABYXMepHHE JedeKTH.

Obbemuble (TpexMepHbie) medeKkThl — 3T0 MHKPONYCTOTH H
BKnOueHHs Apyrofi dgasd. OHH BOSHHKAT OOBIURO (IpH BHpADIH-
BAHAHY KPUCTaNiOB HIH B pe3ylpTaTe HEKOTOPHX BOSAEHCTRHH Ha
KpHerayan. Tak, Hanpumep, €Haandde GOJBLIIOrO KOJMHYECTRA TNpH-
Mecedl B pacl/aBe, H3 KOTOPOro BeleTc KPHCTRJJIH3AUHT, MOXET
IEPHBECTH K BHEAJIEHHIO KPYNHHX YacTHU BTOPO# (asH. |

JryxmepHbie Ae@exrTH TakXKe MOTYT OWTh CACACTBHEM Hald-
gpA npHMecel B paciinase,

JHcioKauHH BOIHRKAIOT B pe3yJbrare maacTHIeckoll nedopMa-
ILHA KpPHCTaljia B Npolecce pocra HAR NPH NOCAeNyIOmHAX obpa-
bSorkax.

Towegnsie AedeKTHl MOTYT NOSBUTBCS B TBEPAHX TeNAX Beaed-
cTBHe HarpepaHug (Tensossle degpexrsr), o0ayueRHS GHCTPHMH
gacTHiaMH (paduauuonnsie Jegexrot), OTKIOHEHHH COCTaBa XH-
MHTECKHX COSAHBENHH OT CTeXHOMETDHH (CTextoMmeTpuieckue Oe-
thexrot), naacraveckodt pehopManun.

3.2. TENJAOBLIE TOYEYHBIE AEPEKTDHI

MexannaM BOSHMKHOBEHHS TEPMOJMHAMHUECKH  DABHOBECHHIX
ToueHbIX nedexroB Brepenie G upemtoxen S, M. dperkenew,
Bregennnie nM npeacTaBaeHHSt IPOCTH ¥ HATIRHH.

B ¢usuxe xopouro uaBecTHO wBiACHHE cyGJMMAIHH — HCIApe-
HHst TBepABIX Ted. Ylaa noBepXHOCTbIO TBepABIX TEJ, Tak Ke Kak R
Hajd [OBEPXHOCTBIC MHUAKOCTH, BCErZa CYHIECTBYET «NMap», COCTOSA-
IGHA A3 aTOMOB JAHHOTO BeliecTBa. ATOMH, 06DA3YOIIRE MOBEpX-
HOCTHBHIA CNOH KPHCTaNNd, MOIYT BC/AGACTBHE HArpeBaHHs KpHOG-
PETATh KHHETHYECKYIO 3HEpPTHI), LOCTATOMHYID AJS TOIQ, wTOGH
OTOPBAThCE OT NOBEPXHOCTH M IepedTH B OKpYXKaiolee IPOCTPaH-
creo. H. M. ®penXens npefmonomHA, UTO TAKOH OTPHB MOXET
HMeThr MECTO HE TOJIBKO JJIR TMOBEPXHOCTHHX 2TOMOB, HO H AJA
aTOMOB BHYTPH KpucTajna. JleACTBHTENbRO, COTAaCHO OCHOBHLIM
NMPHHUHOAM CTaTHCTHYECKOH (H3AKH, ZKaxe B TOM CJAy49ae, Korxa
CPenHAA KHHETHUeCKAs SHEPTHH aTOMOB OUeHb Mana, B KPHCTaJIe
BCETAQ HARJETCHd HEKOTOPOE KOJHYeCTBO ATOMOB, KHHETHUeCKas
SHEPTHs KOTOPLHIX MOKeT OblTh OMEHb BEJHKA; NPH 3TOM B COOTBET-
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CTBHH ¢ BEPORTHOCTHAIM XapaKTePOM. STOro
ABJICHAR JMIOGOH aTOM KpHCTaJjia B TOT OO0 OR®
HJIH HROH MOMEHT BpeMeHH Mox{gr mproG- O O OO0
€CTH SHEDPrHIo, 3HAUYHTENBHO GOJBIIYIO,

ITZ,IEM CpeaHdas KHAeTHYeCcKaf SHEPrHd aro- O O o,%o o
MOB KpHucraaja, Takol aToM Mmoxer - O00 Q0
TH K3 CBOETO DABHOBECHOrD NOJOXKEHHH,

T. €. H3 yana pewreTkH. Ilepememasce mo O O ON®
KPHCTANJY H NepefaBaf -3HEPTHIO OCTANb- - _

HLM aroMaM, OB 3aduMaeT HOBOe paBHO- Pue. 3.1 Jledexr no
Becsoe mostoxenne, Eciust see Gamkatimne Dpemxeato

Y3JIH PelleTKH 3aHATH, TO OH MOMET pas-
MECTHTBCH TOABKCG B MeXpoyanud. OcraBmufica NycTHM Yaeda pe-
HIETKR [OJIyIHJ] HasBakke BaKaHCHE. ToueuHune fAedekTh 8 BHe
COBOKYNIHOCTH ATOMOB B MEX[AOY3JHAX W PakaHcHi HaswBapT de-
gexramu no Ppenxearw (puc. 3.1).

[Napusie pedexTt PpedresNs BO3HHKAWT Jerde B KPHCTAA/ax,
coliepKalux CONbIIHE MeXKATOMHBE TPOMEXKYTKH, 1éM B IUJIOTHO-
YEAKOBAHHHX. B nociefrsx A8 MeXAOY3eNbHHX 4TOMOB, NOOpOC-
TY roBOps, HeT MecTa. IlpuMepoM KpHCTaiNIOB HepBOro THMA 8-
ASOTCA KPHCTANAM O CTPYKTYpOR 2iMa3a H KAM2HHOR COJH, A
. KPHCTaJAJMOB BTOPOTO THNIA - METaAJH ¢ nAoTHO! ymakoskodl, Tax,

HANPHMEp, MANOBEPOSATHO BCTPETATh NPH OOGHUAKX YCAOBASX MeXK-
AOy3eJIbHEE aTOMH B rpadenentpApoBaHsbX (T'I1K) wmeraanax.
EfRHCTBEHHHM THOOM MEXAOY4€lbHHX AaTOMOB 37€Ch SBJSIOTCS
JHIb MaJhe OPAMECHHE ATOME, TaKHe, KaK aTOMH Gopa, yriepo-
Xa, a3zoTa.

B T'HK-pemerke oHH 3aHHMAIOT BechkMa ‘TecHHE TETPasjpHye-
cKHe Mexjoyssua tHma (1/4, 174, 1/4) daau HecKoswKo Hosee npo-
CTOpHHE OKTasfpaueckse THna (1/2, 1/2, 142) (puc. (3.2).

B of6BseMBo-nenTpHpoBadHOi KyGuweckodir (OIK) pewerxe
HMEIOTCH MEXAOY3JHA ¢ TeTpasApHIeCKoN CHMMeTpHeH THIA
{12, 1/4, 0), a raxKe HeCKONbKO MeHee MPOCTOPHHE MEeXIGY3JHs
tura (1/2, 1/2, 0} u sxpuBaMeHTHHE HM MexJIoy3ddns Tana (1/2, 0,
D) (puc. 3.3).

IoaynpoBonstka co CTPYKTYpo# anMaza, BIOPHHTA, HHHKOBOH
O6MaRKs # OJN3KHX K HAM SBASIOTCS OTHOCHTEJNBHO DPHXJNMU.
OHn cosepixar Gogblliie Me)XaTOMRHe NYCTOTH, B KOTOpHX MOTYT
JIETKO Da3MeINaTbCH MEXAOY3eJdbRHe aTOMbl. MexAoysiaus B

' CTPYXTYpE aiiMa3a HMeWT TeTpasipHuecKoe oKpykenue. VX pac-
OJIOXKEBHE HIMIOCTPHpYeTCs pHE. 3.4.

Ilo BOSMOXHOCTH Pa3MEIIEHHs! MEXIOY3edbHHX ATOMOB CTPYK-
TYPH € HORHOH CBfI3HI0 3AHUMANT [POMEKYTOYHOE MNOJOIKEHHE
MEeXAY NNOTHOYNAKOBAHHHIMH METAJJAMA ¥ NOJYNPORORHAKAMH C
KOBaJIeHTHOR CBA3b10. HecMOTPA Ha TO, MTO reoMETPHS peuleTKR
OCTaBJAeT AJA HUX HEKOTOPOe NpPOCTPAHCTRO, HOHH YACTO CHABHO
PasjuuaOTCH N0 06BEMY 4 B pesyipTaTe YNAaKOBKA HOJYyYaercs
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Puc, 3.2. Pacnionoxense Mexa0- Puc. 3.3. Pacnojoxende Mex-
yaaut 8 [LK-permetke: x — noyaanfi B OLK-pemerke: x —
TeTpasEpHISCKHe, 0 -— OKTa3E- TeTpa3ApHuecKHe; O — ORTa-~
pHTECKHe S/IpHYECKES

LOBOABHO-TaKH NNOTHOH. [l09TOMY BepoATHOCTs NOABJEHRS MeX-
HOY3EJbHEIX ATOMOB B HOHHEIX COeIAMHEHHMAX CHJIBHO H3MeHseTCH
'OT OJHOTO BemecTBa K JIPYroMy.

Kpome mapuux aedexron, nmo (QpenKemo, B KPHCTalJax HMe-
I0TCS W OAYROYHHE TO4YeyHHe fe(dexTH —— BAKaHCHH, BIepBHeE
paccMorpennne B. Ilorrxa (puc, 3.5).

Hedektn no LWloTTkk 00HIHO BCTPEyalOTCH B KPHCTANAAX C
HJIOTHOR YNAakKOBKOH aroMoB, rfe o00pa3oBaHHe MEKJAOY3eJbHHX
ATOMOB 34TPYIReHO H SHEPIeTHUeCKH He BHroano. Ilpomece ofpa-
30paHdsa Ie(eKTOB B TAaKOM KpHCTaNNe MoOXeT NPOHCXOAATH cle-
Ayomau ofpasoM. HekoropHe aroMbl H3 NPHNOBEPXHOCTHOTO CJIOA
B PEe3VAbTATE TENJOBOro ABHMXKEeHHA MOTYT OKAa3aTbCHd B COCTOHHWH
«YACTHINOH» AHCCOUHALKH, T. €. OHH MOCYF BHHATE M3 KpHCTaJIJ'Ia
Ha nmoBepxHOcTR (pHe. 3.5). O6pasoBaBmasics BaKaHCHS MHUTPHPY-
er 3aTeM B 0fbeM KpHCTaAJa.

OGpazopanne gedextor mo IlloTTkH yMeRBUIZeT NJAOTHOCTB
KPHCTAJNIa H3-33 yBeNHUeHHA ero eGheMa NpH mocrosiHHoR Macce,

o

OO0

"y

OL
OO0

Qe
Q
Q
elelolele)

000

Prc. 34.  PacnojomeHue Puc. 3.5. Medexr no
TETPAIAPHICCKHE MO AOYS- llorTre
Agft B crpykType  ajamasa:

X — MexAOYalHe; o© —
. artoM
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Ilpn obGpazcepansy fedexkTor no PPEHKEND NJIOTHOCTh OCTAETCH
HEH3IMEHHOR, TaAK KakK ofbeM Kpucranda He u3MmeHsercs, HsMepe-
HRA NAOTHOCTH CBH,EETCJIBCTBYEOT O TOM, 49TO, H&l’lpHME’p, AJId 9BC-
THX ILeJ0THO-TANOHAHBIX KPHCTAJJIOB AOMHHHPYIOIDHMH AedeKra-
MH SBIATCA FedekTHl no [lorrkH, a AAS YHCTHX KpHCTAJJIOB
rajioreHuioB cepebpa — pedexkTH no Ppenkeno,

3.3. PABHOBECHAA KOHLUEHTPAUHA TOYEMHLIX JEPEKTOB

O6paszoBanHe ToueyHHX RedeKroB TpebGyer 3HAUMTEbLHEIX 3a-
TPAT BHEPTHA. JTa 5HePrus HAXOAUTCH B NPHAMOH 3aBUCHMOCTH OT
NPOYHOCTH XUMHYECKHX CBf3efl ¥ IPONOPUHOHKANLHA 3REPrau CBH3H
B KpHcraine. Tak, 9rofH co3paTh BaKaHCHI0 B KpHCTaJJe repMa-
HHS HAM KDeMHHS, RaJlo pasopBarTh UYeTHpPe KOBAJIGHTHHe CBH3H.
BHuichaeHHsy NMOKA3HBAIOT, YT0 SHePTHs oO0pa30BaHNA BaKaHCHH B
repMaHun paesa npAMepso 3,2-10-9 Jx (2 3B), a 3 KpeMHUR —
3,7-10-9 Hx (2,3 3B). Ognaxo, HecMoTps Ha 3T¢, NPH OTHOCH-
TeJbHO BHICOKHX TeMnepaTypax cyniecTBoBazHue nedeKkToB WBJSieT-
CHl SHEDreTHYeCKH BHTroAHHM. [leno B TOM, 4To BReAeHHE fedeKros
He TOAbKO YBEeJHUHBAET BHYTPEHHICIO SHEPrHi0 KpHCTAMIa, HO R
YBeHUIHBART €ro 3HTPONHIO. Takum ofpasoM, Ang 3apaHHoll Tep-
MOAMHAMHYeCKO) TemneparypH 7 ceoGopHas sHeprua F=E-—T S
MHHHMaNBHA NPH HEKOTOPOH KoHuedTpauwu gedekror. Hocmeanas
onpenensercs (GajlaHcoM 3SHEPreTHYeCKoR H IHTPOHNHHHOA COCTaB-
agiomwyx F. .

B ofmem caygae Kpuctaas coaepkur u AedekTH no dpenxe-
a0, U gedextw no Ilortkd, OpHaxo IpeobaafaoT Te HApyHIEHdAd,
I8 o6pa3oBands KOTOPHX Tpefyercs MeHbinad SHeprHs.

TlpeanoroxuM, yro UMeeTCR JHUIL OfHH THI Ae(eKTOB, HANpH-
Mep, pedextH no Ppenkento. Kpome Ttoro, OyAem cuHrark, 4T0:
1) ofbeM KpHCTANNA He 3aBHCHT OT TeMNeparypH; 2) pedexrw me
34BUCAT APYr OT ApYyra; 3) uacToThl Koje(aHHH aTOMOB B pPeUIETKe
Ile 3aBHCAT OT HAJMHUAA BAKAHCHA WJIH MEXJOY3eJbHBIX aTOMOB,

OGosnaunM Ep — 3Hepruio oOpa3cBaHHs napu Ppedxens, a
N v W — uucna aTOMOB # MEXJOY3JHA B KPHCTaJLle.

[Tycrs npr onpepesieHHol TepMOAHHAMHYeCKoA TeMneparype T
H3 Y3103 B WMeXJ0OY3aJHR NEepeniio n ATOMOB H, CJefoBaTeNhHO,
BO3HHKNO CTOJMRKO 3Ke BakaHcHii. OGpazoBaH#e Le@EKTOB CONPO-
BOXK/AeTcs PA3YNOPAJOUEHHEM DACNOJOKEHHS ATOMOB B KpHCrad-
Jie H MPHBOAMT K YBEJHUEHHIO SRTPONUH XpHCTAANA S!

S=xplnW, (3.1)

rie Kg — mnocrosHxas DomsuMana, W — repMopudaMmuHuecKasn
BEePOATHOCTb, NpejcTaBagiomasn cobofi uHelo €nocofoB, KOTOPHMH
MOXeT GHTb OCYMECTBAECHO JaRHOE COCTOSHHE CHCTeMbl. B TeopHu
TOYeURHX Ae(eKrToB 3TY 3HTPONUID YACTO HA3HBAOT KORGHTYpa-
IRoHHOM, TaK KaX OH& CBA3aHA ¢ MepepacnpejeneHHEM aTOMOB B
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TBEpAOM Tene. YHCno cmoco0oB, KOTODHIMM 1 BAKAHCHA MOXKeT
OuTh " pacnpeneseno o W ysaaM, onpelellsercs BHpaXeHHeM
N
Wen 0o, - (32
{(N-n)In! ' (32)
ARQJIOTRYHO 3aMHIeM YHCIO cNocoGOoB, KOTOPHMH fi aTOMOB MOLYT
OHTH pasMelleHH B0 N MeXAOY3NHAM:
N
Wi oo 3.3
(N'—n}inl ~ (32)

YBednucHHE KOHPULYPAUUORHON IHTPORUL B PEIYJbTaTe obpa-
sopanus nedexros ©perkens onpefensercs CAEAVIOMHM BHpaKe-
HHEM!

N1

Sralln W-Hin W] —xp | 1ot

i ] 34

Henonvays npubamkennyio dopMmyny CrTHpanHTa, KOTOpas HpH
GoJpltAX 3HAUEHHAX X MOXKeT OHTL 3anHcaBa B BRI

In x!=x(In x-—~1},
Bmecto (3. 4) HOJYIRM
S=xz{N In N (N—n)In (¥N— /ﬂ]—-ninn
H-xp[N’ In N'— (N'—n)In (N'~—n)—ninn]. '(3.8)
Ecnn va ofpasoBanme opnoro gedexta nmo PdpeHkenaw 3zarpa-
uynaercs sueprus Ep, To ypelHueHHe BHUYTpeHHell sHeprAH KpHC-
Tanra APH 06pa3oBaHny # ZedeKTOB COCTABHT

E=nEgs.  (36)
3anumeM Teneps BHpameHHe anag cBofOAHON 3HEpTHH

—n Ep—xg T{[N In N— (N—n) In (N—n)—n In n] 4
" T—l-_, FN* 1:{1[N'_n (N’-—(n} lnn()Nl’l—(—-n) -rf)n Innnil };-;] 3.7)

B cocTOsHME TenjioBoro paBHOBECHA cROGOAHAS IHEeDPrHA JOJKHA
OHTL MHHHMANbHZ IO OTHOINEHWIO K H3MEHeHAW #, T. €. JOJXKHO
BHIOOMHATECA YCJIOBHE

( dF

= ) . =0, (38)

INocne muEaMH3auRH CBOGOAHON SHEpPIrHR, onpejelsieMofl BH-
paxerdeM (3.7}, H COOTBETCTRYKINHX NpeobpaloBaRHR NOJYUHM

Ez=raTln{ (V—n) (N'——n) ) | (3.9)

n?
RJIH
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n? EF
(N (N'—n) wexp( _".;;f') . (3.10)

Otciona HaXOARM uHea0 nap Pperxens:

n=7V (N—n) (N'—n) _exp'( — -2—% ) . (3.11)

Ecau yueers, wro n&N 1 nN’, 10
N Ep )
n=FTNN exp.(- TN (3.12)

Ecau 3a N u N’ OpHHATL COOTBETCTBEHHO YHC/IO Y3J0B M MeX-
NOyanaf, IPHXOAAIIMACH KA eXHHHYEEE 00LeM, HanpuMep, Ha 1 oM8,
1o n B (3.11} u (3.12) mpexcraBysier co60# . KOHUEHTPALHIO Nap
Mpengens. QueBuaHO, yTO KOHNEHTpanua nap QpeHKeas pasHa
aymo npy T=0 K H 3KCMOHEHUHANBHO PAcTET C TEMIEDaTYPOH.

AHaJOrHYHEE TepMOAHHAMUYECKHN pacyeT MOXer OHTh IpoBe-
HeH B AAA BHUHCAeHEs KonnenTpanuu aedekros no Iorrke.
Wsmenente cBoGoARON 3HEPTHH KPHCTAJIa, copepxailero N aro-
MOB H #t BAKAHCHf, B 3TOM CIY4ae COCT2BHT

M
(N—n)!n!

rae Fy — sHeprusi ofpasopaHdd Bakancuu. HMcmodpsys dopmyay
Crupansra u ycaosue (3:8), monyusaM

Feant Ey—xgTln (3.13)

Ey=rsTin =2, (3.14)
Orcoaa npa n<N HaxouM |
. E'V' i
n=N exp( ke T ) . (3.15)

B orarure or coorHomeRHa (3.12) sxech B. 3HEDTHH AKTHRANHU
wer MHOXHuTeast 1/2, TIpa BHUNC/IERRA KOHNEeHTpauuu nmap Pperxe-
Js OH TMOABJAETCA H3-3a yueTa OJHOBpeMeHHOro ofpasoBaHus ae-
{exToB IBYX THHOB B PaBHHX KOJIHYUSCTBaX.

OnesyM OTHROCHTEAbHYI AOAK BakaHcHi Vé%.-, HalpHMep,

ANA MEAH IPH TepMoaWHaMuueckod remnepartype 1000 K. Dueprus
ofpa30oBaKHs BaKaHCHH B MeAH CocraBaser ~ 1,6.-10-1¢ JIx. Ha
(3.15) caeayer, uro '
Ev

!C_BT

310 o3Hayaer, ¥T0 NPH RAHHHX YCJNOBHAX OJHA BaKaHCHA NpHXO-
AurcA npuMmepHe #a 108 ys/ioB pelleTKH.

n
V=?=exp( — ) 22 1073,
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[Ipr suBoze BHpaxenuit (3.12) ® (3.15) mpemmoaaranocsh, uTo
KONeOaHHA aTOMOB B pElieTKe He 34BHCHT OT HaAHYHA BaKaHcEd
HIH MeXIOY3eAbHHX aToMoB, OAHaKO #CHO, YTO BGJIM3H BAaKaHCHH
HIH MeXA0Y3eNbHOro aToMa NPOHCXOAHT HEKOTopoe HCKaXKeHde
CTPYKTypH. BeaencTeHe 3T0ro 4actorH KodeGaHdll aToMOB B HCKa-
JKEeHHHX o8JacTaX MOryT OTJHUYAThLCA OT YacTor KojelaHHA B HeHa-
pyIIeHHO#d ‘yacTH Kpueraaaa, Urofu ydecTh 3TO, IpH BHYHCIECHUH
cBOGOLHON 9HEPTHH KpoMe KOH(HIYPADHOHHOH SHTPONMH BBOAST
€nme OoAWH SHTPONMHEHHEA ulNer -— TepMuiecKylo (uAu TEnA08Y0)
aurTponuro Sy, XapaKTepH3VIOMYIO YHCAO PABHOBEPOATHHX CHOCO-
0B, KOTOpPHMH 3Hepruf KpHCTajiJa Moxer OHTb pacnpejeldeHa
MeXAY KONeOaHHAMH C PA3JHIYHHMH 94CTOT2MH. _

Ecnu B6nmsu BakancHu uMeercs 2 GnuMafiimx coCefRHX aro-
MOB € gacToroft KqueGaHuR v/<Cv, TO NPH HAJNHIHH 7 BAKaHCHA B
KpHCTallle BOGHHKZET M2 OCHANAATOPOB ¢ uwactoToll v/ u 3N—3n2
OCUMANATOPOB ¢ YacToTod v. Pacuer IoKaiawBaeT, YTC yBeJHTEHHe
TeNNOBOR SHTPONHH B 3TOM ciaywae (Iipn o6pazoBaHHH 1 BaKaH-
cHA) cocTaBager

-Srerchln(%). | (3.16)
Vuyuprweaa (3.16) npm 3ammcH BHpaxedHa AAA  cBofomuo#

PHEpT¥A H NpPOBEAA PacueT, aHAJOTHYKHE ONHCAHHOMY BHINE, IIO-
JyquM BHpaxenue Aias xouneHrpamrm jedexrop nmo lorrxu

v o\ (___ Ey ) _
n=aN'(? ) exp T ) (3.17)
Anajorneho fas KouueHrpaumu AedextoB no Ppenkedio
~f v \® ( Ee ) \
n=Y NN (?) exp -—t~——-—-2xBT . (3.18)

Onenxa 3HaveHult kosbduumentoB (v/v')* Al HEKOTOPHIX KpH-
cramtos GHna chenasa Morrom. Okxaszaiock, HampuMmep, 4ro
{viv'}* 264 nas NaCl.

[pu 3HauuTenbHOM KOHIEATP2U#¥ BAKAHCHR B KpHCTaJuie Ipo-
HCXOAHT HX O0BLefidHeHHe B NHBAKAaHCHH, TpHBakaHCHH H Ooxee
CAOKHHe KoMmiexcs, Tagum obpasoM, MoryT ofpadoBarhc H
Mukponyerotk (mopa). O6beguHenne BAKaHCHA B BaKaHCHOHHLE
KOMILIEKCH BHIWBAETCS YCHOBHAMH TEPMOAMHAMHYECKOTO paBHO-
BeCHS .CHCTEMH, TIOCKOJLKY 3HEpPrus nojHBaKaHcHii Beerja MeHbIDe
SHeprEH 06pa3oBaHHA cOCTABAAIOIIHX HX MOHOBaKaHcHA Ha sHep-
THIO CBSSH NOCJeLHAX B KoMiexce. Tak, HampHMep, sHeprus o6pa-
30BaHHs AWBaKanchA Ev, MeHplDe sHepran o0pasosaHEs ABYX

BaKaHcKfl, a KMeHHO ,
Ev 2==2 Ev—E., (3.19)

rie E.— auweprus CBS3H BAKanCHN B NHBIKAHCHH.
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OfoznaguM #; aecao ofpa3zoBaBuIdxcH Ausaxarcui. Ecan xoop-
AVHANHOHHOE WACHO PaBHO 2, To uMeerca N 2/2 cocegnux nap
y3/710B pellleTKH B KPHCTAJae, IO KOTOPRIM o AMBAKAHCHH MOryT
fHTE pacnpefesieRH CACAYIOMIEM HHCIOM CIOCOGOM:

Nz
W= (T) ! . {3.20)

( %—w—ng )!ﬂv_}l

Ucnonraya ToT ke npueM, uro & npd BHBoge dopmyn (3.12),
{3.15) Ge3 yyera TeNJIOBOR SHTPOIHH, NOJYUHM

E
Nz v,
m=g-ep( — 7). 321)

Tlpuuumag Bo BHuMaHHe (3.19), HalaeM COOTHOIEHHE MEXAy KOH-
neRTpanuel AWBaKAHCHE H KOHLEHTparWeHd MOHOBAKAHCHI:

— K: ff_..
na 4 xBT nBT z KBT
— == = om 2 . 2
Vim gy =3¢ ¢ g ¢ (3. 2)
Takum ofipazom,
E
V2 2 EBT
— =2 . 3.23
Vv 2 Ve ( )

n
3nech, KaK H panee, Vm—,»,vv- ofio3HAYeHA OTHOCHTEIbHAA KOHUEHT-
] )

pands BakaHcHf, &8 Vo — OTHOCHTEJbHAA KOHLEHTPAINHA AWBAKAH-
cHE. :

Mz (3.23) enenyer, nampumep, ut0o aas [ HK-pemrerku, rae
z=12, COOTHOWmIeHHe MEXAY KOHUEHTPALHURMH ABYX THNOB aAedek-
- T0B MoxeT OHTh 3anHCaHO TaK:

Va ( E, )
% 6 Vexp P (3.24}
3nech wmHOMuUTENL 6 npeacrapnsier cofoff  YHCAC HEIABHCHMEX
" opueHTauull XoMNAeKca B pelletTxe,

Ananorauno Tomy, Kak OO NMOJAYYeHO BHIpaMeHHe IJA KOH-
HeHTPAUHH AHBAKAHCHA, MOXHO NOJYUHTh COOTBETCTByIOmiMe ¢hop-
MYJAH Jaf J1io60ro KOMNJNEKca BakKaHCHE HIH MEeXLOy3eJbHHX
4TOMOB: :

E
2

Vo2 Gy Ve ™
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. A3 =gT ¥y
Vi=—— =3 Vie e

n N T
Vi=—g-=CiVie © e ™ e ” (3.25)
rie E E. 'H T. K. — AOMOJHHTENbHHE 5EePTHH ¢BA3H. Hanpumep,
E., — nouonnnrenbﬂasi 9HEPIHA CBA3H KOMIJEKCA H3 TpexX nedex-

TOB IO CPaBHEHHIO C SHeprueil CBH3M KOMILIEKCa W3 ABYX Ae(exToB.
Kom6uiatopunie MuOXuTead Cy, C3 B T. A. HAXOAAT NYTeM KO-
c4era uYHCiA He3aBHCHMHX OpHeHTanHi KamJAOro KoMnnekca.

B peassHHX KpHCTaAJax BCETA2 HMeEIOTCA NPHMECH YYXKepoh-
HHX aToMoB. [IpH Haluauyd TOYeTHHX AedEKTOB (BaKaHCHA H MeX-
AOY3€1bHHX ATOMOB) BO3IMOXKHO 06pa3oBanye XKoMIIekcoB pedexT-
nprMech. Ecrecrsenno, uro ofpasopaHEe TAKHX KOMIIGKCOB Onpe-
AedseTcd Kax KOHmeHTpaudefl NpHMeCH, TaX H  KOHUEHTpauued
" pedexkroB. B, yCAOBHAX TepMHYECKOTO PABHOBECHA XKOHHCHTPALHIO
TaKdX KOMILIEKCOB MOMHO OTDENeJHTh TAKHUM KE METOAOM, KaKUM
Mbi HOABL30BAANCH IPH pacCMOTPeHHH Bakadcu#l H nuBakaHcHi, Tak,
A5l KOHUEHTPalUHH KOMIJIEKCOB BaKAHCHR — arOM HpHUMECH B y3le
HMEeM

]OEC —2Vesp( fr ) (3.96)

3aecy C u /[, ofo3HaueHH KOHLEHTDAUHH KOMIJIGKCOB H aTOMOB
TPHMECH, BHPaKeHHHE B ATOMHHX JAOASX; 2 -~ KOOPAHHANHOHHOE
YHCAO aToMa npuMecH; FE.— 3HeprHs CBA3H BAKAHCHH C aTOMOM
MpEMeECH.

B sueprmio cBssw JedeKkTa ¢ NMPHMECHIC BXOAAT JiBe OCHOBHHE
COCTAB/IAION{HE: IHEPrUA IAEKTPOCTATHUECKOrO B3BAHMOXEACTBHSA
MeXAY MPHMEChIC H JAe(EKTOM ¥ H3MEHeHue 3Hepruu actdopmanud
BOKPYr' IpEMecHOTO atoma. Ec/ig aToM NpuMecH oTJAuYaercs no
paaMepy OT aroMa pacTBOpHTENns, T0 AedopManus OKpyKalomed
ero obaacry Moxker OHTh yMeHbilleHA mpH noMenieHun Aederra
panom ¢ aTHM aromoM. Clelyer OXHAATh, 4ro BakaHcHH OyayT
NPHTATEBATLCE K 30HAM CHATHSA, a MEXAOy3eAbHuE aToMH — K
30HaM pacTaxeHus, Pacuet sHepruyw cBsiaw aedexra u npnuecu
TIpeacTaBaser cobof CAOKHYI0 sanauy.

3.4, TENJOBHE AECEKTH B BHHAPHBX KPHCTAJUIAX

B GuHapHBIX KpHCTa/ax, HaUDHEMep [pocrefimrero Tuna AB,
Aederrt o Ppenremo u aedpexrw mo IIoTTKH MOTYT BO3HHKaTh
KaK B moApenierke A, Tak W B noapenierke B. Ilpu atoM soaMoxHO
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obpasoBaHne CAeAYIOIIUX THNOB TOYCYHHX AeexToB: 1) BaKaHCHH
B MojipeiieTke A; 2) BakancHH B noapemerke B; 3} napHue pedek-
TH (BaKaHCHS W MEXA0Y3eJbHHH arToM) B moapeureTke A: 4) map-
Hele pederTH B moxapeierke B; 5) atomMm noapewetxu A, nomas-
mAe B MeXI0ysnua noizpewerkd B; 6) aroMme noapemerkn B,
pHEAPeRHHE B MEXAOYy3JAHs moapemlerkd A; 7) aToMH mofipeluer-
w# A, nouaBlIMe B BaKaHCHH moapeinerkd B; 8) 2TOMB noapellKu
B, 3aHAMai0UIHe BaKaHCHW nofpeirerky A,

Takum o6pa3zoM, naxe B NPOCTEAINHX OHHAPHHK COEAHHEHHAX
cocTaB peekToB 3HAUYHTENBHO CJOKHEe, YeM B SJeMEHTApHEX
kpucraanax. Koamuecrso pasarusbix AeheKToB B GHHAPHHK KpH-
CTajJax CTAHOBHTCH ellle GOJNBUIHM, eCAM HMEITCs TPHMECHHE
ATOMH H CYIUIECTBYET BO3MOXHOCTh KOMAJEKCOOOPa30BaHus.

[Mpeanonoxum, 4To B KpucTaine GuHapHoro coeAuneHus AB
HeT NPHMECHHX ATOMOB H HMEeTCH 7;4 MEXAOy3e/bHHX aToMOB B
noapemerke A, 7z MEXKAOY3eAbHHX ATOMOB B NoApeilerke B H co-
OTBETCTREHHO Mps H Mlyp BAKAHCHH.

Bocnoan3oBaBilIHCh- IpHeMOM, KOTOPHH OHJ WCOOJB3OBAH MNpH
BHBOJAS BHpaxeHHs AJf KOHUeHTpauHu Aetdexros no PpeHkeno B
37€MEHTapHBIX KPHCTANAAX, H IONaras, 4T0 B KaxAoH moapeulerke
KOHHEHTPANHA BaKalCHA paBHAZ KOHNEHTPALHM MEXJOY3eAbHEIX
ATOMOB, MOJYYHM

— E e
ma=nya=V2 Na exp( —-w—“’:ﬁif—fm ) ; (3.27)
np=tea=7Y2 Ngexp ( — —E@g—gﬂ—) . (3.28)

3zech Fia, Eva, Eip, Evp — 9HEPTrUs 06pasoBaHufl MEAAOY3eIbHHX
aTOMOB H BakaHcufi B mojapemerkax A u B; Na u Ny — Kouuesr-
palMK 4TOMOB B KaxAoh noxpewerke. Popmyan (3.27) u (3.28)
nonyyeHu 6€3 yuera H3MEHEHHN TepMuvecKo# >HTPOIHM, CBA3aH-
HOTO C H3MEHeHHeM YacTOT KoJeGaHHfA aTOMOB NpH BO3HHKHOBEHHH
NedexTos, . T :

Buie orMewasoch, uTo B HOEHHX KPHCTAJ1aX OGHYHO BO3HU-
Kal0T He napHHe nedexktw no Ppenreno, a aedexrd no Ilorrxu,
Tak, nanpuMep, B HIENOYHO-TaJOHAHRX XKPHCTAMIAX . BaKAHCHS
AHHOHA (T. €. <OTCYTCTBHE OTPHIATENBHOTO 3apsfas) AefACTBYeT
RaK 3¢hekTHBHHE NOJOXKATEIbHHE 3apak. TTocKoNbKY KpHCTaaa B
LeNOM JOMKeH OCTABAThCA 3/eKTPOHeATPaJbHHM, KOHHEHTDAIHA
NOJIOKATEABHNY # OTPHUATENHHHX BAKAHCHE NOJXHH OHTH PaBHH,
OpHaxo NMpE HaMHYUH B KPHCTAJJe 3JeKTPOHOB HAM AHPOK, a TAK-
#e mpd 00pPa3oBaHHH CJAOKHHX ReeKTOB, T2KOE PABEHCTBO He
siBageTcH 06A3aTeabHEIM,

SJeKTPOHH NPHHUMAIOT YYacTHe, Hanpumep, 8 0o6pas3cBAHUE
TAK HA3LHBAEMHEX HeATPGg OXpacki B MeJOYHO-TAJOHAHKX KpHCTAaJ-
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® e aax. TIpocrefimu®t Takod mueHrp — F-
neHtp¥, uzobpamer Ha puc. 3.6, OH npes-
e @ crasiser cobofi aHROHHYIO BAaKaHCHIO, KO-
topaf, EMef 3(OQPeKTHBHHI NONOHHTETh-
® @ HHIA 3apsj, yaepxuBaer npu cebe cpoboi-

@_(—]—) e @ @ @  HHA 3JexTpoH. 3TOT 3JEKTPOH MOXeT mo-
' 'SBHTbCA B KPHCTaAJe, HAanDHMEp, B pe-

® @ @ @ @ e 3yJabTaTe HOHW3anu# H3OHTOYHOrOo aroMa
WeaoyHoro Metraada. Taxkod F-neHTp BH-

Pue. 3. 6. F-peurp B mMe-  3ypaer NOABJAeHHe HOJOC NDOTJolleHHHd B
JOTHO - TAMOHIHOM KpH-
" eranze BAEHMOA ofaacTu crekrpa. B peayanrare

aToro  OecUBeTHHE IXeJOYHO-raJIOHAHHA
KPHCTAJJI CTAHOBHTCA OKPAaIGEHHKIM,

ToyeunHe nedexTH B HOHHHX KPHCTAMI4X OK43HBAOT H0abllioe
BJAMAHHE HA 3MEKTPONPOBOAHOCTD, JAEKTPONPOBOJHOCTL MIEJIOYHO-
FaNOUAHHEX KpHCTAJJ0B OGYCJ'IOBJ'!EHa ABHXCEHHEM 33pAKEHHHX
TOYECUHHX Ae(eKTOB — BaxaHCHil, MEXA0Y3eJbHEIX COOCTBEHHHX
HId IDpUMECHHX HOHOB. [103TOMY ee HA3HBAIOT HOHHOH NPOBUAH-
Mocrbio. MayueHne HOHHON NPOBOAHMOCTH MO3BOJAAET NOJYUaTEH HH-
bopManyio 0 KOHUSHTPANHHE H COCTOAHHH TOYeuHhX Aedexros.

3.5, PAJLMALIHOHHBIE JESEKTH

Toyeunble aedeKTH, BO3HUKAMONIME Opd OGAYYEHHH KPHCTAMIOB
GHICTPEIMH HacTHRAMH (HefiTpoHaMu, NPOTOHAMH, 3JEKTPOHAMH),
a TAaKXe OCKONKAMH AEJNCHHS fjep H YCKOPEHHHMH HOHAMH, NMOJY-
9H/d HasBpanue peduayuotnsix dedexros. B oramune or TenJoBHX
pPAJHALKMOHHEE TOUEUHHE Ae(EKTH TepMOAHHAMHYECKH HepaBHO-
BeCHH, TaKk 4YTO NOCJ]e NpexpauieRus ofJAyyeHHs COCTOAHHE KpPH-
CTaM1a He ABJIACTCH CTALMOHAPHRIM.

PaccMoTpuM MeXaHH3M BOSHHKHOBeHWH pajiHalHOHHEIX Redek-
TOB NPH OOAYYEHHH KPHCTAJI0B HeATpalbHHMH H 3apsKEeHHHMH
OHCTpHME wactunami. [Ipoxoxaenue yacTul uepes KPUCTANN €O-
NpOBOXKA2eTCA CAONKHHMH NPONECCAMHU, CPell KOTOPHX OCHOBHHMH
ABJSIOTCA CAEAVIOUIHE:

1} ynpyree cTONKHOBEHHA GHICTPHIX YACTHIL ¢ AAPAMH aTOMOB
KPHCTaJI2; '

2) Bo30yxIeHue 3JEKTPOHHHX 000/704eK aToMOB KpHCTAIRa
H ¥X HOHH3AlHA; :

3) AfepHEHE NpeBpalleR#Ad — NEPELOL JaCcTH aTOMOB B KPHCTAN-
Jé B PAaZHOAKTHBHOE COCTOSHWEe M IpeBpamieHHe HX AOOJAE PagHO-
AKTHBHOTO pacraja B IPHMecHHEe IEHTPH.

B 3aBucuMOCTH OT NpHPoAH OHCTPHX YACTHL, UX 3HEpruH, a
TAKXe OT XapaKTepa CBA3H aTOMOB M ApYrux ¢Boficts of.ayuaemoro
KPHCTAAn2 OAHH TPOIECCH MOrYT npeobiajaTh HajJ JPYTHMH.

* Or meMenxorc die Favbe — mper, oxpacka.
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Inq BO3HAKHOBEHUS PAaAMANHOHHHX AehexToB HauGoabllee 3Ha-
YcHHE HMEIOT YIPYrHe CTOJKHOBEHWH OHCTPHX YaCTHE C aTOMaMH
KpHcraana. Ecid sHepraa, mepepanHas B pe3yabrare  YOPYroro
CTOJIKHOBEHHSI OT ABMXYImeERACS YACTULUH ATOMY MHIUEHE, [PEBH-
mIaeT HEXOTOPOE 3WayeHHe, TO ATOM MHWEHH, BREUTHA H3 yana
peljeTKH, OCTaBJSAA BaKaHCHIO, JBHKETCs wvepes Kprcraaa, Ham-
MeHbINee 3HaueHue 3Heprum F; Koropylo Heo0XO0AEMO nepenarth
OAHOMY H3 ATOMOB KpHCTanda, YTOOH OH 0Kaladcd B Saxkaiilied
MeXAOY3eNbHOH NO3HOHH, HA3HBAWT nopo2osoil suepeued. Ecau
SHepris, nepefaHHas aToMy OHcrpofi wacruuelf, Mesbme Eg,-To
cMeM(eHUA aTOMA HE IPOMCXOAUT, 4 BOIHHKAIOT JHIIL YIOpPyrae
BOJIHH, 9HEPTHS KOTODHX NMEPeXOJHUT B 3HEPTHIO TEIIOBOIO ABUXKe-
HAS aTOMOB, '

Onur mokaswsaer, uto £y MPpUMEPHO B ABa-Tpu pasa GoJble
3HEPrHH, HeOOXOAKMON nif afHaBATHYECKOTO RepeMeNleHds aToMa
B3 yaJa peuleTkH B Mexaoysaue, Tax Egz22 25 3B pas Goapnruk-
CTBA KPHCTAJJ0B, B KOTOPHIX SHEPrHA CBH3M aTOMOB COCTaB/ALT
npaMepHo 10 9B. Kaxnwuit atoM kpucraina, noayuuBiuad or SHCT-
pok vyacTHOH 3Hepr#io E>Es, MOXeT CMECTHTBCA B MeXJOy3JHE,
B pesyibrare yero 0AHOBPeMeHHO BO3HWKAlOT BAKAHCHA ¥ aTOM B
MeX[0ysarH. Tlpu atoM, ec/y 3HayeHHe IHEPTHH CMEUIeHHHX aTo-
MOB, ‘Ha3HBaeMHX QTOMaMU 0TOOXY, 3HAUMTENbHO npesnmaer £,
TO' JTH NEpBUYHBIE aTOMK ‘OTHAYH MOLYT, B CBOK odepefs, co3Aa-
BaTh BTODHYHHE ATOMH OTAAYH, BTOPHYHWE — TpeTHYHHE H T. B.
A0 TeX NOP, MOKA SHEPrHs CMeINEHHHX aTOMOB He NPHOAHIUTCA
K MoporopoMy 3HauerHio Eg TakuM ofpascM, BO3HHKAaeT KacKax
aTOMHHX cMelleHud (puc. 3.7).

H3 paccMoTpeHHOrC MeXxaHH3Ma CaelyeT, HYTO paAdankOHHBiE
TOYeUHHe fieeKTH B OTJHYHEe OT TeIJIOBWX, BCEr/la MapHHeE, T. e.
310 RederrH Ppenkens.

OteBHano, 4T0 BAGAL NyTH ABMXYymeficd dacTdne o6pasyercs
CHJILHO pasynopsfoueHHas o0sacrs (Ha puc. 3.7 ouepyeHa IyHE-
THPHO#A nunuelt). Paamepw # dopma 3710% 06A2CTH 38BHCAT OT
3HEPrRM, MACCH # NPHPOAN OGoMOapIEpYOIIEH 4YAaCTHIH, Macch
aTOMOB MHIIEHH, ee TeMIepaTypH H CTPYKTYPH Kphcraiaa. O6pa-
30BaHHe KacKafa cMemeHdd, KaK H BO3HHKHOBEHHE OTIeJbLHOrQ
Aederta Openrensn, TPOUCXOAAT 3a .

O4eRp  KopoTKoe Bpemsa: 1018
10-%-¢ Tlocne atoro mpoucxoaur Go- Kpucmana
Jee AadATeNbHH npollece peaakca-
OHY, ONPelelAOIHA B KOHEYHOM
cuere yHC/Io H paclipeienexne obpa-
SOBaBIIHXCH NedEKTOB, OT KOTOPHX
3apHcAT MHOMHE Gusnueckue - cnofcT-

Ba PBEpAOro Tesa.
B ouekn _ Pra. 3.7. CxeMaTHIecKOe
e YNPOILEHHOH  TCOpHH H30GPAKEARE KACKIAA CME-

Kunyrna — ITesa noayueno smpa- mennd,

Yacmuyn _
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KEHHE LV CPENHEND WHCAa CMEHICHHHX aToMOB ONHHM NepBHYHHM
HTOMOM ¢ sHeprueft Egq:

E,
T 9E;

(3.29)

Tpr shiBoge dopmynn (3.29) npeanonaranock, 4TO aTOME IpH
cOyAapeHHsX BeAYT Ce6si KaK TBepAHeE UIApH, CTOJKHOBEHHS pac-
CMATPHBAMACh KAK H3ONHPOBAHHHE aKTH YIPYroro CoyRapedHs
nByx vacrum. CyuTanoch TAKXKE, YTO NOCHE CTOJAKHOBEHHS ofa
4TOMa MOTYT Y44CTBOBaTh B JafMbHEHIIHX CTOJKHOBeHHAX. Kpome
tore, B Mojenn Kunuuna — [Iusa wHe yuurhBaorcs Kakde-amrbo
KOPpeNsnuH, CRI3aHHHE ¢ NePHOTHICCKHM PACIIONOXEHHEM ATOMOB
B xpucrajse, QopMyna (3.29) cnpapeanusa aaa EJ>>2 Eg.

Bo MHorHy TBepAHX TeNaX IpM KOMHaTHON Ui Jaxe Godee
HH3KOH TeMmeparype nepBHYHHE AedekTH (BAKAHCHH H MeEXAO-
Y3eMbHHE ATOMB), MHIPHPYSA 110 KDHCTAAJy, MOTYT AHHHTHJIADO-
BaTh IYTEM PeKOMOHWHALMY, a TaxKe ofbeRUHAThCH B Gojee ycTOf-
YHBHEe BTOpHuHHe AethekTH. OKoHuareanHHHA cocTaB AedekToB, ux
KOHHEHTpaNuusl H pacrmpejencHRe IO raybuHe MHUIEHH 3aBHCAT OT
YHCHA H pachApeleJieHHS DEPBOHAYAJNBHO CMeNIeHHHX aToMoB, 4
TaK¥e OT NpHpoAk KpHCTAAAA. '

Tipn HeKOTOPHX KPHTHYECKHX KOHHEHTPAIHAX palHALAOHHHIX
AethexTOB KpHCTANIHUECKOE COCTOSIHHE CTAHOBHTCA HEYCTOAYHBHIM
¥ TPOHCXOAHT nepexoxn B amopdHoe cocrosiuue. Tagoll mnepexon
uanboJee JerKo OCYILECTBAALTCA B 'rsep,uux Teqax ¢ KOBAaJEHTHHM
THAOM CBH3H.

3.6. IHCJOKALUHH

[Tpencrasnenne o JauHeAHWX pedekTaX -— JNHCIOKANMIX —
BO3HERM0 B Hawaie XX B. B pesyanTare pabor B. Boabteppu =
HEKOTOPHX APYr#aX HecnefopaTeself, H3ywaBLIMX YHOPYroe noBepe-
H{e OAHOPOAHOH H30TPONHOR CPEfH.

PaccMorpaM, HanpEMep, pe3uHoBHE uuiuHAp (pre. 3.8). Pas-
pemeM ero BAOMb NAOCKOCTH S
(puc. 3.8, a), cuecTEM Kpas
paspesa Tax, Kak NOKa3aHO Ha
puc, 3.8, 6 B B, H CKJIEHM.
Jlunus OO, oTnensomas ob-
JIACTh, '€ CABHI IPOH3OMEN, OT
obaacrd, rie CABATA He IPOH30-
U0, OOAYYHNIA Ha3BaHHe Juc-
AOKOL L,

Pue. 3.8, ObpasoBamHe mmc/oKa- B nauane 30-x ronos Il. Teg-

OnONAGH AHAHR B YIPYTOM HDEJHEL- JOp H ApYTHEe [DEANOJGKUIY,
pe YTO aHAJOTHYHBE JedeKTH MOo-

128


http://www.print-driver.ru/?demolabel-ru

N CROABIAUTR

. YICIT
“3C0Mb ‘
Bexmsop
gdfuza

' 1 Fagexoeme

CADAbIREHIUA

Puc. 39. Kpaemas pmucroxauns OO’, posmEmkitag B
pesyiibTaTe CABHTA

TYT CYMIECTBOBATH B KPUCTAJNaX. B OmIHYHE OT KJAACCHUeCKOR
yAPYToff CpeiH, rae OTHOCHTENbHEE CMELleHHA KpaeB pa3dpesa Mo-
ryT OHTL JOOHMH, B KPHCTANJaX AUCKDETHOCTb CTPYKTYPH M aHy-
30TPOOMA HAKJAXWBAKT OPAHHYCHHA HA X4PAKTED BO3MOMHEIX
cMemmenrd. 3Nech AONYCKAKTCA TOJHKO TAKHE CMEUISHHA, KOTOpHE
COOTBETCTRYIOT CBOMCTBAM CHMMETPHH KPHCTAJIHYSCKOR pellier-
ku. Ha, puc, 3.9 uaobpaxena gucnoxanus 00°, Bo3HHKHIZA B pe-
3yJhTaTe CABHTA waCTH KPHCTanjga Ha 0JHO MEXATOMHOE paccros-
HHe H NOKA3aHO PACUOJOXKEHUE ATOMOB B INIOCKOCTH, HEpREHAMKY-
JSPHOR AUHEH AHCAOKanun. Buano, WTO Ha n ATOMHBIX OJ0CKO-
cTel, PacmOJOMEHHHK HHKE IJIOCKOCTH CKOJBXKEHHd, NPHXOLHTCS
n41 naockocTh BHINE UNOCKOCTH CKOABMeHHH. duenoKamus 007,
npeacTaBasiomias cofoff «kpa#iy JumRefl noaymnacckecrn MNO'D,
noJy4YuNa HaspaHue kpaesod. Kpaesaa pucnoKanus NephneHAHKY-
AApHa BeKTopy cuBura. MoxKo mpeacTaBHTHL cefie, wro Kpaepas
JNHCJAOKauus o0pasyercsi, eCJH BCTABHTh AONOJHUTEALHYIO IJIOC-
Kocth MINO'0 MeskaAy IJIOCKOCTAMH HARAJbHOro KpHCTAJAaa.

Jx. BioprepcoM 6ulto BBejene npeacCTaBiaeHHe eme 00 OfHOM
tTane gHcaokauui. IlpeamosnoxkiMm, uro B KpHCTa/Me IPOM3BEAEH
CABHI Tax, Kak Iokazano Ha puc. 3.10, a. Junua ancnoxanuu 00/,
OTARNHIONIAA ofJacTh, rAe CABHI NpoHaoireN, or obaacryu, rie
CABHra He NPOH30WIO, 3AeCh He NepAeHIuKyaapHa, 2 NapalaeabHa.

a
l
!.
T
/’
Bexmop § < _
ciluea t 2 5}

Puc. 3.10, OGpazopaHie RHHTOBOR HHACIOKE-
. ILHH
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BekTOpy casura, Kpucraan m 37oM
c/ydae MOKHO IIPEACTaBHTh COCTOSA-
MM H3 OAHOH AaTOMHOW HJAOCKOCTH,
«3aKpY4YeHHOf» BOKPYr ANCROKALHY
00’, kKak BudTOBas JsecTHnua  (pwuc.
3,10, 6). Takas Aucaokauds Oulya
Ha3BaHa BUHTOBOW,

PacemoTpum Temepb cayuafi, Kor-
[Ja 30HA CABHTA QUPaHHYEHA BHYTPH
KpHCTaiyia He npAMofl Aubuel, a MPOH3IBOALHON KPHBOR (puc.3d.11).
Junus 00 Ha prc. 3.11 npeacrasnster cololt KpHBonHHERRYW AHC-
noxauue. B Touke 0 gucioKkangra mapajiiensHa BexTOpY CABHTA H,
cAegoBATE/BHO, MMeET BHHTOBOK xapakrep. B rouke 0 amiust
LHCAOKANHH NepleHJHKYAAPHA BEKTOPY CABUTA, T. e, HMeer Kpae-
Ayl opHeHrannio. Takde ANHCAOKAaNHH NOMYYHNH HasBaHHe CMe-
wWanHsix, :

JLas 06o3naueHus AACAOKALMH QOIMEr0 BHAA TPHHAT CHMBOR L.
B caygyae xpaeBolf AHCTOKANHH <«HOXKA» 3TOTO CHMBOJIA HANpaB-
JieHa B CTOPOHY  pacnofoxkeHda H30CHTOYHOTO Marepuand, Kak

nokasaHo Ha puc. 3.9.

Puc. 3.11. OGpasonanue
CMOIIaHHOR  AHCAOKAUMH,

3.7. KOHTYP H BEKTOP BIOPTEPCA
Onnofi u3 BaXHEALWIHX XapAaKTEPHCTHK NHCNOKALHH aBaseTes

HeKTOp CMemenna — sexrop Biopzepca b, onpenenseMuit cienyio-
UM 06Pa30M. _

PaccMoTpuM ABe KpUCTAaAJHYECKHE DeMIeTKH: OAHY PeasbHYIO,
cOZepXAamyo AeekTH pa3dJHYHOTO THIA, H JIPYIyH0 — HALANbHYIO,
He CoNepxXKamyw HHKakux ledexrtos. [IpexmoJoxuM, 9To B peas-
HOll pelleTke WMEHOTCH TOJAbKO HCKAKEHHA, BHI3BAHHHE YIDYTUMH
AedopmManHaAMH, TENJACBEMH KoJe0aHHAMHE aTOMOB H T. I. B stoM
ciyyae, HeCMOTPS Ha HeKOTOpHE HAPYINEHHS CTPYKTYDHI, MOMKHO
GesomufouyHO YKa3aTh, K KAKHM Y3AaM peLIeTKH HAEANLHOIQ KpH-
€TaJ11a OTHOCATCHA COOTBETCTEYIOMIME ATOME B peajJbHOM KpHCTaJJe,
B3zanmuo omro3nayHoe COOTBETCTBHE MEXAY AaTOMAaMH PeaspHOTO
# UNeasbHOr0 KDHCTAJIJIOB MOXHO YCTAHOBHTb H IIPH HaJH4M¥ B
peasibHOM KpuCTaJte TOweyHEX Aedekros. [IpH stom B paie MecT
peasbHOH pellleTKH aTOMH MOFYT OTCYTCTBOBAThH, B KAKHX-TO MeCTaX
MOTYT UOSIBATHCS JIHUIH¥E 4TOMBl, HO B OCTalbHOM oHa Gyaer co-
BIaxaTe ¢ HAeadbHoH, Jlo0ylo o6aracTh peasbHOro XPHCTANAd, TAE
MOXKHO YCTAHOBHTH B3aHMHC OJHO3HAYHOE COOTBETCTBHE C HJEalb-
HbBIM KDHCTAJAA0M, HA3HWBAalOT o6AacTbio XOpouiezo Kpucraaad.
Y9acTxmn, rAe TAKOE COOTBETCTBHME YCTAHOBHTh HeAb3f, HA3HBAIT
06MaCTBI NA0XOZ0 KPUCTAAAA.

Konrypom bropzepca HAa3HBAIOT 3aMKHYTHHA KOHTYp NPOH3BOMb-
HOH (opMH, UCCTPOEHHHA B peaJeHOM KPHCTaAJe, TaK, 4TC OT
aToMa K 4TOMY HepeXoAdT NMOC/JIEACBATENBHO, He BHXOAA #3 ofja-

130


http://www.print-driver.ru/?demolabel-ru

CTH XOPOMIEro KpHeTanla. YcTaHABJAEBAS B3aHMHO ONHO3HAYHOE
COOTBETCTBHE MEXKAY TOYKAMH KCHTYpPA B peanbHOM KPHCTalle M
COOTBETCTBYIOUIHMH TOUKAMH B HACAJbHOM KpHCTANIE, MEL MOMEM
MOCTPOHTL AHAJAOIHYHHA KOHTYp B uleanbHofi pemterke. Ecan B
pealbHOM KPHCTAJNe KOHTYP IIDOBEAEH BOKPYT  JHCJIOKAIHH
(puc. 3.12, a), To cOOTBeTCTBYIOIKA KOHTYP B MACANLHOM KDHCTAA-
Jie OKaspiaercA Ppas’oMKHyThM (pHe, 3.12, 6). UrtoOwm 3aMKHyTh

-
3TOT KQHTYP, ero Heo0X0AHMO AONONHHTL BekTopoM b (pHe. 3.12, 6),
HaspBaeMblM BekTopoM DBioprepca. Hanpasnegue Bektopa Biop-
repca onpeeasiercs CASRAYIOUIEME ABYMS YCJIOBHIMH:

1) ecad nosoxHuTeNLHOE HANPABJNEHWE JHCAOKAUHH BHOpanc
(npoussosbHo), To 06xon koHTypa Broprepca onpegpensieTca 1o
{IPABHIY NPaBOTo BHHTA;

2} pexktop Dioprepca uanpamiey oT koHeuHoH Touku B K ua-
vanbHOM Touke A (puc. 3.12, 6). Ha pue. 3.12, a 3a noJoXuTednb-
HOe HaNpaBlieRKe AUCJOKAIlHH HPHHATO HampaBleHKe elHHHUHOIO

[

REKTOpA ], KaCcaTeAbHOI'0 K JAUAHE MHCHOKAITHE B HanpaBaeHHOTG
32 NOCKOCTh JHCTA.

MoxHo naTe u gpyroe, >kBuBajieHTHOE OfipeAeNeHHe BEKTODPA
Broprepca. B peanpnoM kpucraide (puc. 3.13, 6) npomegem Io
IpaBuJay NPaBOro BHHTA KOHTYpP, KOTOPuf OHj Gbl 3AMKHYTHIM B
MACANLbHOM HCXOAHOM Kpuctaade (puc. 3.13, a). 3aMmblkaoulsi
BekTop AB npeacrasaser cobot pekrop Broprepca.

[Tockoasky AMCAOKALMA SIBASETCS TpaBnLel o6AaCTH MJAACTH-
YecKoro CABHra B KPHCTadNe, BeKTop Bioprepca ecth He uTo HHOe,
KaK BEKTOP CABHIA.

flocrpoenue xoutypa Dioprepca ans BUETOBON JHCAOKAHHH NIO-
Ka3aHo Ha puc. 3.14,

Bekrop Bioprepca kpaeBoRl AMCAOKAHHH NepReRRHKYASpPEH JH-

1

-
HHH AHCNOKAHHA. B cayyae BUHTOBOH AHCAIOKAIHE BekTOp b na-
paaneded JUHHH AUCAOKAIBH. ’

KOH'ryp Bloprepca MOXKeT GHTh CMeleR BICAL AUCAOKAIMH,
PAacTSHYT HWAH CHAT B PanpaBJAeHHH, HepNeHAHKYASAPHOM JHHHH

e 1 —
- 1 ¥
f' ,’f’ 4
1 F L 2
At 1. 5 Al 8 3
]
- g 9)

Puc. 3.12. Kontyp Ewprepca © peansmon (a} ®
HCXGAHOM HEeanbHOM KPHCTaane (6),
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Puc. 3.13. Bropoe nocTpoenEe woHTypa H BexTopa Bioprepea

JUACTOKAUEH; IIPH 3TOM BEKTOp Bloprepca ocTaerTcd [OCTOAHHEHM.
Bexrop Brioprepca moxeT H3MEeHHTHCH TOJNBKO B TOM CHAYyYae, eclH
NpH fNepeMellieHHE KOHTYPa B HOBoe NOJOMXEHHe OH Hepeceyer yua-
CTOK maoxoro kpucranna. CaenoparteabHo, duciokayua sdons sced
ceoedl Gaunbl uMeeT nOCTOSNNLLE 8eKkTOp bropzeprd, @ 3HAUUT, OHA
He moxcer obopsarsca Huzde sryrpu kpucraisq. QOpHB AHCAOKA-
IHY MOXKET OBTh TONBKO HA DOBEPXHOCTH KPHCTAJ/I3, HA MEKKDHC-
TaAAUTHON rpaHHue, HA Apyroll mucaokaumu. Yame BCero aucio-
KalHHu 06])33}?10‘[‘ B KDHCTaJne 3aMKHYTHE [MeT/dH HAH B3dHMOCBA-
3aHHy10 ceTKy (pHc, 3.15). Y3 npuBeleHHOrO BHILE ONpeNeNeHH:
BekTopa Dioprepca ciaelyer TaKike, 4r0 8exrop bBiopeepca 0an
KORTYPA, SQMbIKQIOUE20CRK BOKPYS HECKOAbKUX Oucaokayrld, pases
cymme gexropos Bropeepca ordedvtbly Jucaokayud.
-

Ecnu nuciokanus c sexropom Dioprepca by pasaensieres BHYT-
pH KpHCTa/Na ¥a HeCcKOJbKo JRCJAOKanRA ¢ BektopaMu DBioprepca
- =

bs, bs, .., b, {pre. 3.16), To ofigsareasHO BHIMOAHAETCH YCIAOBHE

bi=by+bs+...+ba.

2
-—-—v-n——--b—--b-—j {2_.-.—.---)---**4-3

a) 4)

Pre. 3.14. Konryp Brooprepca BEHTOBOR AKeTOKa-
UHA: & — peanbhHH, § — maeafbREHA  KpHCTAAA,
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- 63
b 5;‘
5
%
Pre. 3.15. Cetka amucaoxanall B xpHCTanne Pre. 3.16. TxcaoxalHoH-

Hu# y3en

-
Ecar Bce epjuHHYHEE BeKTOPH |, ompepensioliHe HaipabBlienye
IUCJAOKAIHT, CIHTATL BHXOISIIEMHE U3 JHCIOKALUKOHHOTO y3da, TO

3 be=0, (3.30)

Tl

T. €. HMeeTesl O4EeBHAHAA aHaJoTHA ¢ 3akonoM Kupxroda pas anex-
TPHIECKOTO TOKA,

B kpucrasnax MOryT CylecTBOBaTh B TaKue NuHefinHe nedex-
TH, KaK Len0YKM BAKAHCHA HJIH MeXAOY3eJbHBX aToMoB, fcHo,
yTO KoHTYp Dloprepca, mpoBeReHHEl BOKpYFr 00JacTH, CORepHKalel
TAKYIo UefloYKy TOHEYHHIX ARedeKToB, He OTJHYAEGTCHA OT COOTBET-
CTBYIONIEr0 KOHTYpa Broprepca, npoBeieHHoro Bokpyr Sesnedekr-
Hol obaacts. kpyruMu cioBaMd, JJIS IleHOYKH TOUEUHHX AedeKTos
BeKTOp Bioprepca paBer HYJIO H OTIHYEH OT HYJA TONBKO JJsd
RHCAOKaIMN. :

BekTtop Broprepca Beerpa sBasfercsl oJlHEM H3 BeKTOPOB TpaHC-
asuuf pemerkd, [TostoMy ero Monysas B HampapieHHe OTpaHHue-
HH PAZOM AHCKPEeTHHX 3HAaUeHHH, OnpelledsieMBX  CTPYKTYPOil
KPHCTAAIE.

38. HANPAJKEHHA, HEOBXOLHWMBIE 11t OBPAZOBAHHS
JAHCNOKAIUH B COBEPIUIEHHOM KPHCTAJJE

HAas Torc, utoGH o0pascBaTh AHCIOKZUMIO B  COBEPLIEHHOM
KpHeTande, HYAHO, KaK MBl BEARNM, TDOH3BECTH CABHI. B HEKOTO-
PO YacTH MJOCKOCTHE CKOMbKeHnA. CJefoBaTeNbHO, AAS onpene-
JleHHSl HaMpSXKeHuH, HeoOXOMMMEIX I o0pa3oBauds AKCIOKALMH,
NYKHO BHYHCIHMTE Be/HYHHY Tresy — MPOYHOCTH CABHMA B COBEp-
UIEHHOM KpHcTaMde, IJTY BelHYHHY HA3WBRIOT TAKKe CKAJIbIBAI-
MM HanpsAXeHHeM. HauGosee npocToll cnoco6 BHGKCAEHHS Tyeop
Ona npepnoxe dpeHxeneM.

PaccMoTpuM npoCTYIO MPSIMOYIOJABEYIO PemleTKY ¥ 0GO3HAURM
X CMelenHe, COOTBETCTBYIOUee NPUNOKEHROMY HANPAMERHIO CABH-
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ra ¢ (puc. 3.17). [Ipr nocrenensoMm

™ —_—T CMelleHHH OJiHOH aTOMHOA NAOCKOCTH

T T OTHOCHTENHHO APYTOH B pelleTKe BO3-

cr/ V y y HEKAOT HANpsSKeHHA t, MNpensTer-

4 3 . BYIOILLHE CABHTY M CTpPeMSIHECHd BOC-
T —<

CTAHOBHTh HapPYLIeHHOe pabBHoBeCHE.

Puc. 3.17. Caenr mpssoyron- DB CHAY CHMMETPEH  pelnetkd 1==0
roft pemeTHH

pH xz-—nz—, rae n=0,1,2,... Pe-

HIeTKR OKA3BIBACT COOPOTHBJACHHE NPHIOMEeHHOMY HanpaXenHio,

b b
T, e, v>0 npu 0<x<< 5 HakoHell, t<C0 npx o) < x=<Zh, Ta-
KHM YCJOBHAM YROBIETBOpART npoc*reﬁmaa {bYHKI.lHH

T=Ksin (3.31}

nx
b.
TaknM 06pasoMm, CONPOTHBAEHWE CABHrY 3ABHCHT OT CMeEIIEHHMA 0O

CHHYCOMAR/IbHOMY 3akoRy. Koaddunuenr « B mapaxenun (3.31)
ecTh HeKoTOpas mocrosHuas. Owa onpexedsieTcda H3 sakoHa [yka.

. 2nx _ 2nx
Ilpn manex cuemennsx sin—— = — [oaTomy
T=K Zagx . ' - (339)

C apyroft cTOpoHH, JJS MAaNHX CMEUEHHH BHNONHAETCHA 3AKOH
Iyka:

=G>, (3.33)
a
rne G — Moxyab capura. TakuMm oOpa3uM, MUXKHC 3amHCaTth
x2:"= CA (3.34)
a
OTcona
il G (3.35)
a 2=n

OfparuMca Teneph K Bhpaxeduw (3.31). W3 uero BHAHO, HTO
KeathrdunueHT K ecTh He 9TO MHOE, KAK MAKCHMAJIHHOE COMPOTHHJE-

. b
HHE C/IBHTY, OKa3HBaeMoe pelleTKOR, NPpH X=——. ITy BEJHUHHY

4
¥ MpPHHUMAOT 38 TeORETHYECKYHD fIPOMHOCTE KPHCTa/Jda HA CABHII
b G .
Treop— — 55— - 3.36
TEnp a 2n ( ,
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SlcRo, TakHM 06pasoM, 49TO KPHTH-
HeCKoE CKaJhIBaloillee HaNpsaXeHue
ROJRHO COCTABNATEL NPRONHIHTENB-
HO

Cronsenue Bosgrous

G
Vreop™ T (3.37)

Bosiee crporue BHIUHCHAEHMA C
HCNOMB3OBAHHEM JYUIORX NPHOAH-
MEHHH A MEXaTOMHHX B3aHMO-
nefcTBUR B OAOCKOCTH CcKOMbxe- D¢ 3.18. OGpasosawhe nmcaoxa-

UHE B PEIYABTATE <3aXNOMEBAHHIY
HHA J2I0T HECKOJBKO  MeHpillee BaKANCHOHHON WOJOCTH
apaveHue;

G _
Treop p-- -é-d- . . (3-38]

OnHT HokasuBaer, YTo CABHr B GOJBIIBHCTBE PeasibHBIX KPHC-
TANJOB HAuWHAETCA NPH 3HAUKTEILHC MEHBIIHX HAMPIKEHHSIX:
(10+—10-5)G. Kak Mu vBuimM mosgHee (TA. 4), TakKue HH3KHe
3HaYeHHsA CKaNHBAIONIHX HaNpsXKeHRA CBA3AHLL C TeM, YTO CJBHT
B KPHCTAJAaX OPOWCKXOART HE MYTEM CMERIEHHS OTHEABHRIX ATOM-
HHIX [NOCKOCTEN ApPYr OTHOCHTENbHO APYra, a NyTeM CKOJbKeHHS
AHCAOKALHA, YAKE HMEIONIUXCS B KpHCTAMJIE,

JlucnoKanHu BOSHHKAIOT B KPHUCTaANax B MPONEcce MoNydeHHd
ROCHEeAHHX, HANPHMED, DPR 3aTBepAeBaHHH pacnniasa. TOUHO Mexa-
HU3M ux olpasopauus HeHsBecred. [Ipennosaraercd, 4TO OH CBA-
34H C OCaKAEHHeM BaKaHCHA NpH oXxJageHwd Kpucranna. [Ipu
MepeHaCKUEHHR KpHCcTalfla BaKaHCHAMH MoOXeT NPOH3OHTH obpa-
30BaHHe ARCKOOOGpPasHHX NOJAOcTel W uX «3aXJonbiBaHHe» ¢ obpa-
30BAaHHEM AHCIOKAHWOHHBIX TeTeNs TAK, KAk NOKa3laHo Ha
puc. 3.18.

Hoayuurb KpUCTANmn, He CcOAePKAllHe RUCIOKALUA, Ype3BH-
JalAO CAOMHO, TINOTHOCTH AHCAGKANHH, T. €. 4RCAC HAKRCNOKANLK-
OHHRX JHHHHA, MEepeceKaoUHX eAUNHHYHYK AJIOUEAKY BHYTPH KpHC-
raana, koneOaercss or 102—10% cM—? B uanfosiee COBEpIIEHHBIX
KPHCTAANAX KpeMHus B repManns® go 10V—10'2 cm~2 B cunbHo
AedOPMHPOBAHHHX METalJHMeCKEX KPHCTAAAAX.

3.9, ABMKEHHE AHCJACKALLHA

Hncnokauna sBaserca Takofi KondHrypansefl, KOTOpas MOMET
JEI'KQ ABMTaThCs uepes Kpm:'ra.n.n HpenﬂOﬂD}KHM '-ITO RHCJICKEIIHA

¢ efHHHYHHM REKTOPOM 1 H BekTOpoM Bioprepca b nepesBHTAeTCA

* TIpH HeKOTGPHX CIENHAAbHLIX YCMOBHAX YIBETCH MOMNYYaTh NpaKTHIECKH
GeaJlHCIOK ANHONHME KPHCTEMIH KPeMHHA W TEPMAHRES,

13% -
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i
T
[ A —-—
= & ra ! }
?—1
- - i e
L T
\ Aunus Bucagioyon —
Pac. 3.19. Iepnxerue AMcAoOKa- Puc. 3.20. Ilepemenienne Anc-
it:hd JNOKAIHH HA OIHO MERATOMHOES

paccTORAAE OYTEM CKOJNbMHEHHA

-
B IIJOCKOCTE C HOpMAaJibio N (HO.HO}KHTEJ'IBHOE HalpaBaeHHe BEKTO-
- -

- -
pa n BuOupaeTca npoussoasno). Toraa (n-1)=0. Myers m — eau-
HHYHHA BEKTOpP HAIpPABJNEHHS RBMXNeHMs RHCAOKamuH (pHc. 3.19),
onpenesgeMblil COOTHOLIEHHEM

- o =

—=={nxI1]. (3.39)
HazoseM HOAQMUTEALHOU TY CTODOHY [LAGCKOCTH CKOJABXEHHA, B
e

KOTOPYI0 HanpaBleH BeKTOp NI, JPYFYId CTODOHY Ha3oBeM OTpuL4a-
reasrolf, Korza HACACKADHA ABHMETCA [O DNJAOCKGCTH B HAlpabie-

—_
HUE M, 4acTh KPECTaJl.18, pacnotokeHnas C HCJAOEKHTENRHOR CTO-

—
POHH MAOCKOCTH, CABAraeTcd Ha BeKTOp b  OTHOCHTENBHO HaCTH
KPHCTAda, HAXOAALIERCS ¢ OTpHIATE bHOH cTopombl. PaccMoTpuM
cAgAylompe ABa caydas.
-

1. Bextop b JeXNT B MJOCKOCTH NEPEMEINeHHs KHCTOKAURH,
T. & -

- =
{n-b)=0. (3.40)
Takoe ABHKeHHe RHCHAOKAlHH HA3BIBAIOT CKO.AbHCEHUEM, a Ma0C-
KOCTL €e HBIXEHHS — NACCKOCTsi0 croavicenus. W3 pue. 3.20

BEAFO, UTO MepPeRBHKeHWE AHCAOKAIKH OYTeM CKOJNBIKEHRd ocy-
WecTBAAETCA 32 cyeT HeGOMpIIOA MepecTpofikll ATOMOB BOIHM3I -
HHR AHCNOKanHA (B 4IAOXOM» M&Tepnane).

CroqpxeHde He CONPOBOXKAAETCS NMEPEHOCOM MacChi H oCcyliect-
BIMETCA NOA AeHCTBHEM HEGOJBINMX KACATeJbHBIX HANpAMeEHHH T.
Pacyer noxasmBaer, 9T0 Aasl TOrO, 4TOOH CABMHYTh AACAOKALUIO,
HEOGXOIHMO KACATeNBHOE UanPIKenne

2G [ 2nb ]
T= 1—v exp _“a_(l_'—-_-';‘.')— . (341)
3nech v — Koahuurent Myaccoua; ocrannHple ofo3HAUEHAS Te

e, utro u 8 (3.36}. Tlorarasi, uto v=03 u a=>0, naxogpm =
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7310~ . TlonyuenHoe 3RHAYEHHE 0 NOPSZKY
BeIH9HHB COBRANAET ¢ KPHTHYECKHM HANpsKe-
npeM, HpH KOTOPOM HauuHaeTcs HJacTHYecKas
JnedopMaitud pealbHBIX KPHCTAMI0B. ITOT (akT

CBUIETENBCTHYET O TOM, UYTO MAJacTHuecKasn Ae- 1
dopManHAa KDPHCTEJANOB CBH2aH3 C ABHKeHHeM o1 ™
aucaokauud, (IToapoOrc ara ceaap ofcymmaer- 1 !
cq B . 4.} i L

b

-
2. BexTop b He MEHHT B NJACCKOCTH fepeMe-

nIgHHA AHCAOKALHH, T. e. 3.21. Tlepemonsa-
HHe JAHCNOKAUHH
- 3a cyeT TMOraoLUle-
{n-b)==0. (3.42)  mmp wmempmoysems-
HHX aTOMGE
B atoM cayuae mBHEKYIAACH AHCAOKALUS OCTABAfAeT 3a cofof Jau-
50 BAKAHCHH, .ﬂﬁﬁo MeKJAOY3ebHEle aTOME B 3aBHCHMOCTH OT SHa-

Ka KOMIOHEHTH b napaldnedbHOl BeKiOpY n Ecay naoTHOCTL Ma-
TEepHaJia B OJNOCKOCTH NepeMellleHHS COXPAHARTCs, TO ABHXKEHME
EHCJAOKATHR oDf3aTenbHo COMPOBOMKIAETCH MEPEHOCOM BEMeCTBA K
3TOH HJAOCKOCTH (uad oT Hee) 3a cder JAHGODYV3IHH ATOMOB
(puc. 3.21). Takoe ABHXEHHE HA3WBAIOT A&penoA3anieM, TaK Kak
NpH ABHAEHHE [JHCACKAIHA £MepeflosidaeTs H3 cBoeldl HCTHHHOW

- .

NAOCKOCTH CKOJIbXKEHRS, onpepeisieMoil yciosuem (n-by=0. Ile-
penonsaHue AHCJAOKAHHNA UrpaeT BaXKHYO podb NPH BHCOKAX TEM-
neparypax, Kor,aa BHICOK &S nnqnpysnonﬂaﬁ HORBUKHOCTD ATOMOB.

Ecnu Bekrop b HapaJ'IJIEJIEH BEKTOPY 1 T. €. JIMCAOKAalNUA BHH-
- -

ToBaf, To A0GoH BekTop 1, AAsA xoroporo (n-1)=0, rakke ynos-
nersopsier yenoBue (3.40), T. e, scakve Osuienue surrosol Juc-
AOKAKUY ABARLTCA cKOAbXerHueM. TIpH 3TOM NAOCKOCTh CKOJbMe-
HHA HeoNpejefdeHHa. [IROCKOCTHIO CKOABXKEHHA BHHTOBOR JHCHOKA-
OEH Mo¥er GHTh aA0fad W3 naocKocTelt o6JacTH, ©OCbd KoTopoi
CAYKHT JMHEA gHCHoKauwH. [Tepenossanue BHHTOBHX MHCIOKANME,
CBA3aHHOE C AHPODYIHOHHHM AepeHGCOM BENeCTBa, HEBO3IMOXKHO,

3.10. HARPOKEHHA, CBA3AHHBIE ¢ JHCHROKALLHAMHA.
OHEPTHS HHCNOKALUH

[Tpy 0dpa3oBauHy JRCAQKANHI B KPHCradde pelieTka yapyro
AedopMupyercs H BOKPYD AHCIOKAUMH CO3/A€TCH NOJE YOPYTHX
HanpAxend#t. [loje nanpsaxeHnil BOKpPYT KpaeBOH JHCHOKZHHH
HMeeT JocTaTouHo CJAoXHHE BuA. [To oxuy cTopoHY OT MJIOCKOCTH
CKOJILIKEHHS, TaM, [ae HMeeTcs JHMHAS NOMYIIOCKOCTh  {CM.
pac. 3.9), PaCCTOAHHe MEXRY ATUMAMH YMEHbIIEHO, T. €. ATOME
UCIIHTHEBAIT AelcTBHe cxkuMaomuX Hanpsxenulh. [lo apyryio
CTOpOHY paccToAHHe MeXKAY AaTOMHEIMH pPAZaMH yBeJHYeHo Mo
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CPaBHEHHIO ¢ HeHCKAMKEHHEIM  KPHCTAMIOM,

/—r dr - © HMEIOTCS DACTATHBAONKE HANPSIKEHHA.

r /- - JTo NOKANBHOE pACHIMPEHAE NOJYYHJIO HA-

o / 3saune duaarayuy. Bosee npoctoft BRA uMe-
i

€T [1oJle HaNpsKeHHA BOKPYr BHEETOBOH JHC-
JOKaH KA,

| BhipexeM MHCHAeHHO H3 Kpdcraaia UH-
AHHADHUECKYIO TPYOKY panuycoM r u ofpa-
—/ 3yeM BROJb €€ OCH BHHTOBYKD IHCJOKAIHIO,

pa3pesaB IHJABHAD H cMeCTHB Kpasd paspesa

T Ha paccTosiHpe & TaK, KaKk MOKA34HO HA
puc, 3.22. B 1pybke Bo3unkaet Takas ynpy-

E:&Oséﬁh H’Bﬁg;;ﬁg;‘_ rafi aeopMalus, 4TO HPU OOXOZE KOHTYpa
Aan b peaysprave ne.  AJUEHOR 2nr noJMoe yopyroe cMellleHue Co-
dopuatuy unanmapu-  CTaBAAeT b. TaxkuM o6pa3oM, cpemusas yupy-

yeckol TPYOKH, BeIpe-

AHHON H . b
SARHOM W3 XPHCTANA  rag nedopmanus pabHa ( Crr ) Bocrnions-

3OBABLIHCE 3IAKOHOM I“}'Ka, HaXoJHM CpenHee HanpAXHHe

r=al(y

PR (3.43)
Bagxo, uto nose RanpmxkenHA npAMoJEHeAHOH AHC/ICKANHH HMeEer
RaJNbHOACHCTBYIOLIMA XapakTep, crnanad, kak r-'. Ha paccrosarun
(10°—10%) b or NHHEM ARCNOK3UHH HANPAKEHHA COCTARJAIT Be-
avuuHy ~ (10-%-10~%) . Kak Mn Bufesad, Npd TAKHX Hanpsike-
HUAX RUCJACKALAM yXe MoOryr aBuratbes. Takum ofpaioM, eciu Ha
paccrosivnu ~ (10°—10%) b oT ARCAOKAHEA HAXORHTCH ApYras RHC-
JOKAHRS, TO M0oA HeHcTBHeM HampA:meHWH, cO3AAaHHBHIX MepBof ammHc-
Jdokaunefi, Bropas MoxeT Hauath cKojbxKehue. HpyruMH cloBaMu
MOXHO CKa3aTh, YTO MmOy OCUCAOKQUUAMU CYWECTSYET CUAbHOE
ynpyeoe asaumodedcrene. M3 puc. 3.23 Nerko NoHATL, HanpHMED,
YTO ABE KpaeBHe XHCIOKAUMH, Pacio/JoXeRHHWe B ONHOH [IOCKOCTH
CKONbKeHRKA, OTTAJKHBAIOTCH, BCAH OHH OAHOHMeHHHE, H MNpHTHA-
THBAIOTCH, €CJIH OHM DPA3HOMMERHbIE,

B mocnenmeM cayuae RMCAOKALHH MOTYT NOACHTH BIlJOTHYIO
ApYr K JAPYTY ¥ aHHWrHAdpoBars (puc. 3.24, a), [lpm sroM u3

I T
17
ey
RS

0__,_‘...-0--"

1
C
il \
T ] 1
) a) &)
Puc. 3.23. Jipe kpackHe IHCAOKAUHE, PACTOAOHEH-
Ebe B OAHOR NNOCKOCTH CKOMBKERHA: @ — RHCAC-

RalfH OZHOTO 3HAKA OTTAJKHBANOTCH; § — JHCRO-
KAUHA P3sAHX 3HAKOB NPHTATHBANTCH
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JBYX CARUIHHX® NOJYIJocKocTeRt of-

pasyercsi OAHa AaTOMHAA TLJIQCKQCTE..

AHHHIHASUHAS PA3HOMMEHHBIX HHCHAO-
Kanafl, paclofoXeHHHX B mapaZ-
JeJbHEX ILIOCKOCTAX  CEOIbMEHHA,
MOXET COOpOBOXKAATRCA O0Opa3loBa-
HEEM MEXKAOY3elbHHX aATOMOB (PHC.
3.24, 6) unv Bakancuit (pHe. 3.24, B).
Jt1or aPdeKT MoxkeT HIPATL BEChMa
BaXHYI0 pofib B 0OPA3CGRANEH TOUEY-
HHX flePexkroB B nponecce NIacTHue.

T

e Fadhpudbe
LRI T Y
LA LTI RT] )

aj

S04 adBannay EduneSendn
snbosdeney uSdes »
esodunugn as
o udoussobe -

2 32 -:;::

“0 SRumEgED & LR 2
dudvanndus seedbndany

d)

cKoft AetopManuH. sejesesess ossasdie:

JiBe BHHTOBHE JHCIOKALHH C ORH- b tt4-o-a- - satiaes
HAKOBHM BekTOopom DBroprepca, mo ST oISy MH
APOTHBOMOMOMKHOTO 3HAKA,  ABHXKY- LR H el

ImHecs B OHOH OAOCKOCTH CKOJAbEKE-
Hnd, Tak:}¥e B3aHMHO YHHUTOXKAKTCA.

s (3.43) caepyer, uro npH
r—!0 HampsKeHHS] CTPEMSTCH K
fecKkoHedHOCTH, T. e. B IEHTPe AHAC-
JOKAIHH He BHRIIOAHAeT S 3aKOH F}"-
Ka., 3pecs AJd OupesedeHHs NONSA
HanpsKeHHH# HYKHO NOJAL3OBATHCA JHCKPETHOA aTOMHOH MOJENbIO.
O6nacTb BOKPYr JAHHHE AHCAOKALHH, B KOTOPOH He JIpHMeHHAMA
JARefHAA TEOPHS YNPYrOCTH, HASHBAWT Adpom Oucaokayuu. Pa-
JHYC Afpa AHCAOKANHH ro™ b, .

[lpepnonarast, kag u pamplile, YTo KpHCTaAad Bjer cebd Kak
YHPYroe ten0, BHUYHCAHM 3Hepruic ARcAoKaunud, [Ipu atoM Boc-
NoJb3yeMcs MOAENbI0 BHHTOBOI pHcjoKandH, u3obpaseHHod Ha
puc. 3.22, Uro6H OpoussecTn cMeuleHHe Kpaep paspesa  (CM.
puc. 3.22), Heo6XOAHUMO NPHJIOKATL CHIABL, paclpenefeHHEle MO {10-
BEPXHOCTH 3TOT0 paspesa. OUeBHAHO, 4TO IHEPIHS NHCAOKAHMH Ey
panHa pabore, copepiuieHHON aTHMH CHNaMK AAS CO3RAHKA CMelle-

-

Puc, 3.24. [IBe kpacpue AHC-

NCKalHH TMpPOTHBONOMOMKECTO

3HaKa, ABHXKYII[Hecs B CO-

CERRAX MAOCKOCTAX  CKGJIb-
HEHHA

HHS b, T, e.

Es= | F-b)ds. (3.44)

3xech uHrerpan Gepercs mo Beeit nAomain paspesa. Jas BHUHC-
-

nenna Ey neo6xopuMo uafiti cpepuow cuiy F (B pacueTe Ha eiR-
HUYHYIO IAOIARL), NPHAOKEHHYIO K TOUKE MOBEDXHOCTH BO BpEMi
nponecca cMmelienns. IlpeAcrasHM KpucTaan B BRAe Hafopa KOH-
NeHTPHYECKH PACHOAOKEHHBIX TPYOOK, B LEHTpe KOTOPOro Haxo-
IHTCS IHCIOKAHHSA.

Ilpr mManof TonmmHe Kanxkpol TpySku ee reoMerTpuueckas Qop-
Ma He HMeeT ocoforo sHaueHns AJA pacdeTa CHJH, HPENnsTCTBYIO-
weft cmenmenuio. 3ta cana He HIMEHHUTCS, €CAH Pa3BEPHYTh TOHKO-
CTEHHYIO TPYOKY B NJIOCKYyKr nnactuiy (puc. 3.25).
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Pac, 3.23. Ilanumgpaveckas tpy0Kka paseepHyTa g
MAGEKYIO TUIACTHHY

IlnacTHHka ucHBITHBAST cMelledne dy hox AeficTBHEM CHJIH
N )
f-1.dr, npraoxenuor k ee rpaud. 3aech {-dr —— nAocWAaib rpaHy,
-

af — c¢uns, OTHECEHHAT K eAHHUYHOR GAGILEAH.

- -

Cuay {, HeoOXOANIMYW ANA TOrO, 4T0SW BHI3BATE CABHL Ha b B

UHAHBAPHIeCKOH Tpyfxe, PACHOIOMXENHOR HA PACCTOAHUH F OT JH-
HAW [QuCJTOKaUHu, HalAeM n3 38KoHa [yka:

> Gb
Qar’

(3.45)
Cuaa f; B (3.44) npeacraBaner cobofi cpenHee 3naueHHe CHJIH fep

H cocraBjideT BOJOBHHY 3HAueHus { npH cumellenuM b, T. €.

-

= > 1= @b
mecp-—"'é"' = 45’[,r . (3.46)
TaguM 06pa3oM, 3HePTHA JHCIOKANHU
R !
G b2 GhHe
= = - drd 3.47
£y j T a8 ;f J o rdy { )
]
HJH
a .
L L (3.48)

41 ro

3neck [ — KAMHA JHCAOKALHM, 7y — PAAHYC AAPA AHCJOKAJIHH.
[Ips u3peCTHHX 3HAYEHRAX fo U [ 3HEPrUd AUCHOKAILHA 3ABHCHT OT
npenela HHTErpupoOBaHUA R N0 KOOpARHATe r, JHePrus OXHOH OT-
NeNbHOR JHCAOKANHH B GeCKoHeuHOM KPHCTanje Takke OeCKoHed-
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g0 BennKa. OfHaKO B peasbHHX KPHCTAMIAX NJOTHOCTL AHCJIGKA-
Hi AOCTATOUHO BEJMKA, TaK UTO CpPeiHee PACCTOAHHE MEKIY EHC-
JOKARHMAMH cocTapasgeT okono 104 MexxaroMHHX paccrodnnf, B
chyyae XaoTHYeCKOro paclpelefeHHA JHCAOKAUHMA HX B3aHMoleH-
¢TBHE NPUBOAMT K BIAHMHOH KoMMNeHCAHMH VINpyrux aedopmauui
po3fie xaknoh pucaoxauud. Taxum obpasom, ympyrwe aepopma-
MR CHHMAOTCA Ha pacCTOfHHAX, NpHMepHo PaBHEIX ¢peilHeMy pac-
CTOSHHIO MeXAY AHCIOKAUHAMH, T, e. MOXHO cunraTh R~=104b.

-

Ecan sexrop Bioprepea b B (3.48) npuuars pasunim 0,25 um,
a Mozyab cosura G=10' [la, 1o Ey, npuxonsamasca na 1 M anuusl
RHCHOKAIHA, cocTasasger 4-10-% JI, uin B pacyere Ha ORHO MeX-
aTOMHOE PpaccTofiuHe BAOAL JIHHKH AHMCAOKanMH =~ 018 Ik
{=63B). 210 oueHp GonbIIan BENHYHHE,

Heexoanko Gojlee CIOMKHEIE DacyeThi 9HePIHH KpaeBoft amcio-
KalHH NPHBOJAT K ¢/eAYIOUieMY BEIpaKeHHIo!

G b2l R

Ey~~—F——In—,
d 4 (l—v) lnm

(3.49)

Cpasnenne {3.49) n (3.48) noxaspiBder, 4TO YHEpPTHH BHHTOBBIX R

KpaeBHX IHCACKAUNH GJU3KHM, DHeprus IHCAOKALHH VBEJHYHBALT-

c C yBesHueHHeM pexkTopa bloprepca npomopuuorananeo b2 [los-
T —

TOMY AHCHOKAUHMA ¢ BekTopoM bBioprepca b=nh;, reycrofiuusa, pbo,
pacHIeNfsch Ha 7 OTACJILHHWX JAMCROKAUHMH ¢ MeHbUIHM BEeKTOPOM

-
Diloprepeca by, OHa MOXeT CHHM3HTb CBOW 3HEpPTHIO OT 3HAYEHHA

Gnib?2l R G b2 R
in— gm0 #-——Iln—,
47 fo 4 fo

[Tpu oBcyx ety ToueUHEX AetheKTOB MH BHOEH, YTO KX KOH-
HeHTpauusf CHALHO 3aBUCHT OT TepMOAHHAMHUECKON TeMnepary-

E
pH [ ~exp( T T ) ] OpHuM M3 BaKHeAMEX CcBOMCTB

AACNOKAUHE ABAAETCH TO, UTO MX KOJHUECTBO OT TEMIEpPATYPH He
3aBRCHT. JTO CBA3AHO C TeM, YTO 3IHEprHs obpazoBauyus JHCIOKA-

E
Ul oueHL Benuka M Gakrop Boabumana | exp | — P fpH
B .

HOPMAJBLHHX TEMAepaTypaXx He Mrpaer cyllecTBeHHON pouak. [Taor-
HOCTE NHCJAOKALEE B KPHCTANIAX 33BHUCHT, B OCHOBHOM, OT ero
npepulecTayonie HCTOPHH, T. €. Meroda BHPAIIMBAaHUS, MeXAHH-
veckofl o6paboTkk B T. .
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3.11. BZAMMOIEACTBHE HHCAOKAUHWA C TCYEYHbLIMH
© JEPEKTAMH

Bo Bcex pea’bHBIX KpHCTaJdaxX ONHOBPEMEHHO cOlepKarcd H
JACTOK2UMA H ToueyHHe AedexTn. Mexay HUMH BCerna ecTh He-
KoTopoe BzanmoxeHcTeue. Jevio B ToM, Yro daXe BOKPYr mpocreht-
IHX feeKkroB — BaKAHCHH MeXAOY3eJBHOTC aToMa — CYyllecT-
BYIOT MOJA YUPYrux Hanpsikenuil. AcHo, uto MexXA0y3e bHbIR aToM
ABAAETCH CHJIBHEIM HEHTPOM OTTAJKHRAIIHS # BH3WBaeT B peller-
Ke HanpsmeHHe cXKaTus, Baxarcus, HaoGopoT, ABJSETCS] OTHOCH-
TeJbiio CHALHHEIM UEHTPOM PACTANKeHHS, T. K. ORPYKAKIHe ATOMH
CMelllalOTCH MO HanpaBieHMio K Hel. OOiacTH CKATHI H pacTaxe-
HHs, KaK Mbl BHACJH, CYIMECTBYIOT H BOKDYT KPaeBHIX AHCAOKAIHH,
IMosroMy MeXRy AUCIOKALHAMH, HMEIOUIHMH KPaeByH) KOMIOHEH-
TY, H TOYEUHBIMH AedeKTaMH BO3HHKAeT YOPYroe BaaHMolefCTBHe.
MexpoysenbHHe aTOMH B BAKAHCHH HPHTAIHBRIOTCS K AHCIOKA-
unH. B obiacTA pacTseARs BO3HAKAET MOBWINEHHAR KOHLEHTpA-
ItHs] MeXA0Y3eJAbHEX ATOMOB B MOHMXKelHas KOHIeHATpauHf BaKaH-
cuft, a B 0BaacTH CKaTH — Hacbopor {pue. 3.26).

B SoasmuHCTBE MeTaJUIOB JHepTHst o0pazoBaluf BakaHCHH Ha-
MHOIO MeHbIIé 3HePTHH 0O6pa30BaHHA MeXKAQYICALHEIX ZTOMOB.
Hanpumep, ans 61aropofAHBX MeTaAJ0B THNHYHEE 3HAYeHHS 3Hep-
ray coctaBasior cootBercrsendo | u § 3B. Konuenrpaugs teic-
BHX MeXKAOYSCJBLHHX aTOMOB no3TOMY npeHeOpexkxuMo Maja 1o
CPABHEHHIO ¢ KOHLeHTpanHed TenJOBHX BaKaHCHH npH BCeX TeM-
liepaTypax BIUIOTD ZO TeMHepaTypH TJAaBleHHA. 3aMerHas KOH-
HEeHTPanHs MEKJIOY3eJbHEIX aTOMOB MOXeT OHTb mOJdy4YeHz NpH
oGayyeHHH HIK OnacTHdeckoll Aedopmanny.

Ecnu 8 kpHcTalne HMeEOTCS NPHMecHBe ATOMEI, TO MeXAYy HH-
MM H KpaeBhIMH JAHCIOKAIKSIMH TaKkKe CYHIeCTBYeT B3aHMojpeficr-
‘Bre. PacrsopeHHBe ATOME 3aHHMalOT JHOO NOJOKeHHS 3JaMelle-
HHA, 3a2Meufsl aTOME MCXOAHOrO BeilleCTBA B y3JdaX pemieTkH, aulo
ABJISIIOTCS ATOMAMH ‘BHEADeHHS, PACMOJIATafCy B MeXaoyanusx. B
KakIoM caydyae NpHMech ABJASETCA LeHTPOM DACHIMpeHRA HIAH CO-

Kpamenud, Tak ke KaK # KOM-

. noHeHTH nap @PpeHkeidd, HHO-

0%, o© POLHbIe ATOMbi TPHTATHBAITCH

°c o « JHUCAOKaltMeH M PacnosaraioTes
_.L _L BOKpYr Hee. PacyeTsl nokasH-
. BAIOT, UTO URCAO H3OGHTOUARX
. NPHMECHHX aTOMgB B OOJACTH,
OTpalHuEHHOR DaguUycaMu fp H

. R, NpHXOAAUXCA Ha KpAeByH

Q) &) NpIMOAHHEHHYI0  NHCJAOKALMIO

CIWHHIHGH ANHHL, COCTaBJfeT
Puc. 3.26. Pacnpenenenne Bakan-

cnt (a4} @ Me}KJIOYSE.ngHX aro- N nptlo Hn R (3.50)
0K - —_—= e i —. .
uos (f) B pyruill:;aeno KHCAOKA i 3{ks T)? o
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3necs /; — paBHOBeCHAs KOHLEHTpANH$ npuMecH B ofjacrax, rie
HeT ARCJIOKAUMH; & § onpelensiercs BHpaXKeHueM
Gh 14w o
= —— (Vi~—Va), 3.51
B 3:‘ 1_’\’ ( 8 ‘1) ( ]
B XOTOpOM V, # V, — oObeMBl aTOMOB MpHMECH M aTOMOB MaTpH-
ubl; v — Kospduuuenr INvaccoma. '

Bunno, ato npu R -+ 0o oTHOlIEHHe —JLV— TOKE CTPEMATCH K
GCCKOHEUHOCTH, T. €. pAMas AHCJAOKAaUHs B OecKOHeYHOM RpHCTaJ-
Je obnraflaer GeCKOHEYHOR eMKOCTBIO AJs NPHUMecHHX atoMmos. B
pea bHBIX KpHCTaMIaX, Kak o0cyxaanoce suite, R=~104h. Ecnn
npaHath v==03, V.=1.1-V,, re=2b. 10 mpu £ 7=0,05 3B noay-
yum  N/L=500b2Js. Has xpucCTaadgos ¢ conepKaHHeM NPUMECH,
Hanpumep 2 %, 3TO Naer oKoxo ONHOTO PACTBOPEHHOPO HpPHMeC-
HOTO ATOM3 Ha AaTOMHYIO MJOCKOCTH, NEpPeceKaeMyld Aucioxanuedl.
B HejlerAposanHWX KpucTadnax 31oT 3didekT HesHauHTeNeH.

Toueunnle Ae(eKkThl H NPHAMECHEE ATOMH B3aAMogedCTBYOT
TaKKe H C BHHTOBHIMH ARCHOKZUMSIMH. B O0AbIINHCTRE peadbHBIX
KPHCTAMJNO0B B CHJY aHH30TPONHH HCKAMERUS, co3naBaeMule gedex-
TaMH, SBJSIOTCH HeCHMMeTPHYHHMH, JTO M ADHBOAHT K B3aUMO-
AeHCTBHIO HX €O CKAJHBAWIHMH HANDAKEHAAMH BOKPYr BHHTOBOH
aucaoKauki. TakuM o0pazoM, pasuHlla MeXAy BHHTOBROH M Kpae-
BOH AMCJIOKAUUSIMK B 3TOM OTHOLUGHEH He TaK BEJHKA, KaK MOXer
HOKa3aThES CHAYAJA.

UpeasriuafiHo BaXKHHM pe3yibTATOM B3aHMOLEACTRHS hH3Hye-
CKHX TOYCUHHIX AedeKTOB (T. e. BaKaHCHN M MEXNOY3eAbUHX ATO-
M08} ¢ MHCIOKAUMAMH ABJSCTCH HX AHHATHJAAIHS HA NUCAGKALHMN.
MexauuaM TaKOTO SABJEHHMA MOXKHO IOHATL B3 pHc. 3.27. rie u306-
pameHa Kpaepad RHCAOKALMS, NMepeXoAdinas H3 oAHOH NNXOCKOCTH
CKOJIBKEHHS B APYrYIO, PAclONOXKeHHVIO BHINe Ha OIHO MeXKaTOM-
HOe pacctosnne. Takoil Hepexol Ra3bIBAIT CcTymeHbKoWl, Eeau K
Touke A MOXXOAMT BAKAHCHA, TO CTYNeHbKA CMEMIAGTCH B MOJIOKE-
HHe B, a cama BakaHcusi meuesaer. TIPH nOFIOUIEHUN MEXOY3€ilhb-
HOTO aToMa CTyfleHBKa CMellaercs B mosioxenue C. Takum ofipa-
30M, CTYNeHbKH SIBJSIIOTCH CTOKAMH A TOYEUHHX IedieKTOB.

Q6parua#t mpouecc — wuc-
nyckalHe Todeunulx gedexros
CTYNEHBEKAMH — ¢ TD‘{ICPH ape- | fTUdnAR RRAYAIOCKOCTIS
HHSl TEPMOIMHAMHKH paBHO-
BepoATeH noraollenniy. B
Hacrodilee BpeMst ofllenpu-
HHTO, YTO CTYNEHBKH HA JIHC- !
NORANHAX ABARIOTCH TOPA3NO  Mewiaysessusil Baxgncus
Sosiee BAXHEIMH HCTOUHHKA- amoM
MU TeNVIOBRIX TOUGWHHX JNe-  pue 397 Tlorzomenue rouesnsix ne-

texTOB, WeM noBepPXHOCTH HeKTOB cTyleHpkoll kpaesoft aHCHOKE-
KpHCTALI4, A

Aucnoxayun
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Kpome paccMoTpeHHoro BHlle YNPYroro B3aNMOMCTBHE B
GOIBUIMHCTBE TBEDINX Tell HMeeTcs 3JeKTpUYeCKOe R3aKMozeficT-
BUe MeXAY IACAOKALMIMH U ToIedyHHMHM Aederramua. Ono Haubo-
JIee SIpKO NPOABJISeTcs B HOHHBX KPHCTaJd2X.

d.12. HCTOUHHKH OHCJIOKALLUA

Buiifle 0TMeua10Ch, YTO AMCAOKAIMU BOIUMKAIOT B KPHCTEANAX
B npouecce uX Bupam#Bauusd. IIpu onpenededHslXx yCTOBHAX MO-
ryT OBTH MONYYeHH TBepAHe Teaa ¢ pechMa Huskofl [~ 102 em—2 u
naxe MeHee) AJOTHOCTHIO AMCIAOKaltuf. B 1o e Bpems Xopollo
H3BECTHO, 4TO NpH jAeopMalHK MAOTHOCTh NAHCIOKAIMH BOspagra-
€T M uacTo AOCTATAeT 3HaueHus 10 cm—2 Ias ofbacHeHH® 3TOrO
¢axTa HeoGXOREMO AONYCTHTb, YTO BHYTPH KPHCTAANA HMEKTCA
ucTouniry oucroratidl,

Oand H3 BO3MOKHBIX MeXaHM3MOR Da3MHOKeHHR NHCTOKAMMI
6ma mpepyoxked ®. ®pankom m B. Pugom. HefictBue ucrodnuxa
@panka — Puda cxemaTHuecky Nokazano Ha puc. 3.28, Jlaaus AB
npeacTaBisger coboll KpaeByw RHCAOKARUIO ¢ 3AKpellJeHHBMH KOH-
HaMn. XOTS AMCIOKALHOHHAR JWHHMA He MOXKeT 000pBaTbcR BHYTDH
KpHCTadna, oda MOXKeT OKOHYHTHCH B HEKOTOPOH HJIOCKOCTH, HO-
BepHYB B APYToM HANPaBJCHHH HJH COENHHHBIINCL B yaJie C ApY-
rEM# RHCAOKAUHAMH, NPOXOARLIMMH 9epe3 JRaHHY NAOCKOCTD.
Takas caryauns nsoSpakena Ha puc. 3.29. ¥Yaam A u B apasior-
cSl TOYKAMH 3aKPENJIEHHR AHCAOKaNMH. 3akpeilsieHHe MOXKeT TakKe
APOH30ATH HA ATOMAaX NMPHMECH. .

Dpank u Pya o6HapyXHaH, YTO OTPE30K NHcACKandy tHna AB,
PACMOJOKEHHE B IJAOCKOCTH CKOJbXKEHHs, MoOXeT XeficTBOBATH
KaK HCTOUHHK HeOorpaHMYeHHOro yncia puciokaiui, IMox aeficTsH-
€M BHENIHero HalpsiKeHHMR ¢ AMCAOKANMA HayHHAeT BHrHOaTheS B
TIGCKOCTH CKOJbKeHHR W 3aHuMaer nojgoxenne 1 {em. pue. 3.28)
(ecan Om KoHubi oTpesKa OvUIM CBOGOIHBHIMH, TO JMCIOKAIHA CTa-

\

-y

\
// \\
Puc, 3.28. Herounuk Puc. 3.29. Orpesox pnc-
Ppanxa-Puaa mokatry AB ¢ sakpen-

JNERHEIMH KOHILAMHA
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Jga Om ABHraTeCHd nyTeM crojbXeHus). IlocreneHroe sHrufianwne
JIHCVIOKARHA MOXeT NPOMCXONMTR JHIOb [IpH  HelpepHBHO BO3pa-
cTAIOUIEM HANDAXKEHNH 1, KOTOpPOe AOCTHIAET MAKCHMANBHOIO 3HA-
qeHHS B MOMEHT, KOrJla JHCIOKAauHs NpuHOMaer (opMmy mnoJay-
OKPYXHOCTH. IIpH 3TOM

Gb

TRD=T- (352)
rae I — nnavua otpedxka AB. Dro nanpsikenne — KpHTHueCKoe.
fpr ©, npeBHIIAIOHIMX Typ, KOHPHIYDANEA CTAHOBHTCS HECTa-
6uAbHON M HACJOKAIHSA CAMOINPOH3BOMLHO PACHIHPAETCH, 3aHHMaR
nojiomernus 2, 3, 4. B noaoxenns 4 4acTH AUCAOK2UHOHHON TeTJH
C 7 C’ nHMeloT BHHTOBHle KOMNOHEHTH NPOTHBOMOJOMKHOIC 3HAKA,
T. e. OBM IBIDRYTCH HABCTpEUY APYT APYTY B OaHol ¥ Tolf e nioc-
KOCTH CKOJIBXKEHHS B B3AHMHO YHHYTOXKAWTCH. B pesyisraTe 371000
IPOACKOART Pa3feliieHde ARCAOKAUMH Ha JiBe: BHEIHIOK H RBHYT-
peEHIol0 (nonokeHHe 5). Bremnaa AucacRauus paspacraetcs Jo
NOBePXHOCTH KPHCTANJA, a4 BHYTPCHHSISI 3aHMMAET HCXORHOE CO-
ctosaune. [locae 3Toro Beck mpouecc HaurHaeTcd cHAYadAa M Oyaer
IpOA0JKATBCH N0 TeX HOp, HOKAa NMPHIOKEHH BHeLIHHEe Hanpsxe-
nug, Yueno aumchokaumuii, reHepupyeMulx HcTOMAAKOM Ppanxa—
Pupa, HeorpaHH4YeHHO, HO B ofiieM CNlyuae He BCe BHeNIAHe AHCJIO-
KallMOHHHE NeTNH NOKHAAT KpHCTALL Umero HuCAOKanuii yse-
JMYHBAETCA 0O TeX NMOP, NMOKA B pe3yabTare B3aKMONEHCYBHA YNpy-
THX MoAel AuHcnoKann#i cyMMapHoe o0paTHOe HANDSKEHHe He
cOalaHCHPYeT KPHTHUECKOe HaNpsXeHHe CABHIA Twp, HeoOxoAHMoOe
a8 pelcTBHY HCTOYHHKA. TlOcje 3TOrO HCTOYNMK CTAHOBHTCH He-
AKTHBHEIM.

Hx. Bapanu u C. Xepuar onmucany Apyrofi MeXawuaM renepa-
UMK pucAoKanui. OT4acTH oH aHaloraven Mexammsmy Ppauka —
Puna. B aannom cayvae Takye oCymiecTsJsercd BHruauue 3a-
KPEMJIEHHOTO OTpe3Ka AHCTOKAUHH. HO HE CKOMLKEHHEM, 4 nepe-
nonsauneM, Heficreue ucrounnka Bapanua — Xepuura moyiHG NMO-
HSITh, eCHH NPEIANOCJOKHTH, YTO HIOCKOCTH CKOMBLKEHHMS Kpaesofl
mucnoxaunn AB (e, puc, 3.29) JeXHT e R MNOCKOCTH JHCTa, KAK
B OpeRBIYINEM Ciyuae, a DACHOJONKEHA B MJOCKOCTH, HepreHin-
Kyasipuok eMy. JIpHKeHHe AHCTOKAllMH BBEPX H BHHI MOXeT Npo-
ICXOARTL 32 CUeT 3aPOXKJIeHHS HIH NOTIOmeHHs Bakaucyi, Korama
pacwRpAOULasgcs NMeTaA nepekpupaerca (aHasornuHe C w C’ Ha
puc. 3.28), Aucaorauys paspuBaercs. ofpasyercs BHEWHAS TeT.Ist
M BOCCTAHABIHBACTCH HCXOJHHE oTpesok AB. fcwo, uto gelcrsue
TAKOTG RCTOYAMKA 3aBUCHT OT KOHIEHTpauuu BakaHcufi. Kpowme
pPaccMOTpeHHH X CYLIeCTBYWOT H JApYIHe MCTOUEHMKH AMCJIOKALME.

3.13. HEGEKTBH! ¥NAKOBKH W YACTHYHBIE RHCAOKAUHH

Brlme oTMeuallock, UTO JehexTsl YnaxosKu, rPaHUmLI 3epeH H
ABOWHHKOB, Ipadallll AOMEHOB, MOBEPXHOCTH KpHCTANIa OTHOCATCS
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K IBYXMeépHBIM ,EL(:(I]EKTEM. PECCMDTDEHHE BOIPOCOB, CBA3AHHHX C
NOBeDXHOCTBLIDO H TrpaHHUAM JOMeHOB, 6}7,0,8’1‘ NPoBLICHO B MOL/TE-
AYIOMHAX TraBaX. 37ech MBHl KPaTKO OCTAHOBRMCA Ha Jedekrax
YNaKOBKH H IpAHHUAX 3epeH. '
,H,EIPBKTH YHaKOBKY CBA33dHK ¢ TAK HA3ILIBACMLEIMM HACTHIHBIMIL,
HAH HenOARBIMYU, BHCTORALMAMY. [IHcAOK2IHY, KOTopHe Oniau pag-
CMOTPCHE BHIIC, HASLBAKT CO8LUCHHBIMYU, NOARBIME HIH 8{?”&11#-
noimi. U sextop Bioprepca paBeH BeKTOPY pelireTH.
Oﬁpasosan, HACTHIAYID ARCADKAHHIO MCHKHO TaK Ae, KaKk H
eNVAHUHYIO, T. . C/eJlaB B KPHCTa/Ie ‘DPajpes NO HOBEPXHOCTH S
—

{(cM. prc. 3.8) # cMecTHB Kpad Paspesa Ha Bexrtop b, Ecan BéKTop

-
h MeHbiue BeKTODA pelieTKH, To HabJaeTCs HecOBNalenUe pelne-
TOK flo ofe CTOPOHH NOBepXHOCTH paspeza. Kpafi nomepxuocTH
HeCOBINANEHNS HAZHBAKT #acTiudod Jucaokauued. 3aMeTum, uTo
1pH 0BpasoBaHHH eAMHAYHON ANCNOKAIHA HMeeT MECTC COBNAJEeHHe
peuretox ¢ o8eyX CTOPOH NoBepXHOCTH S.

B exywae HecosNmajeHHS pelIETOR MOBEPXHOCTH paspesa S
JdoJKHA HMETh, BooOlile rOBOP#, oYeHb BHCOKYIO axeprxio. [loatomy
B GoJbIIMHCTRBE KPUCTAJAJOB TAKHX CMellena#i He MPOHCXOHRT.
Onnako B NJOTHOYNAKOBAHHHEX KPUCTANIaX YaCTHYHLie ARCIOKA-
UHH U CRA3aHHHE ¢ NHMM AeeKTH yOakoBKH ofipazyioTes Ao0CTa-
TOYHO JIETKO.

FUK- gan TTIY-cTpykTypy MOXKHO DNpeACTaBHTb Kak CepHio
NJOTHO YNaKoBaHHHEIX MJOcKocTefl, YJAGKEHHHX Ipyr Ha Jpyra.
B TLIK-ctpykrypax naoTio YHNaKOBAHHHMH SABJAAOTCH NJIOCKOCTH
{111). Myvere A, B, C, D, E... — aToMbl, Jemkaimyue 3 NOCASROBE-
TelbHHX maockoerax (111} (puc. 3.30). U3 pucyuka BuaHO, uTO B
TPORKIHH HA OAHV M3 MaocKocTelr (111) atomm D coBmagyT ¢ aro-
MaMH A, aroMunt £ — ¢ atoMaMu B ¥ T. £, T. e, BClO NOCICHORA-

Puc. 3.30. TI'paueueHTpupoBai- Puc. 3.31. BoaMoshue
Bad Ky6mueckas pelleTsa CMETIeHHs ATOMOB B
HJIOTHOYNAKOBAHHOR

MACCKACTH (MoK&a3anH
BEKTOpAMH 8, Ba, 63}
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TeJLHOCTH NIOTHOYN2KOBAHHHX NAOCKOCTERl MOXKHO 3amHCaTh Tax:
ABCABC... B TTIV-xpucraife NnocjieaoBartelsHOCTh ApYyraw —
ABABAB...

Ha puc. 3.31 nokasauo pacnojoXkeHue aroMOB B OXHOR H3 ILTO-
croctel (111}, Ecau npousBecTH ciiBHr pepxHero ¢jos (Ha pucyH-
Ke OH He K300paxen) ua paccrogdue AA, To aToMH BHUEJeXa-
med NAOCKOCTH NONaiVT H3 AYHKH A cHOBa B JYHKY A, T. e. nocite
CMEIEHHA CTPYETYpAa BAOJAB IJAOCKOCTH CKOJBXeHHA BOCCTAHABJI-
paercsi. TakoH CRABHT CCOTBeTCTBYeT o6pa30BaHHIO eNHHRYHOHE IHC-

b 4

JdoKaluux ¢ BekropoM Bwoprepca b;. Ecam xe npouasectn casur
(.

L
BepXHell MAOCKOCTH OTHOCHTEJbHO HMKHeH Ha BexTop by maH b,
TO ATOMHBl 3 JyHARH A momanyr B ayuky C uan n3 C 8 A, [lpn
3TOM HAPYIHaETCR BOPSAOK Yepenosadua miockocTe (111). BMecro
obuynolt nocieacsatenvhoctd ABCABC.., Bosumkaer nochaenosa-
renasHocTs... ABCABABCABC... Takum ofbpazoM, 8 'IIK-crpyxry-
pe BO3HHKAT TOHKAs MPOCAOHKA IeKCaroHaJIbHOH MJIOTHOH YNaKOB-
gu TTIY. 310 0 ectb aedext ymaropku. Kpas Heekra yIaKOBKH
npexcTapafioT cofoll yaCTHUHNE HHCIOKAKHH.

B THK-pemleTke jfepeKTH YNIAKOBKH MOXKHO 00pasoBaTh He
TOJABKC MyTeM CKoAbKeHHd. MoxXHo, uanpuMep, yNaiHTh NJOTHO
ynakoBAHAHA caoft 334 cyer augdy3ux BaxancHA Ha STOT Caoil, a
3aTeM COMKHYTH cocefHue cior, Tak, noeile ygpateHus ciaos B
nocaenosarenabaocts Gyner ...ABCACABC... Takoft gedert noxy-
un) BasBaHmue OeghexTa ynaxoeku gorduranus. Ero MoXKHO CuHTATH
cnmoeM CACA rekcaroualNpHGHl MJIOTHOYNAKOBAHHOH CTPYKTYPH.

Moxuo, yaobopor, B pe3yiprate JHPPYIAH MeXKAOy3eJdbHBIX
aTOMOB BBeCTH JHUIHHA /O B NPOMEXYTOK MeXay COCeIHEMH
crogmu, Toraa mpu BBeJeHHH, Hanpumep, cnost B cihopmupyercs
ynakoska ..ABCBABC... 3tor neperr uasmsaior degexrom ynd-
kosxy snedpenus. Ero MOXHO paccMaTpHBaTh Kak JBe CMeXHhie
ABoitnukosKe rpadki BCB u BAB,

3.14, TPAHHUIK 3EPER

[MonggpuCTAANH COCTOAT #3 OOJBLIONO WHCH2 MEJKHX MOHO-
KPHCTANNUUECKRX 3epeH, pasfielleHHHX HEKOTOPHMH 30HAMH Mepe-
X04a, MONYYMBIIAMY HagBaHAe epawuy 3eped. TIpauyua 3epaa
npexpcrasiser. coboit NOBEPXHOCTh MeXAY IBYMA MOHOKPHCTAMIAMH
PazandHOl OpHEHTRUMH, NPUMHKAWIMUMH APYr K APYTY TaruM
06pasoM, UTO OTCYTCTBYeT HapylleHHe CIJAOIHOCTH  BemIeCTBA.
Hosroe Bpemst cuurazoch, 4TG 910 aMOpdANi ci0l TOMMHONA B
HeCKOMbXo AecATKoB HaHoMeTpoB, OnHaKo K HACTONIIEMY BpeMenH
HaJeXXHO YCTAHOBJEHO, UTO IIKHpHHA OGJACTH «NJOXOros MaTepHa-
Ra wa rpaudle MeXIY 3epHAMH He NPEBLITAET OJHOro-ABYX MeX-
ATOMHBIX pacCTOSHHN.

BioprepcoM GEUI0 BRCKA34HO NpPeANnoJOXeRHe, 9TO  PaHRIH
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3epeH C MAaJblM YrJoM Pa3opHCHTHPOBKH ¢o-
CTOAT M3 COBCKYNHOCTH Auciokauun. Cxema-
THYECKH MAaJoyrJIOBAas rpaHHila, paslenswo-
mas NBa 3epHa, n3oGpamera ua puc. 3.32.
MyorousnciieHHbEIE SKCIEpHMeHTANbHREe HCCJe-
NOBaHHA MOATBEPKAAIOT  AHCHOKAUHOHHBIN
xapaktep rpamui., Mz puc. 3.32 susHo, urc
: MaJIOyr10Bad Fpauila pasjenseT MOHOKpH-
crTaaMUqecKHe 3€PHA, OPHEHTAUHS KOTOpPHX
HC3HAUMTEABHO OTIHYaeTcs. B pealsHEX
] KpHCTalaaX YIoJd DA3OPHEHTHPOBKH Kouel-
f JETCA OT HeCKOJNBKEX YIVIOBHX CeKYHI 10 3—
JI 5°. ¥ron pazopHeHTHPOBKH CBf3aH ¢ BeKTO-
-

| et

Y
1

I

poM b RpaeBHX AHCJIOKAIMH M pacCTOAHHEM
I} mexav HHMHE COOTHOLEHHEM

Pac. 3.32, Tpanuua 1o 0~ 0= "—f’f . (3.53)

3¢PeH ¢ MAIHM YIToM
PasGPUERTANNN
I'pangnby 3epeH  OKA3HBAIOT CYLIECTBEH-

HOE BJRAHHE HA MHOTHE cBOHCTBa KpHCTAIl-
JOB, B YACTHOCTH HA 3J€KTPONPOBOAHOCTh, NOTJAGIIeHRS yJAbTpa-
3BYKd, ONTRUECKKe cBOHcTBA H T. A. Hanruue rpamun NpHBOXHT K
TOMY, YTO B TIOXHKpHCTaAtaX Koahounument nuddysun npaMeced
3HAYHTEABHO 00JbIIE. HeM B MOHOKPHCTR1IaX.

FNABA 4

MEXAHHYECKHWE CBOHCTBA TBEPJAbIX TEJ

4.1. HATPSKEHHOE W JE®OPMHPOBAHHOE COCTOAHUY
TREPALIX TEJ

Mexanuqeckue csodcTaa 16epdoeo Tean OTPANANT c20 pearltin
Ho 8030elicT8Ue HeKOTOpLLX 8Metirux axTopos. B upocrefiiem
cay4ae TakKHMH BHEWHHMH (DagTOpaMM HABJRIOTCH MeXaHHYeCKHe
BO3JECTBRA: CIKATHE, pacTAXenie, Harud, yiap, KpyueHte, Kpome
MEXaHHYECKHX CYIUECTBYIOT TEMJ0DBHe, MarHHTHHE, 3JeKTpHUYECKHe
H ApYyTHe BO3JIeHCTBHY,

Mexannueckne CBOHCTBA OMpeRenAOTICA, B NEPBYIO oOuepelb,
CHIaMH cBs3y, ZefleTBYOINAMH MeXIY aTOMAaMH HJIH MOJeRyJdaMu,
COCTABJAICUIMMH TBEPAOE TEO,

CospeMennasl HAYKa H TEXHHKA HEIPepHBHO NPeXbABAAIOT NO-
BHUIEHHEE TpefopaH#HA K MEXAHHYECKHM CBOACTPAM TBEPIHWX Tel.
Hanpumep, wiHpOKoe HCROJB30BAHHE METAJIOB Bo BCeX OTpacasy
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HAPOAHOro XO3AACTBA CBA3AHO C TeM, YTO OHH O06JaRAIOT [eJNM
KOMILIEKCOM MeXaHU4YeCKHX CBOHCTB: BLICOKAs NPOYHOCTH, TBEp-
J0CTb # YOpPYTOCTH COYeTaroTCs ¢ XOpowled mMJAACTHUHOCTBIO H BA3-
KOCTbI0. B HacTodlliee BpeMd NOJyueHBl METANJHUCCKHe CIVIABH,
KOTOpHE MoryT padorath B YCI0BHAX TIJy00KOrQ X0/0Xa H NpH
pUeHh BHCOKHX TeMneparypax, oOmafaf IPH 3TOM  XOPOLIHMU
MpPOYHGCTHEIMM XaPaKTepHCTHKAMH, cral0 H3MeHAIWBMAC B Te-
yetlHe JJAUTeJbHOIO BPEMEHH.

YpoBenb gocTHXeHHHA B 00JACTR NOJNYYeHHS TBePAHX MaTepHa-
JOB € YAVUIIEHHHIMH CBO#CTBAMM ceddac BbicoK. OpHaxko 3TH
JOCTHKeHHA OunH Ok HEBO3MOMHE 6e3 HBYYHO 000CHOBAHHOTO
NoAXOEa K NpoGleMe yayunieHHs MeXaHHYeCKHX cBOKCTB. Boamox-
HOCTH IJS TAKOTo IOAXONa NOABHJINCH ¢ PAa3BHTHEM (HH3IHYECKHX
METOJOB HCC/IeNOBAHHA TBepAHX Tel M IpEeMAe BCero CTPYKTYp-
HHX: PEHTIeHOBCKOro, sJjaexrpodorpaduueckoro, nefTpoHorpadu-
YeCKOro H 3JeKTPOHHO-MHKpocKomuueckoro, Crano scHo, 4To GoOib-
IIMHCTBO CBOHCTE TBEpJBIX TeJl 3aBHCUT 0T ocofeHHoCTeH WX ATOM-
HOfl CTPYKTYDPH. KpynHEIM maroM B pa3sBsTHM (DH3HUECKOK TEOPHH
NPOYHOCTH TBEPAHX TeJl SABHIHCh TEODUSR HELOBepUICHCTS W, B
IEpBYIO oucpeRb, Teopur Jucaoxayut. (OKazarock, 410 MexaHHye-
ckad MPOYHOCTE TBEPIKIX TeJl 3aBHCHT, IJaBHMM olpasoM, oT AHC-
JOKANHE # uTo Helosblude HAPYIIEHHS B DacioJIOKEHHH ATOMOB
KPHCTANJHYECKOH peIleTKH NPKBOAAT K Pe3KOMY M3MeHeHHIO Ta-
KOro CTPYKTYPHO UYBCTBHTENBHOTO CBOMCTBA, Kax conpo'rnsneﬂne
nJaacTHYecKol nedopManuH,

HecmoTpsa Ha ycnexu B ofracTh TerHH H TNIpaXTHKH HCCAeNo-
BaHHs H H3MeHeHHST MeXaHHYeCKHX CBOMLTB B HYXKHOM HampasJje-
KH#, B 3To# 00JaCTH enie MHOTO NMPEeNCTOHT CEEIATh.

Mexanuueckoe HanpssedHe. Ecan Teno Haxoauwrcs AOX AeHcT-
BHeM BHeillHMX CHJ, TO B KaXJI0#l €ro ToOYKe BO3HHKAWT MexaHuue-
CKHe HanpsuKenwd. B 3ToM caryuae roBopdAT, 4TO Telo HAXORHTCH
B HANPAIKEHHOM COCTOSHMH, Eci# B TaKOM Tel¢ BHEEIHTE Kakoh-
anfo saeMeHT ofbeMa, TO Ha Hero AefcTRYIOT fBa THAA CHJ:
1) ofibeMHEle cUIB (Hanpumep, CH.JIA TSIKECTH), ACHCTBYKNiHE Ha
BCE 3JeMeHThl TeJa: HX 3Haudenue NpoioplHOHaALHo ofbemy 3Jje-
MeHyTd; 2) c#abl, JeHCTBYOIIHE HA NOBEPXHOCTH 3NEMEHTA €O CTO-
POHB OKPYHAIONIHX ero uacTell Tesa. ITH CHAbl HPONOPUHOHAJBHH
II0MaAH NOBEPXHOCTH 3jemMeHTa. Tagyo Ccuiy, OTHECeNHYIO K elH-
HHYHOH IIZOLIAAK, HASHRAKT HAIDAKEHHEM,

HanpuMep, Ip# OCEBOM pACTHXEHMH H3OTPONHOIO UHJAHHADHYC-
ckoro crepaust (puc. 4.1) B YCAOBHAX CTATH4YECKOTO DABHOBECHS
BrHewnsn cisia F ypaBHOBelIWBAeTCHA BIYTPEHHEN CHIOR COMPOTUB-

-"IeHHHJ. odS, rge ¢~ HanpaXKeHHe, HOpMaJbHOoe X TMJIOCKOCTR
Ceyenysi, a S —— MAOUIAIL NMONEpeNiory CeyeH®st CTepXKIA, T. €

Fe= I adS.
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F 2(9)
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- 54 652
' & [ | 622
3 4 — ———
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Gy 81{ Or2

- X
: (1)

Puc, 4.1. K onpepenenure Puc. 42,  Qfpazopanne Prc, 4.3. Haunpmxe-
MOHATHS MexaHHGecKHX «lIefiKH» NpH pAacTSKeHHH #ud, AeficToywllHe Ha
‘HanpsKeHRN ERAHHADHIECKOrO  o0pa3- C[paHB-SJACMEeHTapHOTO

a RyBa

Ecnn manpsmenus pacipejiesieHH MO CEYSHHIO CTPXKHA PaBHO-

MepHO, To F=g I d S=g S, orciopa _
. o=F[S. ' (4.1)

[Moncrasus B popmyny F=1H, S=1 MZ, noayysu:

1 eanauua vanpskenns =1 Hfm?=1 Ila, 7. e. nanpaxenne BH-
pamaercs B TeX e eIHHHNAX, YTO H AaBileHHe,

CllefiyeT OTAHYATL LCTURKBIE HANPANCCHUS OT Yraosnvix, HcTui-
HHe HANpMKeHHS ONPeAeastOT, OTHOCH CHJY, NPHIOKEHHYW K 00-
paslny, K QaxTHUSCKOMY 3HAYCHHI0 TJAOHIAXHM CEUCHHA, HIMEHAIOo-
WEACH (PR HalpAKeHHsX, CocoOHEX BH3BATH RCCTATOUHYI  Je-
dopmannio. Hanpumep, nps pacTsxennu ofpasia B pesyjbrare
6oremux pedopmanuit nocTelieHHo oOpa3yeTcs «uiefixas, Kak 3TO
moKasauo Ha puc. 4.2.

YcsoBuble HanpskeHBsA ONPEAENAIOT, OTHOCA CRJAY K TJOHIaNH
nepeoHaua/EHOTO ceveHns 06pasta, BO BeeM HuTepBalde Jedopma-
uui, BNJOTL A0 paspyHiexus odpasua.

Ilpx omMCRHHH HaNPKEHHOro COCTOAHHA OYHeM CYHTATH, WTO
Hanpsi)KeAde BO BCeM Telle OXHOPQAHO (0AHHAKOBO BO BCeX TOUKAX
TeNa), Bce YACTRE TENad HAXOAATCA B CTATHYECKOM DPaBHOBECHH,
o0neMHLIe CHJBI({ geliCTBYIOIHE HR BCEe BJMEHTH TeJa, HanpaMep,
CHIE TaXecTH} # ofbeMHLle MOMEHTH OTCyTCcTBYIOT. Bolfepem
A6y Touky O B 0OBMe 3TOQO TeJa M BOKPYr Hee [IOCTPOHM, Kak
5T0 NeJIaeTcsd B KJACCHYeCKOH TeOpHH YRPYTrocTH, GeCKoHeyHo
Masel Ky6 (puc. 4.3). Tpn B3anMHO NepreHAHKYAAPHHX OCH X, ¥,
2, HCXOASHI#E #3 3TOH TOUKH, BHOepeM B KadecTBe NPAMOYrOJbHOH
cHcTeMb KoopauHar. [Jockosibky B gaiibHeHlleM HpPH HalHCaHHH
dopMyn ynobuee onepupoBath Uuppamu, cfosHaynMm oce ¥ uHp-
poit I, oce ¥ — updpont 2 u oce 2 — uudpoit 3. Pebpa snemen-
TapHOro KyOa napaiiennun ocam Ox, Oy, Oz,
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[Ipn pamHoBecHH CHIH, NeHCTBYIOIIME Ha NPOTHBONOJOKHbE
rpafH, PaBHE, NO3TOMY AOCTATOYHO PACCMOTPETH CHJBI, AEHCTBYIO-
ylHe Ha TPH B3aWMHo NepneHanKyjaspEWe rpaun. Kaxaoe us ua-
npsoKeHnit, feACTBYIOUINX Ha TPW HeJapanJeeHble rpaHu  KyGa,
pacKIainbBaeM Ha OARY HOPMAaJbHYH) COCTABJSIIOIIYIO M ABS Kaca-
TeJbHBIE, T, € JeXalliHe B paccMaTPpuBaeMol TpaHu.

OGoznauuM o;; KOMAOHEHTY HafMpsekesns, geficTywomyo B Ha-
npasAeHHH i Ha rpades ky0a, NepleHAuKyRapHyIo ocu j. Hanpaxe-
HHSA 01, Oz, O3z — HOPMaJbHBe (pACTArHBAIIHE WIH CKHMA-
IHe) HANPFKEHHS; Oz, G13, O3 H T. J. — KacaTejblHe (CKaaM-
BAIOIGHE RJIH CABUIOBHE) HANPAMKEHHS.

Hrax, HanpsKeHHOe COCTOSIHHE B TOUKE XapaKTepHIyercs fe-
BRTHIO BEJHUYMHAMH o, KOTODHE HABJAITCA KOMNOHEHTAMH TeH30-
pa BTOPOI'0 paHTra — TEH30pA MeXaHHYecKdX HanpsuKeHuit:

Gi1 Oz O3
Toawp={ 021 G2 0Oz . (4.2)
031 O3z Oag

Tak kKak s/leMeRTapHHIR Ky§ HAXOANTCA B COCTOSIHHM paBHOBe-
CHSl M HANPHAMKEHHE OZHOPOAHO, TO MOXKHO N0K434Tb M2 PACCMOTpe-
HHH BPaillaoliHX MOMEHTOB OTHOCHTeJBHO mo0of ocu Kyla, uro
O23=03g, O3/~013, O12=02. OTCIONA CACAYET, UTO M3 ABBATH KOMMOO-
HeHT TOJBKO IIECTb ABJAIOTCS HEe3ABHCHMBIMH ¥ TEH3OP OKA3HBAET-
c CHMMETPHUHEIM, T. €. KOMIOHEHTH, CHMMETPHUHBIE OTHOCHTEIBHO
IJIABHOR ZHArOHAJH TeH30pa, PaBHHE Mexny colofl (oij=0j;)

Hanpaxkennoe cocTosiHe, BO3RHKAIONIee B TBEPIOM TeJe, CVIHe-
CTBeHHO BJHAET HAa npolecChl ero aeopmandx 0 paspyurenys,

Baxnpof xapakTepHCTHKON HANDPSKEHHOTO COCTOSHHS HBISAETCH
KOIPPUUUSHT ¢MALKOCTIY, PABHBE OTHOWICHHI0 MAKCHMAIbEHX
KacaTeAbHHIX HANPSKEHHE K MAaKCHMAluHWIM HOPMaJbHBEIM, HeM
MeHpiie STOT KO @HUHEHT, TEM <IHECcTue» HANPIKEHHOE COCTOS-
nge. KacarejpHble HANpSKEHHR CAOCOOCTBYIOT PA3BHTHIO NJACTH-
Yeckof gedopMalHH, a HOpPMaJbHble — DAa3pHIBY MeXaTOMHBIX
CBA3eH, XPYNKOMY Pa3pyHIeHHIO TBEpAOGTO TeJa.

Nedopmauun. Jegopmayus — uamenenie 00vema Uil popmot
Taepdoeo Tean Ge3 usmenenun ezo Mmacco nod Oeticteuesn snetunet
ciasl. Hedopmanna — sTo npolece, IpH KOTOPOM N3MEHHETCH pac-
CTOSHHE MEXJAY KaKHMH-IH00 ToukaMu rtesa. IIpocrefiliine BHARI
dehopManuu: pacTANceHue, cxarde, cO8u2, KpyweHue, useus,

dneMeRTapHOR aAedopMaltMell mpr OHOOCHOM DACTHKEHHH LH-
JAHHApHUeCKoro ofpasua ssjseTcs yAJuuedue. [IpH HpHIQKeHHH
Pacrarnsamoniefl cHnbl ofpasell YBEJAHYHBACTCA B ANHHE M yMeHb-
Waeres B auamerpe. OOb9HO AeOpMAlHI0 BHIPAXAWT B OTHOCH-
TeIbREIX eAMHMUAX. TAK, ecaH ofpazer HMes 44a/bHYI0 RAHHY
by u lx nocae npuioxenus pacraruBamomed  cuam (pue. 4.), TO
OTHOCUTeABRAR degoprayus obpasua

g==(Lx—1I0} [ls. (4.3)
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Kax u & caysae nanpaxediul, caedyer orau-
] ware ycaosnsie (g) degopmayuu (ydaunexue u
i cdauzn) or weTUnAbY (¢), 0cO0eHHO 3TO BAKHO
| nph Boasmux nedopmamudax. [Ipa moacyere ne-

" = THHHBIX fedopMaLHR  YYHTBIBAIOT Ke NOCTOAH-
HYI0O Ha4aJbHYI0 ZAWHY, a MepeMeHHYi, YBelH-
YHBAWLIYIOCA (NpH pacTSKeNHHu) B [pouecce

nethopMaLiHH,
L L Hanpumep, ecin npH HarpyxeHHH ofpasua
ero AJWHA H3MEHHAach OT ly 10 ly, TO Beckh
Eé‘i f{:.'qgf::;ﬂ:: nponece jedopMaUHR  MoXHo pa30HTE Ha OT-
¢koro abpasuanpr  PE3KH, Chauana ofpasen YAJHHHACA AO {|, 3a-
PACTAREHHE TeMm g0 fp, [y ¥ T, M., TOTXA cyMMapHOe yAJIHHeIne
P ll LU!O + 321 .’:: + fg Ez ++lx__-iu_1_' (44)

1 12 lxml

Ecau YMeHLIIATE OTPE3KH, Ha KOTOPHIX MOACUHTBIBACT S YAJH-
feHHe, TO B MIpeliene HCTHHHOE

di Ly .

YcaOBHKME H HCTHHHEe gedopMauui cBs3adbl MexAy CcoDOH. B
camoM geje, g=ly—lhflo=Ix/lo—1, orcioga Ixflo=1-+eg, TOrAa

e==In (L/le) =In(14-e}. ' (4.6)
MMpu Maabx ZedOpMaHMiX YCAOBHHE H HCTHHHBHE AedopMauuH

MpaxTHYeCKy coBlagawT. IIp# Manux e nMeeM 1n(1+e)_=e——§~ +

" :
e
+-2—- —-«+, OrpanuynBasich IePBHIM YJIEHOM DA3JIOKEHHH, NOJY-

yaem, UTO, ZeficTBUTEIEHO, e~ g, [Ipy Goabliux aepopMamlax Mex-
AV 3HAYCHUSIMH YCJAOBHBIX H HCTHHHBEIX AedopMaunil HAGAOJAeTCSR
CYIeCTBeHRAA pasHHLA.

TlokaxeM 910 HA IpHMEpe. _

[lyers aaHHA CTepXHA NPH PACTSREHHY YABOMNACH, 4 NPH CKa-
THH — BABOe YMeHbIUH/Jack. }emodn3ys npubBepeHHble Boille dop-
MYJIB, PACCUMTAEM VCJOBHEIE M HCTHHHBle pedopmauun, Jlaa pac-
TRIKEHHA
lv—1o . 2 lo—1{a - 210

Io A :l, e==In -—-E]-“ =+0,69

8:

Jlag cxkarns

- fof2—1o 05 e=In B2

W =—1(),69.
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Bupum, Yr0 HCTHHHBIE Ae(DOPMANHH NpH CHKATHH ¥ DACTAKE-
HHH PABHEl H OFIHYANOTCH JIHIIL 3HAKOM,B TO BPeMf K4K VCJIOBHbIe
redopManis OTIHYAIOTCH M N0 3HAUEHUO, H MO 3HAKY.

Baxanm cBoficTBOM HCTHHHHX jpedopmanuii gpisercs ux af-
xuTHBHOCTB. B caMoM neJe, eca¥ NpoBecTH pacTdKeHHe obpasna
g ABE CTajliu: neppad.— Of I, no [, Bropax — or I, 10 I, U nog-
CUHTATh MCTHIHHe nedopMailuH, T0

;i es=In 3 i Ceyn==In {-0“— +-1n ) =In L3 —=e+es.

er=ln La in i

In

I

(4.7)

Jlerko noKas3aTth HA STOM XKe NpuUMepe, ur0 AJd YCJAOBHHX Acdop-
Manuii cROfiCTRO agAMTHBHOCTH HMe BHIIOAHAETCH, T. €.

chmﬁbﬁt']‘Ez- (48)

CBofictB0 aAAMTHBHOCTH HCTHHHHX AedopManuit BamHO AAA
npakthkH. Tag, pacuern cymMmapHoft pedopmannu apH obpabGorke
MeTasIa JaBJCHHEM, OCYNIECTRJIfAeMOA 3a HECKONBKO fPOXOAOB,
3HAYHTEJBHO YAPOILAWTCS,

HOna noaporo onucaHus KeOPMHPOBAHHOIO COCTOSHHR KpOMe
yanmHenufl (yKopoueHnnf) HeoGXOMMMO 3HATL CABATH, BO3HUKAID-
ke noj HedcrBHeM KacareJbEKX HanpameHul. [IpH MeXahHue-
CHHX MCAHTAHHAX NPHHATO XapaKTepH30BaTh Je@opManHy OTHOCH-
TeabHBIM H3MEHEeHHEM JHHeAHHX pasmepo olpa3moB, a Takxke
yeaom cdeuza o, T. . YIJIOM, Ha KOTOPHIH H3MeHHNCA flepBOHa-
4aNpHEH NpAMOH yroa sieMedTa NOBepXHOCTH AedopMHpYeEMOro
Tena uian ofpasua. QrrHocuresbbim cdauzom y HO3618Q10T TAR2EHC
yeaq cdsuza {puc. 4.5).

W3z puc. 4.5 caenyer, yro y=Aljh=tga. Ilpua maasix sepopma-
nuax tg e~ a=y.

Jliobas nepopmauus Mmoxket OHITb NPEeACTABJEHA B BHie Olpe-
lenenHofi KoMOHHallMH CHBHFOB H YAJIMHeHHH. B obuieM caydae,
s MAaTeMAaTHIECKOTO OMHCAHHSA Ne(OPMHPOBAHHOIO COCTOAHHS B
BufpanHofl, ¥ noueMy-Auo Hac 3aWATepecoBaBlIefi, TOUKe Heofin-
1Mo pag mwobore HallpasjeHHs, HCLomgsllero U3 sTod TouxH, Of-
DejleIHTh NpOHCIIEALIHe B pe3ynbraTe HedOpMAalHH H3MEHEHHS —
paceTosiHHe MEXAY ABYMS GJIH3KHMH TOYKAMH H VIOJ MEXKAY .10-
ObIME ABYMS HANpaBACHHAMH.

Tpu usaoMenuy mMareMaTd4eckux ocHo8 Oeopruposanto
cocTofnusn Oydesm paccMerpusars Aimb COHOPOOHbIe GECKOHEYNO
Maavie Jegopmayuu. CHauada paccMOTPUM CAyua# ONHOMePHON
dedopMAUHKH PACTTAHMON CTPYIH, JEBbIH KOREW KOTOpOH 3akpein-
ek B touxke O (puc. 4.6).

BoseMem touxy @ BGausu P, tax wto P Q=Ax, [ocae nedop-
Manuw P nepexomut B8 P/, a Q B Q'; # — cMemenne, Orpesox
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Pue, 4.5, Hamenenne gop-

MEH H pasmepos Teaa naj

AeficTRHeM  KacaTenbHHX

HAMPANKERHA Try. [Ipo-
CTOH CABHT

P'Q’ pasen Ax-;-Au. Onpenenum zedopmaumo orpeska PQ:
PQ|—|PQ| _ Au

Pac. 4.6.
eTpyHs: @ — Jo, & —
nocae ]JaCTﬂ}KeHHﬂ

Hepopyanua

| PQ| T Ax
Hedopmauns B Touxke P
e= lim 24 = % (4.9)
aneg D X

Taxum obpaszoM, zedopMannd B J0G0H TOYKE eCTb TPOHIBOX-
Haf CMEIEHHs N0 KoopfAuHaTe, 370 OGe3pasMepHas BesuunHa. L3
BHpaxenns (4.9) nocle HATErpHPOBAHHA CJAELYET, YTO NPH OLHO-
POLHOA fedopMalud (B 3TOM caydde € — MOCTOSNHHAA) CMELIEHHE
AHHEHHO 34BHCHT OT KOOpJAHHATH: #=e X. -

[Tepexons k cnayvaiw obbeMroRt NedopMallie TBEpHOIG Teda,
BEHIOEpeM B KayecTRe oced KOODAHHAT TDH OPTOrOHAJbHHE OCH X,
¥, z ¢ rauaaom B Touge O (puc. 4.7). Ilycrs Touka O noche je-
dopMallHu ©CTaJack HA MeCTe, 4 BCe OCTAJbHBIE TOUKHM TeJja H3-
MeHHJIH CBOH TOJIOMKEHMS, ?

OnpefleanM  TOJOXKeHHe  TOUKH
A{x,4,2) jpo RedopManuum pagHyc-
BekTopoM 7. Tlocae gedopMaunh Tod:
ka A{x, y,2) nepeMecturcs B TOJO-
xenne A’(x,y, 2), onpenennemoe

—

pa/AHYCOM-BEKTOPOM . Bekrop AA =

-, = ey
s=r'—r=0{u,v,0) Ha3oBeM BEKTOf
pOM CMeleHHsd, U, U, ¢) — KOMNOHEH«
TH BEKTOpA CMeleHHA IO OCAM X, ih
z. OueBupuo, uro
X=x4-u, y=y+v, Z=zto.
CHoBa, K4k M B OJHOMEPHOM cay-

(2}

x(1)

Pre. 4.7, KoopauHaTHme — ocH
M1 OMHCanEA  yhnpyra dedop-
MHpOBaHHOro cocrosHuA. Liad-
PH B CKOOKAX YKa3LBAlOT Ha-
npamaente: x—1, y-2, 23

154

yae PacTIHHMOR CTPYHH (NOCKOJBKY
MH HHTEDECYEMCH He a0CO/IOTHBIM
cMellleHHeM Touek npu Jedopmain#,
a HX CMeIleHHeM JAPYr OTHOCHTE/LHO


http://www.print-driver.ru/?demolabel-ru

-

ApYra), onpeseanM neopmanmo oTpe3akoB Ax, Ay, Az

B manpaBieHHE OocH X oHa COCTABHT Au/AX HIn Juj/dx B
npenenie npe Ax-»0, B HampaBnewwn ocH y umeem AvfAy u
Jufdy B nperene npu Ay—>0, B HanpaBAeH®H z DNOJYUHM
Aw/Az W Bw/dz b npepene npa Az—0. Tak KaK KOMIOHeHTH
4, U, @ ABJISIIOTCA NHHeHHHMH QYHKUMAMH KOODAHHAT, TO

du du J
M= S At G Ay 0:’ Az=e AxtegAytesAz
do .

T Ox

do e dw
Am_dx A x-L 3y ay+az Az=ey AxtepAytenndz.

Hdeeare seaunun e; obPasyroT TeH30P BTOPOEO paHad — TeHIOp
dedhopmatju,

Hdag pudcuenun $HIEIECKOTO CMBIC/2 KOMIIOHEHT &; pacCMoT-
puM yacTHHH caywail. [Iycte A y=Az=0, Toraa

AU Ax+ g: Ay4- g? Az=ey AxtenAytendz;, (4.10)

A u=%Ax=en Ax; Av= %%Axsegl,&x;
(4.11}

a
A o= ﬁAx=eal Ax.

Herpyano sufers, uto ey;=A #fAx=0 u/dx nupegcraBIseT co-
Goff yaMHAeRHe NPH PACTAXKEHHH OFpe3ka A X, CIpOelHpOBAHHOTO
Ha och X (1). AHaNOrHuHBIE CMBIC HMEIOT H KOMNOHEHTH

Av  dv Aw do
ez Ay= dy’ 833_ Az dz’ (412)

KoMnonentsl ey=0v/0x H e3;=0/dx oNpeensior NOBOPOT
JHHeHROTO 3JeMeHTd, Hapail/lenslHorae OCH X. B NepBOM caydyae —
BOKPYr ocH 2 B CTOPOHY y (10 yaCoRoill cTpenke), RO BTOpOM —
BOKPYr OCK § B CTOPOHY ocd z (HIPOTHB YacoBOH CTPEJKR).

B camom gmene, u3 (4.11) caepyer, ato Av={(vfAx}Ax=
=@y 'A X; ¢ y9eToM Toro, 4TO Npu AedopMaunn oTpedck Ax yaiu-
Hercs Ha A, noavasM ey,=Av/{(Ax-}Au)=igQ, rae 0 — yroa
NoBopoTa JHHCHHONO SJEMeHTa.

Tax Kak MB HMeeM A0 ¢ MAARIMH CMEIReHHAMH, TG §# H U
Maje 710 CPABHEHHIO C X, MOTOMY A# H Ay Maaw N0 CpABHEHHIO
C Ax, a B=Av/Ax=ey. KOMIOHEHT &, OnpesenseT NoBOPOT JH-
HeliHoro sJeMeHTa, apaJijleJLHOTO OCH Y, BOKPYT OCH 2 B Hampab-
Jeuun x (o 4acoBof cTpesige); e13 — NOBOPOT JHHEAHOrO sie-
MeHTA BOKPYF OCH 4§ B HalPABJNEHHH OCH z (IPOTHB 4ACOBOR CTpes-
kKn), KOMNOHEHTH €p3 H €33 ONPEJAENFOT NOBOPOTH OCH X B HEp-
BOM caygae B HampaBieHHH OCH Y (HO 4Y4coBOR CTPeike), BO
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g BTOPOM — B HallpaBACHUH z (NpOTHB 7a-
: 5 .coBoft cTpenxn).

A ,,-“'fa OnpeneniM cyMMApHHHA, WAM OOJHHLEH

71 { CHBHT, MPOHCXOARIIMA, HanpuMep, B MIOC-

uj , { koctH xy (puc. 4.8). Ilycte B nexedopmu-

| 780 / poBagiloM Teje MM HueeM KBagpat QABC,

-~ J [Tor neficTBHEeM KacaTe/bHBIX HaNPSKEeHHA

At ksagpar OABC mnperpamiaercs B pomG

0 Lo, ¢ x OA'B’C’, npu stom cropona OA mosopa-

22 YHBAETCH N0 YACOBOH CTpejKe Ha yrod,

Pre. 48 Cymmapuas  paBHHA [/2e5, a croposa QC — npoTes

I:’Oﬂ:“;%%“;meﬁe‘&gg;‘fe'ﬁf‘ waCcoBOR CTPeJKH Ha yroi 1/2ey. Tako#
RUX manpamenufi Tz, ~ CABHI IA3HBAIOT UHCTHIM B OTJHIHE OT
npocToro cieura. CpapHeHue puc. 4.5 u 4.8

ACHO NOKa3blBAET DA3HHIY MEXAY YHCTHIM M NPOCTHIM CIBHTOM,
OGo3HauuM « cMemeHle TOUKH, pacHoJoXKeHHoR Ha cropore OA
(cmellenre NPOMCXOAHT B HANpABJEHHH OCH X), a uepe3d y — cMe-
LIEHHE TOUKM, pacnoJioxenHoll Ha cropone OC (cmemlendne mpouc-

XOQHT B HafpapJeHHH Ock #). Tak Kak cMellleHHe p 34BHCHT O

1
KOOPAHHATH X W IPOROPHMOHANBHO efft, To ~z- eg;=00fd X; TakKe

2
%elg=a u/dy. Orciofa caeayer, 4TO B MJOCKOCTH Xy CyMMapumfl
casur pasen: 1 _Bu , dov 413
9 (812+€21) ay ox . ( 1 )
| AHaJdoTHUHEM cn-oc%ﬁom MOXHO MOKA3aTh, UTO 3 ;
. av ® 1 ou G

Buifichup CMBICH KOMNOHEHT jedopMalliH, MH MOXKeM Tefepk
COCTaBUTb TeH20p JedopManun, koTophiii onpegeaser AedopMu:
pOBaHHOE COCTOSIHME B J4HHO# Touxke Teda. [Ipm 9ToM BJas TOTO,
uTo0el  OTARAUTH cobcTBeHnY JedopManuic Teda OT ero Bpa-
eHHs Kak uenoro, oOHYHO TeH3op AeAdT Ha CHMMETPHYHYIO K
AHTHCHMMETDPHUHYI0 UaCTH. AHTHCHMMCTPHYHAS 4ACTh ’fg(egg——-eg,]
OUNCHIBAET BpalljeHHe Telda Kak Meqoro. CHMMeTpWYHAs 4acTh
2(e1a+¢2) onHcwmBaer coberBenno JedopMandio Tena. TakuM
oOpa3oM, TeH30p RedQOpMALHI ABINETCH CHMMETPHUHBIM TEHIODOM
BETODOr0 p4Hra, CONEPHKHT JACBATb KOMMOHEHT, JIeCTh H3 KOTODHY
ABJISIIOTCA He3ABHCHMBIMH, NOCKOIBKY KOMIOHEHTH, CHMMeTpHuHblé
OTHOCHTEIEHO TNABHOA NHAroHaJlU, pasHE Meway coboil (.9,-,-=e,-,-)_jI

21 YolerzFea) Volewntea) f

Trep= | Ya(eat-e12) ez s (eastesr) | = J
Yo(es1-+-ers) a(esztean) ess !

g1 €12 £13

= | ez Bz | (4.15

E3l €32 B33

—
st b om0
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Jlnaronanpiiblé KOMNUOHERTH g; ONHCHIBAIOT YAJHHEHMS HJH
cAKATHSA, OCTAJbHBE KOMNOHEHTH g4 SRASIOTCA KOMNOHEHTAMH je-
dopMalHH CABHra. ¥ros CABMMA, MJH MOAHBIH CABHI B KaKoH-TO
13J0CKOCTH, PABEH COOTBETCTRYIOWIEMY HeAHaroHaJbHOMY KOMIo-
HCHTY TeH30pa AedopMalHH ey

4.2, ¥NIP¥TOCTh. 3AKOH TYKA AJA H30TPOMHBIX
TBEPALIX TEN

Mexanusecrue csofictaag reeplsix Ten Hauboaee noARo Onulbi-
satoTca Ouazpammamu  Oegopmayun. Juarpammel  pedopMailns
MpeAcTABJAAIOT cOf0fi 3aBHCHMOCTH MEXIY MeXaHHIeCKHMH HANpPH-
KEHHAMH ¢, KOTOpPHe BO3HHKAlOT B TBepAOM Teje TpH NpHIoXe-
IHH K HeMy BHENIHEeH CHJIB, M gleopmannamu e. Mz nuarpamm pe-
diopMalldyA MOAYYAIOT CHCTEMY XaPaKTepHCTHK NpPOYHOCTH (mpege-
JB TIPOYHOCTH, TeKYYecTH, YAPYrocTH, OTHOCHTEJbHHE YAJUHEHHA,
CYXEHHA H Zp.). 3aMeTHM, UTo AHarpaMmbl jeopMalHy He 3aBH-
CAT OF I'eOMETPHUECKHMX pasMepoB oOpasila, NOCKOJBKY ¢ H g fB-
ASOTCA YAeAbHBIMH BeJHYHHAMH.

Ha pue. 4.9 nprBeneHa THUNA4Has — guarpaMMa  fedopmaiui
119 ONMOOCHOTG PAcTAMEHHs WuJAnHApHUeckoro ofpasna. Lcreer-
BeHHO, YTO H3YueHue MeXaHWUeCKUX, B TOM uuCiIe H YAPYIHX,
CBOKCTB TBepAHIX TeN Jerge BCEro HAyaThb € AHAJMIA JHACDAMMBL
aeopmannn. Kak Buano u3 puc. 4.9, kpubas o=f(e) obnapyxH-
B2€T HECKOJBKO XapakTepHBX ocofenHocteli. Tak, npu MajbiX Ha-
MpSKEeHHAX 1abaogaeTcd aHHeHHAs 3aBHCHMOCTH JedopMaluH OT
nanpsxenus (yuacrok OA). JHpyroét ocoSerHocrbio yyactka OA
ABARETCA TO, 4TO MoCAe CHATHS Harpysku (opma u pasmeps 06-
pasna BOCCTaHABJNMBAIOTCA, T. €. AedopMains okalwBaercs obpa-
Tivoit. Obparumocrs AedopMauny na yvactke OA nabawonaercd
TOMBKO B TOM Caydde, e¢ClH HArpy3ka TIpHJaraeTcs 4 CHHMaeTcA
cpaBHHTeJbHO OpicTpo. Ecau Harpyska NpHJIOKeHA B TeyeHHe
GOJBIIOTO NPOMEXKYTKA BpeMeHH, TO MH CTAaJKHBAEMCS ¢ #BJEHH-
eM «KpHia» (fOJN3YYecTH), a CNEROBATENBHO, H C HeOOPATHMOCTBIO
netopmanuy. [lpaMosuBeldnni yua-

crok OA maseBatoT o8aacThio Ynpy- 6
roft fepopManMn (A1 TBepABIX Tel o L ___ c
e %). |

3a npenenaMy ynpyrofi ofnacTu Q|
NpH Nepexoxe uepes Touky A (ma- =
IpsXKeHHe, COOTBETCTBylomlee sToft T 76 g:
Touke, HasbHBawWT napedesom ynpyeo- ¥ ]
CTi oy) KpHBafd NEPeXONHT B TAK Ha- Q'
IHBaEMYI0 NAacTHgeckyw ofaacte. O D 5%
Benuunna or COOTBETCTBYET Npelreny
TekyyecTH — MHHHMAJABHOMY BANDA-  Due 49, [lkarpamma  aedop-
KeHHW, TPH KoTopoM ZebopMainHs MaHH

167


http://www.print-driver.ru/?demolabel-ru

MpOAOMKAET BO3pacrath Ge3 ypeludenus Harpyaxu, Touxa C Kpl-l '
BOit 6= () COOTBETCTBYET npedety NpowHocTL oq. Ilpm pocTHMEd
HEW TIpejesla NPOYHOCTH o6pasell pa3pyllaercs. IMox npourocThIO
NICHHMAIOT OTHOMIGHHe MHHHMAZRbHON Harpyaku, NpH Kotopol obpa-
3ed, pa3pywaercd, K MJomany ceqedss obpasia. 3
OcHoBHEHE 32KOHOMEPHOCTH NOBEAEH¥R TBEPAHX TeJ B YIPYro
o6JIacTH SKCHEPHMEHTANBHO BnepBbe Ouiu u3ydeHn P. ['ykom
(1678). VIM yCTaHOBJIEHO, UTO TPH HarpyXeHHH u30TPORHOZO TEAGH
(zns w3oTpomHOro Teaa JMo0ele NPOM3BOJABHO BHOpAHHBIE Hampas-
NeHHs YKBARAACHTHH), Korda AedopMaHHH W HalpsiXeHHA N0OCTa-
TOUHO MajH, AedopManud APONOPHUOHAJILHA NPH/IOKEHRHOMY Ha-§
NpAKEHRIO (3aKou T'yka): 4
e=So. (4.16)}

3aecy e=Alfl — npomoasHan Jedopmanus npH pacraKenun; [
HepBOHauaJbHAN ANHHA HCHHTYeMoro ofpasua; A! — npHpaueHnd
JAJHHH B pesyibrare dedopMauHH; S — KoHcTanTa yapyeod nod
0ATRUBOCTY, UAKL RPOCTO HOGATAUBOCTS, '-

3akon I'yka MoXHO 3alHcath H B TaKol dopme:

o=C¢g, ' (4.17)]

rre C=1/8 — KOHCTAHTG ynpy2old HeCTKOCTH, UAY NPOCTO HelTs
xocts. Bugmo, 4rTo, ueM MeHbUIE NOAATIHBOCTb, TeM (oJee KecT4
KuM fABJIsercd Kpucraji. B suTeparype, ocobeHRO TeXHHUECKOH}
C yacro HasuBawr MoayJem lOura u oGosnawawr £, rorga ;

o=Es. (4.18)

3akon Tyka nas cABHrOBOH NeOPMAUAK NPH NEACTBMA KacaTelby
HHX (CKanblBAiOllMX) HANPAKERHHA 1 HMeeT T4KoR Xe NpOCTOR
BHJ, KAK H B CAydas PACTHXeHH: -

T=FjS=G Aljh=Glg a, (4.19)

rlle (G — MOZLyJb CEZBHra (HJH MOAYJAh YNPYFOCTH TpPH CHBHIE)]
tg @ — ranreHc yraa cueura (cum. pue. 4.5); § — naomians cee;
HHS 0ofpasna B DJockocTH capura; F — cuia cEpura.

B ciyuae BCeCTOPOHHEr( CKaTHs (HJ¥ DACTSKEHHA}, Hanpwy!
Mep, NpH I'HAPOCTATHYECKOM CXaTHH, 3axoH [yKa umeer nua ;

=% Q, (4. 20]

AV

P=x V

roe P — THApPOCTAaTHYeCKOe AaBJjeHHe; % — Kos(duuHesT Bcecm

pofiHero CXKATHA HAW MOAVIb ofbeMHoil pedopMmanmm; @ — obb
eMHas gedopmaliHs.

3akon ['yka, sanucannuit B pupe dopmyn (4.16)—(4.19), oun

pele/seT 3ABHCHMOLTp MeXAY HampsaxeHHeM H JedopMmanHed |

OMHOM H TOM e HalpaBJeAHH, T. €. B HaIDABJEHHH TPHI0XKEHH!

pHeluHeH! cHiau, Tagada 3anHck HOCHT HAa3BaHHe SJeMeHTAPHOTY
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saxona yka. Oxuako zedopMaiinsd Moxer X
BO3HHKATE H B HAMPABJERHAX, OTJIHYHBIX o
of HAHNDABJEHHA IIPHAOXKEHUA cHIH, B LT i ey 1
STHX CAVYasx 3akoH ['yKa B 3JeMentaprol *___j
popMe y®e HENOCTaTO9eH H HeolOXomHMO ]
BOCNIOAB30BATECH  00OOIEHHNM  3aKOHOM I
[yka. B camom pene, npw oZHOOCHOM iy I
pacTsKEeH#H URMMAPHYecKoro obpasua
[IPOMCXOIHT He TOABKO ero VAAuHeHHe B |
fafpaB/JeHHH NPHNOMEHHOH CHIL, HO H I
caxarne ofpasiua B molepeuHbIX HaNpas- '
ACHUAX, T. €. HMEeT MEeCTO TpexocHas je- | J ]
dopmanud. IlonepeuHas aedopmauns npu A B
yIPYrOM PACTAXKEHHH H/IH CXATHH Xapak- . -
repusyercs sospuyuentom Iyaccona v, PH;‘;1846L0.H . ?:eggggﬁ
paBHBIM OTHOIIEHHIO W3MEHEHHS PA3MepOB g:cm}f:{eﬂmp uﬂﬂiﬁipme_
B DONEPEUHOM HAMNDABJCHNM K UX H3MEHe- cxore afpasta
HHIO B fIPOJOJBHOM  Hanpasienus, Hdas
GOABLIMHCTBA TREPALIX TeJ 3HaueHua v Jexar mexiyy 0,25 u 0,35.
M3 prc. 4.10 cnenyer, 4o
_ An—ro)fro _ drfre .
(Li—bs) o difly TR Ve

Qdobugennstii sakon Tyxg yceranasiuader AuNelHyo 3a8UCHU-
MOCTE He TOA6KO Mendy OOHUM NANDAKeHues U cooTseTcTayouel
Dehopmayuied, Ko mendy KOMNOHENTAMU TEH3OPA  NAAPANCEHUL
(011, O22, G33, G1g, Ogs, O31) 4 KAHAbLM KOMNOHERTOM TeRaopa Degop-
Hayuu (11, 822, £33, £12, €23, €31)-

Ob6o6mennnfi 3akon I'yka 2714 H30TPONHOTO TeJda 3aNHCHIBAIOT
B ClelyiomieM BHe:

Lt

L]
=

L

1ast yasuHeRuh:

gy =gy= Té.— [611—v(02t033) = 'EI‘:* [ox—v(0y-t0:}];

Bgye=gy== "EL [ore—v(oy14033) = —,Ll?—v [oy—v{oxt0:}];

1 1 .
Bygm=gy= F [os3—=v{01(+02) ] = B [o:—v(gxt0,}]: (4.21)
5419 CIBHTOB
g = 12 Tay o= OB Tur .
elﬂ—ﬁxy— G G L] 823 8;‘;2. G G Y (4 22)
Jat Tze

By =Egx™ 5 = "

G G -
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MoxHO NOKa3zaTh, uTO KOHCTAHTH ynpyrocTd £, G W v CcBA3aHH
Me# 1y cofofl BEIpaXKeHHeM

G=E/[2(1+w)]. | (4.23)

Takum o6pas3oM, 3HaA ABe KOHCTAHTH, MOXHO BCErfd onpelen#Thb
TPEThIO.

4.3. 3AKOH TYKA AJd AHH3OTPOMHLIX TBEPABIX TEJ

Monokpucrannsueckie TBepJble Teaa SBIAIOTCA TenaMmy aiu-
seTponHbiMK. B ofilleM cayuae N8 MOHOKPHCTAAJIOB J0Obe NMpo-
H3BOJIBHO BHIOpaHHHe HaNpaBleHHs 0o CcBoficrBaM  HE3KBHBA-
JIEHTHBL.

Briuze Mbl BHZE/H, 9TO OZHOPOLHOE HATPSKEHHE ¥ OLHOPOAHAS
feckoneuHo mMasaf HedopMalHT ONHCHIBAIOTCA TEH30PAMH BTOPOTO
paHra, KaxJEblA H3 KOTODHX ONpeiessercs AEeBATbIO KOMIOHEHTA-
MH jeOpMalki e; H IZEBATHI0 KOMIOHEHTAMH HANPSKEHHS Oy
Ecau degropmayus beckoneuno mara u 00nopodua, T10 Kaxdas
KOMROHERTR TeH30pa Jeopmauuu AuNeiH0 C8A3AHA £O 8CEMU KOM-
NONEHTAMY TeH30pa Hanpfxcerul u, HA0GOPOT, KQWOAK KOMAONEH-
TQ TEH30PA HANPAMEHNA AUHCUHO CAR3ARA €O 6CeMU KOMROHERTA-
M Tensopa depopuayui. B 3T0M 3aKMI0UAETCH CYHEHOCTh 3aKOHa

Pyka aas auusorponmnmx TBepanx test. MareMatuuecknfi 3aKol
Fyka aae MOHOKpPUCTAJI0B 3aNHIIETCH
¢ B==Sigmt Outs (424)
Jaufo Kax
G:‘jzcijﬂ Exiy (425)

rae Siy #t Ciy — KOUCTAHTH MOAATANBOCTH H MXKECTKOCTH KpHCTaJ-
Ja cooTBercreendo. Jlerko coofipasnts, uro Beero Gyner 81 Kom-
NoHeHTa Sy H 81 komnonenra Cyp.

M3 TeopHH ynpyrocts H3pecTHO, UTO, €CJAH JB4 TEH30pA BTOPOIO
paHra CBA3AHBEI COOTHOWIeRHeM Buia (4.24), (4.25), To BeJHUHHH
Cumt(Sim) oBpaszyior rensop werseproro pamra, Tensop, cocras-
JeHHBA H3 KosuuueHTOR Cijy, HA3BIBAIOT TEHZOPOM ynpy2od’
MECTROCTH WAL npoCTe Tenzopom ynpyzocti. TeH3op, cocTaBaeH-
HBIf B3 Ko3duuneHToB Sjm, NA3HBAIOT TeR30pOM yrpyzol nodar-
AUBOCTH.

Tak Kak rensopnl fedopmallun ¥ HAUDHKERHA SBAMIOTCA CHM-
METPHUHBIMH TEH30DAMH BTOPOrO paHra (eij=ej; 0y=04), TO He-
3ABHCHMBIX KOMIOHEHT Sijx; H Cijy OyneT yxe He 81, a Toabko 36,
TIOCKOABKY B 3TOM CJyuae

Stjw=Sims; Crim=Cins; (4.26)

Sipm=Suin;  Cejrr=Cijix.
A KPUCTANNOB TEH3OPHW YNPYLHX MOAyJefl, KaXARE H3 KOTO-
pHX COCTaBJeH H3 36 KOMNOHEHT, B CBO0 OuUepeib TaKke SABJRIOT-
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¢S CHMMETDHUHEIMH, T. €. KOMHOHEHTH Sijx; H Cijxy CHMMETPHYHW H
OTHOCHTENBHO IIEPECTAHOBKH Nap HHAEKCOB: '

Simr=Suns,  Com=Crpis. (4-27)

Hanmune TaRHX paBeHCTB [PHBOAHT K TOMY, 4T0o B o0uieM
cAyyae YHCAO He3ABMCHMHBIX KOMINOHEHT TEH30pOoB YRPYTHX Moayaeh
cokpauaerces ¢ 36 1o 21 — cTONBKO KOHCTAHT HMeET TBEpHoe TeJo,
"e obxapgaloiiee HHKAKOA CHMMeTpHEH.

l’Ipn peltieHdH MHOTHX KOHKpETHbIX 3aia4 Mfisi  KOMIOHEHTOB
TEH30POB YIpPYFHX MoAyaeH, pedopMaldM H HanpsAXeHHd nolesHa
38IIACL B MAaTpHUHBIX 0003HAUCHHAX, MOCKOALKY OR& YMeHbImaer
YHCJO HHAEKCOB Y KOMNIOHEHTOB.

ITpr maTpuuBOf 3anucu nBofiHoe coueranue ifj=m {ij=1, 2, 3)
n kl=n (xl=1,2,3) 3ameHsercs OfAHHM HRJA€KCOM oOT 1 g0 6 no
cneayiome# cxeme: 11—1; 22—2. 33—3; 23, 32—4; 31, 13—9;
12, 21—6. B rakoit 3amicH KOMOOHEHTH HANpAXKeHHs H JedopMa-
Uy HMET BUA

GOtt O12 Ota 01 05 O5
U2) Ogz O23 |+ | O 02 Ox . (4.28)
Ca1 Gso J33 Js Oz O3
€11 €12 L3 - Bl t/:e g '/2 €5
231 €23 Eo3 —>( Yoee €2 Yo ) . (4.29)
&31 €33 £33 v Yaes Voe. es

KommoouentH xectkocra Cijy, NpeobpasyloTcs No Bbillle HAMH-
CaHHOM cxeMe, a KOMIIOHENTH NOAATAHBOCTH —— CAeayIOmHM ofpa-
30M:

Si5ﬂ=’lz(1+5aj] I/2(1+6H!) Smn, (430)

rge 8ij, 0w — neavta-cumeon;  Simm=!1, ecu i(x)=j{l}=1.
6‘*’(!ﬁ)J‘i})xO. ecan  ((x)¥j(l), 1. e Sun=S8n, HO Sijs='/2Su, a
Szazs=14 Sis. B Marpuunom ofoaHadenun sakoH [yRa 3anuuercs
TaK:
e=Sio; (1,]=12,..,6), {4.31)
o=Cije; (I j=1,2,..6). (4.32)

3jecs m 3aMeHeHO Ha §, a 1t Ha |. i
Kos(¢uuuenrn ynpyroii ecrkoctd Cy; B yNpYrod mnoRaT/u-
BOCTH S;; MOXHO IPEXCTABHTE B BHAE TAOMHI

Ciy Ciz Cig Cu Cis Cis Sit Siz Sz S S5 Swe
91 Cgp Cas Cas Cos Coe S21 Saz Spz Sou Sas Soe
Cﬁ"—: I—':3.1 Ca2 Cas Cu Css Caa . SIJ-= Sa 332 Sss Sm 535 :SEG
4 Cig Cig Cu Cis Cug S Siz Siz Su Sus Sie
Cs; Cup Cs3 Css Cxs Crg Ss1 Ssa Sna Ssa Sps Ssg
Cet Cog Coz Cos Cos Cae Sai Sep Sez Ses Ses Sa(a4 33)
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B Marpuunofi 3anuen BHpaxenHe (4.27) wumeer BHE C,;=Cj.
IlosiHoe yHCAO YHNPYTHX KOHCTAHT COKpDAUIAETCH B 3aBHCHMOCTH OT
CHMMETPHH KpHcTaana. Tak, ecjiH KpRCTas obaanaer TpHKJIHHHOA
CHMMeTpHeH, TO NoJdHoe YHCAO YNPYIHX KOHCTAHT paBHo 21, a pus
KpHcTadios KyOuueckof cHMMeTpHH oHO paBHo 3. OcHoBHoOe CBOH-
CTBO KYGHYECKOro KpPHCTalsia COCTOHT B TOM, 9TO HATPABAEHHS -t-x,
&4y, -z BaaHMHO NePNeHZHKYJAAPHH H NOJHOCTHIO SKBHBAJIEHTHH.
D70 NPHBOZHT K TOMY, UTO HMEIT MeCTO TAKHe COOTHOMIeHHA:

611=Cm=6m; Cm=cza=cai; Cu=Cr=Cos.

Ocranpibe KoMmnonenth Cy; pasun Hyalo. Tak 9To Ans  KyGuue-
CKOro KpHCTa/14 HMEercs BCEro JIHIDL TpH HEIABHCHMBIX  KOMIIO-
HeHTH Cy;, Ciz B Cy H Halop NOCTOAHHWX YIHPYrof MeCTKOCTH
CBOJHTCH K MaTpHLe

CyCizCi 0 0 O
CeCyiCa 0 0 O
Cs CoCyy 0 0 0

Coy= : (4.34)

00 0 Cu0 O

00 0 0Cy O

0 0 0 0 0Cu

MeXay ROHCTAHTAMH MOJATIHBOCTH M JKECTROCTH B 3aBHCHMO-
CTH OT CHMMETDHH KDHCTaJjla HMeercs onpeneacHHas (opMa coor-
HomeHnng, Tak, A5 BeeX KaaccoB KyGHueCKoH CHRroHHH

Oy = Su+3S:s i - —Si2 .
" (81—S12) (S1+28) ’ 2 (St—S8u1) (S1;+28)

c

1
C‘“i= -‘E— . (4.35)

Eean nas KpHCTANNOB BHRMQJHAKTCA CACRYIOIIHE YCIOBHS:

1) Bce cHIAH B3aUMOACHCTBHS MeXAY YaCTHLAMH, COCTABAANO-
NIHMH KPHCTaJLI, HEeRTPAAbHEE (KaK MBl BAJEJNH, 45 KOBaJASHTHHX
KpPHCTAAJOB 3TO YCJOBHE He BHIOJHAETCA)

2y wacTHOos chepHuecKy CHMMETDHUHN H PACHOJOMKEHH B IEHT-
pax CHMMETDHH CTPYKTYDH; _

3) B HCXOXHOM cOCTOSHHH KaKHe-auGo HANpSIKEHHS B KPHCTAA-
JAe OTCYTCTBYIOT, TO 9TO [LaeT WIECTk AONCAHHTENBHHX COGTHOLIe-
HHf Mexnry KosdpduuEentaMH ynpyroctu (Koropee OEL/IH BIepBHe
ycradosiieAd Kon):

C2S=Cﬂs C5ﬁ=clfu C&=C25y
Cs1=Css, C1o=Cps, Cis=C2s. (4.36)

B cayyae KpHCTaJI0B KyGHuMecKOfi CHMMETPHH COOTHOLIEHHS
Kown cBonsATcs K paseHCTBY Opp=Cy.
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Has meraanos coorHowenus Kolrd BHnoanswTes maoxo. [lo-
BHAUMOMY, B MeTa/flaXx CHJIH B3aHMOJefiCTBHA He SBASIOTCA LEHT-
pasbHHMH, 4 aToMH He obAanaioT chepHuecKoRl cHMMerpHed.
JIiT MHOTHX HMORHHX XDHUCTAJJIOB COOTHOUIeHHS KOIUW BHIIOJHS-
fOTCAL XOpOUIO — NpHYeM TeM Jydille, 4eM MeHblle JOJd KOBadeHT-
HO# HJH MeTaJtHyecKod eBAaH.

44. AAACTHUECKHE CBOHCTBA KPHCTAJAHYECKHX
TBEPJIBIX TEJ

[Mpu obcyXiaeHad IRATpaMMH pacTsikeHHs (cM. pHe. 4.9) ofpa-
1aJN0ck BHHMAHHE Ha TO, YTO NDH NPHJIOXEHMH HAarpy3akH K KpH-
cTanay cHagala HabGJofaercd odenb HeBoxbulas oBJjacTe YOPYIHX
neopmanuit (e« %), ann Koropofi cnpaBeisHB 3akod [yka,
CaeltyeT 3aMeTuTh, yTo 06JacTh ynpyrux pedopmanuil ymensitaer-
cAd ¢ TOBHIIEHHEM TEMIEDATYPH M CTAHOBHTCR HHYTOXKHO MaJofl
BGJIH3H TeMOepaTypH nJaasaeHus. B ynpyrofi obnacty Kaxawuli
4TOM KPHCTAJAI& JHINB CJAerKa cMenlaercsi B HallpaBJeHHH NPHIO-
JKeHHST Harpy3KH H3 CBOET0 TOJOXEHHS paBHOBECHR B pelleTke.
BooGme roBopst, Teopust He Nno3BoAder NMpencKa3aTh 3HadYeHHe Npe-
nexa ynpyroctH. OnHaKo NHHefimag 3aBHCHMOCTb MexIy CHJIOE H
ynpyro# aedbopmanreli MoxeT OHWTb O0bACHEHA TeM, 4To KPHBYIO
NOTEHUHAJALEON SHepIHH B3aHMojeficTBHA atoMos (puc. 4.11} npu
MaJHX CMelleHHAX MOXHO aNmpoXCHMEpOBATh napaboaofl U=f x2,
Orcioga cuaa ' :

F= P 2B« (4.37})

Ilpr 3HaueHHAX NPHAOKEHROrO HaNpsXKeHUA BHLIE HAIpAXKe-
HHsl, COOTBETCTBYIONIEro TIpeaeay ynpyroct {touka A na puc. 4.9),
KpHBas NMepexoint B obaacte BC, ans xoropoft 3akow ['vka He BH-
noJHsercs. Ecln Tenepb CHATH HArpysKy, To HcXofHaf (Qopma
ofpasna mad ero AJIMHa yxe He BoccTaHaBAuBaercs. B pesyabrare
BO3HMKAeT ocTaTouHad HedopManHsd, KOTODAd IDH HH3KHX TeMIle-
paTypax He 3aBHCHT OT BpeMeHH NpH- -

MOKEHHS Harpys3kd. He saeucauyio or )
spemeny Jegopmayuro, xoropas coxpa-
HAETCA NOCAE CHATUR HASPY3KI, HA3bL
8QIOT NAACTUYECKON.

Taxum ofpasoM, Tipeaesa TeKydye-
CTH ~- 3TO HANpSXKeHHe, HNPH KOTOPOM
HauWHaeT MOABJAATbCA OCTAaTOYHas jge-
popmanus. Tlpaktuuecku npelensl Te-
KY4eCTH H YOPYTOCTH COBOAJNAIOT, XOTH
Peakoro mepexoia oT YHOPyroro K mnsac- Puc. 4.11. 3apHCHMOCTR

THUeCKOMY NoBeAeHHI0 ODHYHO ne Hab- ggTEHi‘:c“;“‘é‘;‘:.{%i 3;2‘}’;‘;;
JOxaeTes. P

B3aHMDAEHCTRYI0LLEMY
Urak, NpH YBeJHUEHHH pAaCTATHBAIO- aToMAMH

Ulero HANPRKEHAA, IPH HEKOTOPOM 3Ha-
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ueHHIl HanpsKenusl HAauHHACTCA MNJacTHYecKas aedopmanug. On-
HaKo naacrnueckad AeopMaLHA HMeeT MecTo He AJA BCeX KpHC-
Taaqos, Tak, XpylKHe BelllecTBa, HaNpHMep, KBapL, CypbMa,
MBILIBAK, KOPpYHA, HMeolllHe HanpaB/ieHHHe cBA3H B NDOCTPAHCT-
Be, H HEKOTOPHE METaJJH TpH JOCTATOYHO HH3KHX TeMIepaTypax
pa3peEBalOTCA TOCAE MaJoH NAACTHUeCKOH ae(opManda niH Gea
HeS Ha JBe YACTH BAOJb ATOMHOR NAOCKOCTH — TWJIOCKOCTH CKO-
J1a, T, €. NpeTepleBarT TaK HA3LBAeMblH xpynxul paspois. HeRo-
TOPbie KPUCTAMAH, B ocofeHHOCTH OOJbUIMHCTBO YHCTHX METaJJIoB,
OUEHBb NIACTHYHBL B HX MOKHO 3HAUHTENbHo AedopMHpORATh Ges
pa3pyLIenta.

C MoMeHTa Hayaia nJactHYecKo# pgedopMalHy peadH3YIOTCH
AB4d OCHOBHHX THNnA Npouecca JepopManuH KpHCTaMlia: CKoAbICE-
Hue u deodnuxosarue, Aas Toro uToOH NPOHCXOAHAZ NJAACTHYE-
¢Kag geopMands, He3aBHCHMO OT €e THHa HeoOxoAHMo HalHuHe
KacaTeJbHHX (CIBHIOBEIX) HaOPHKEHHH.

Heodnuxosanue wabriodaercs 8 piAde KPUCTANADS, (COBEHHO
UMEIOWUX NAOTHOYRAKOBANKYIO 2eKCO2OHAAGHYIO uAtl 06BeMHO-
yenrpuposannypo cybuseckyio pewerxy. TIpH IBONHHKOBAHHH NPO-
HCXOART CABMT onpeleneHHHX o0JacTedl KpHcTalsa B NOJOXKEHHe,
OTBeual0lllee 3epKAJLHOMY 0To6paxeHHHd HeCABHHYTHIX ofinacref,
TakoA GCHMMETpHuHHA CABHT IPOHCXOLMT OTHOCHTe/bHO KaKOH-TO
fraronpuATHEM 06pa3oM OpHENTHPOBAHHOHR MO OTHOILEHHIO K IpH-
JOXREHHOMY HAIpAXKEHHWI0 ¢ KpHcTaanorpaduyeckoff MACCKOCTH,
HA3HBAEMOR nA0CKOCTbI0 dgotnukosanus (puc. 4.12), xotopas no
JedopManHl He o0asareqbHo  Oba  IIOCKOCTHIO  CHMMETDHH.
O6aacTei0 cOBHra ABARETCS BCA CABHHYTAA 4acTh Kprcrtanaa. Hpw
JIBOMHHAKOBARKHE, KAk BHIRO W3 pHe. 4.12, B obaacTa cpBura nepe-
MelleHie GOJbIIHHCTBA ATOMOB FDOHCXCAMT HA PACCTOAHHA, MEHb-
HIHE MeMATOMHEIX, NPH 3TOM B KaXKJOM 2aTOMHOM (CJOE aTOMH
CIBHTANOTCS HA OJHO H TO XK€ PaCcTOAHHE N0 OTHOUIGHHIO K aTOMaM
HEXEJNEXalero caod. '

Mpu naacruseckod deopmatuy nyTem cxorexcenus (prc. 4.13)
00Na 4aCTe KPUCTOAAQ NepemeuiaeTcs g onpedeeHnon Hanpasie-
Huy (HasvieaeMom HANPASACHUesn  CKOABNCERUA)  OTHOCUTEALNO
dpyeoti 600np onpeBenesnol - KpUCTAAAOSPAPUUECKOL RAOCKOCTU
(naockoctu ckorvxcerus). I1apa-niockocTe u HANPABACHUE CKOAb-
gicers, 06pasyror cucremy cxossxcerus, Jna xaxpofi Kpueraisiu-
qeCKOH pelyerkiy MoXeT OBTb HECKOJMbKO CHCTEM CKOJBXKEHHS.

XOLMT,

CNOALNEHUR
Puc, 4.12. Tlnactnueckas aedopMaunus - Pauc. 4.13. Tlnacruueckas
JNBOHIHKOBAHHEM aehopMalia  CKOJMhIKeHH-

eM
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CrolibxeHre OfHOA ATOMROA NJOCKOCTH TO OTHOLIENHIO K ApYro#
NPOUCXOAKT TAKHM 06Pa3oM, UTO aTOMHHE CJIOH He oTAeATIOTCH
ApYr OT npyra (B NMPOTHBROM CJy4ae KPHCTaad npacTo G6M paspy-
NIHJCS), T. €. aTOMH B NJOCKOCTH CKOJIbKEHHs TepeMellalTces Ha
HeJN0e qHCIO TPAHCHALHA, B B Pe3yAbTaTeé COXDAHAETCA Henpephia-
HOCTh KDHCTRJUIHYECKOW pEUIeTKH, 7. €. COXpaHsercs aToMaas
CTPYKTYPpaA.

MuorouncaeHrEIf IKCIEPHMENTANbHBI MaTepHa YKasslBaeT HA
TO, 9T0 NPOUECC CKOJbKEHHA ABAAETCS ARMSOTPOHHBIM, T. e, cMe-
Ie¢HHe aTOMHLEX CR0€B B KPHCTaJ/Ie NPOHCXOIHT He B HANpaBJeHHH
JeBCTBYIOmMER CuJb, a M0 KPHCTAJIOrpadHUecKAM IJIOCKOCTAM |
HaNpanrJIeHHsAM, ONpe/eNseMEM reoMeTpHel CcTPYKTYpH. [110cKocTH
CKOADICERUA, KAK NPABUNO, UMEIOT HAUBOACe NAOTHYIO YRaKosKy
aroxos. TAKHMH IMIOCKOCTAMH, K&K U3BECTHO, ABJATIOTCH MJAOCKOCTIC
C MaJHM{ KpHCTAANOrpadHuecKHMH wungeKcamMu Muaaepa (Axl).
@aKT CKOJEXKEHHS N0 NJOTHOYNAKOBZHHHIM ILTOCKOCTSM CBA3AH C
TeM 0OCTOATENBCTBOM, 4TO AJS psad pemerox (ocobGeHHO MeTan-
J0B) pacCTOSHHE MeXKAY ABYMSA COCCHHHMH TJIOTHOYMAKOBARHEIME
ATOMHLIMH TJOCKOCTAMH GOJblle, ¥eM MeXJy APYTHMHE aTOMHHIMH
naockocTsMu. Cusa BaamMofeficTBus MeKAY aTOMaMH B JIBYX
CMEXKHELX TJIOCKOCTAX YMEHLINAeTcd ¢ YBeJAHYEHHEM  PaCCTOSHMS
MEXKAY HHMH, a cJeA0BaTesJbRO, TpeGyeTcs MeHsllee CABHTOBGE
YCHAHE AJA TOro, YTOSH HAUAMGCH CKOJbXEHHE 3THX NJIOCKOCTed
Apyr oTHocHTeAbHo Apyra. Tax, B rpadeleHTPHPOBAHHOH KyGuue-
CKOH pelleTKe AA9 HJAOTHOYNAKOBAHHHEIX mjaockoctedl {111} MuHH-

—,
Ma/JbHO® MEeXIJIOCKOCTROe paccrosiaue dy=a¥3 /3, rie a — na-

paMerp pemetkH 8 die=a}2/4 178 MeWee MIOTHOYHAKOBAIINBIX
maockocredr {110}, T. e. MeXNNOCKOCTHOE PACCTOSHHE AJA HMOCKO-
crefi {111} nphmepHo B 1.6 paza Goabmie, yeM MERIIOCKOCTHOC
paccrosigne aad niockocreft {110},

HanpasieHHaMu CKONbKEHHA B KpPHCYalle SBJISIOTCH Halpas-
AeHUS TOKKE € HAUEOACe NACTHOU YROKGGKOL aTOMO8, T. ¢. OHYU
PACNOAQ2qIOTCR 6 NAOTHOYRAKOBAHKON  NAOCKOCTH  CKOABHEHUA.
HOCKOALKY 8 3TUX U HepReHOURYAAPHLIX UM HANPABACHHUAX 34°-
MEHTAPHbIe CMOUEHUS NPpu CKOALKCCHUY ABLTIOTCH HAUMEHOULUML,
Q SHAYUT, 1 RPOUECC CKOABNERUS NpoucxoduT RPpU MCHLUWIHUX HO-
NPANCCHUAX.

Ha puc. 4.14 npusegeHsl THNHYHLIE DELIETKH MeTANIHURCKKX
KPHCTAAJI0B H NOKA32HH OCHOBHHE IIOCKOCTH (3aIUTPHXOBAHHHE)
1 HanpapjeANs (cTpesKH} BO3MOKHOTO CKONhKERHSA.

Kak sunno uz puc. 4.14, a, B rpaHeueHTpHpoBaHHOft KyOuue-
CKOl peleTKe CKoJbXeHne naeT no naockocersm {111} s uampas-
JeHHAX < 110>, TTocKoabky B TpaHeUEHTPHPOBAHHOH pellleTKe
Yerhpe nAGCKOCTH THNa (111), 2 B Kawao#l W3 HHX neXHT Do TPH
HanpaBJeHHS CKOMbXKEHUs, TO Beerc uMeercs (2 OCHOBHBIX CHCTEM
CKOJIbMEHAS., DOJpIINM YHCAOM CHCTEM BO3MODIKHOIO CROJLXKeRHS
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Cprvyeymni )
i ”‘:‘ 'y?( ?s
R ]

Puc. 4.14. TlaockoCTH M HAMPABJEHHT CKOMLKEHHS B peENleTKax
meraynos: @ — [LK-pewerka, § — OL)K-pewerra, ¢ — TITY-
_ pemeTka
C YUYeTOM HeHAmpaBJeHHOCTH CHJ CBA3H OOBACHSeTCa 3HAYHTENb-
Has IMAACTHYHOCTE MeTaJJI0B C IpAHENeHTPHPOBaHHOH XyOnuecKo#
pemerxof, Takux, kak Al, Cu, Ni, Ag u ap. '
B xpreramiax ¢ o6heMHO-IEHTpHPOBARROH KyOHuUecKof pelner-
xo#t (puC. 4.14, 6) OCHOBHHIMH IJOCKOCTAMH HO3MOXHOIQ CKO/b-
KeHHa ABasiores naockocru {110}, a manpaBnenHusiMH — <1112,
Jlerko coofpasHrh, 4To 00lIee YHCAO OCEOBHBIX CHCTEM CROJbXe-
HHH TAKKe COCTABHT [2-—3T0 mecrs naockoctefi (110) v B kaX-
208 TIOCKOCTH — N0 JBA HanpawJeHHs ckouabXeHHs [111].
B rekcaromaJbHHX XpHcTadjiax (pHC. 4.14, B} IJIOCKoCTSIMU
CKOJBXXeHHS SBAAIOTCS naockocrd Gaamca {0001}, a HanmpamseHds-

MH JerKoro CKoJbXeHWsl — HampaBieHue <7 1120>>, 7, e. MMeer
MecTO OjlHA NJOCKOCTh CRoOJbXKeHHs (0001) w TpH Hanpas/eHUA

cKoshKenns THoa [1120] — Bcero TpH OCHOBHHE CHCTEME CKOJ/b-
JKEeHHS, '

OueBHIHO, 470 NPH HaTPYKEHHAH MOHOKPHCTAMIHUECKOro obpas-
0a, HMEINero HeCKOJAbKO CHCTEM BOIMOXKHOINO CKOABKEHHA, NJIa-
cruyeckan gedopMalHA HauHETCH B
© rofl cHcTeMe, Kotopast HanGoJee 5Ja-
rONpUATHHM ofpasoM OpHeHTHpOBA-
Ha OTHOCHTEJNbHO Hanpas/feHHA nei-

CTBYIOUIHX HafpKeHHN.
Ecan u3secTHa OpHEHTAlLRs KpHC-
TAJJa OTHOCHTENLHO HAIPABJEHHSN
AeficTBYIOMHUX HANPIKEHHH, TO MOXK-
HO BHIYHCIAATH KacaTeJbHYH (CKaJbl-
BZIOLIYVIO) COCTABJAAIIYID RANOpHAXe-
HHiH, OpH Koropofl HauHHAETCS nnac-
Tuueckasd aedopMannm ANA Kamao#
H3 BO3MOXKHHX JJIA JAHHOYO KpPHC-
TaMla cucreM cRoJbxkeHns, Hag Bu-
BOla pacuerHoll (OPMYJH pEcCMOT-
PHM MOHOKDHCTAJNJA B BHAe HWJIHHA-
pa, ¢ NJ0OmAAbo NONepeyHoro cede-
Prc. 4.15. K puBogy dop- Hu S, K KOTOpOMY BHOJL OCH NpH-
MYJS AN t JOKeHo pacTArWBaiomee YycHane F
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{puc. 4.15). TlycTe CKOJBXEeHHE NPH pacTSKEHUH TPOUCXOAHT B
NAOCKOCTH, KOTOpas Ha pHc. 4.15 aamTpuxoBaua, H B HalpaBjeHHH
OB. Haomwank 3amtpHXoBanHoro ceuenus S'=Sfsina, rae ¢ —
¥roJ Mexay NJVIOCKOCTRIO CcKOJAbXEHHA H oOlhH I.IHJIH-H,I[,pa. Paano-
MHM CHJIY pacTaxkeHHs HA HOpMaJdbHYID (Fp) u KacarensHyio (Fy)
COCTaB/AIINHEe H BHIYHCAHM KacarehHoe HanpsKeH#e t=F,/S’,

Jng npocroTH GyIeM CIHTATH, YTO KAcATeNbHAS COCTABAAIONIAS
coBllafaer ¢ HanpaBJeHHeM BO3MOXKHOro cKoabxkerHs OB. ¥roa
MeXIY OChio - LUJAHHApPA H HanpabyenueM OB oGoszmauum p.
OuepnaHo, 9T0 NPHBEJEHHOE K KaRHOMY HaNpPAaBACHHIO CKOJIbIKEHHA
CKaJuBawiilee HANPAXeHHe

1= (F/S)sin a cos B=0 sin e cos p, (4.38)

rlle -—— DACTATHBZIOIEee HANMpPIKEHHE.

Uz dopmyar (4.38) Buamo, 4ro cKaaHBalomiee HAIPSIKEHHE
M3KCHMAaJbHO, KOTAA TJIOCKOCTE H HAanpaBleHHe CKOJBXEHHA CO-
CTABJARAIOT C OCBI EWJIHHApAa Yrau B 45°, T. e, a=p=45°, B arom
caydae tmax=0.50.

Ycranosneno, wro HOPMaAbHble HANPANCEHNR NOYTU He® OKA3bi-
8Q10T BAUAHUA HA NAGCTUHECKOE TedeHue xpucrasros. Taxum obpa-
30M, naacruseckas degopmayun npoucxodur nod dedcrauem xaca-
TeabHbly nanpascenud. TIpu 3ToM, Kak MOKa3aHo SKCNepHMEHTaJlb-
HO, HANpsKeHHe, COOTBETCTBYIOLUIEe Npejes]y TeXy4ecTH, CHJALHO
MeHfeTcs B 3aBHCHMOCTH OT OpPHEHTAIWH KPHCTAlJaa, OAHaKo, eCid
coritacio (4.38) sTo nanpsxKeHHe NpeolpazoBaTb B HPHBELEHHOE
HaOpsXKeHHe, TO pe3yJAbTHpYIOLlee HANPAKeHHe CLBHTA HBAAETCH
KOHCTAHTOR JaHHOro MaTepuata (TMNMYHEE 3HAYEHHS 9TONQ Ha-
npsxeHAs o0HY9HO HaxogdaTes B npeaenax (10-5—10-9)G. Hpyeursu
CADBAMyU, nAaacTuweckKan Oeopmayus HAYUNQETCA 8 TOM CAYuae,
koefa cKaAbISQIOULEe HANPINCEHIE T NPEsLIAeT HEKOTopoe KPUTU-
4eckoe sHadeHle, xapaxTeproe Aan dawnozo MaTepuaAq i Oaunod
CUCTEMbL CKOABNMERUR. ITOT 30KOH NOCTOAHCTBA KPUTH4ECKO20
CRAABIBAIONULC20 HANPANCEHUR B8neplole HA OCHOBAHUL IKCHEDUMEH-
TassHbrx dannelx 6oia chopmyruposan E. [uudom u B. Boacom.
B coOTBeTCTBHH ¢ 3THM 3aKOHOM, ec/H ofpasen HaXoAHTCS HOJK
BeficTBHEM TIOCTENEHHO BO3pPACTAIOUIEH HArPY3KH, TO CKOJbXEHHE
MalXo Ho TeX Nop, NOXKa cKAJBLIBAIOLIME HANPAKEHHA He NMPEB3OANYT
ONpefefieHHOro NpellefbHOro 3HAUeHHA, KOTOpOE, HANpuMep, Tpu
KoMHaTHOf TeMueparype ads Cu (mnockocTs ckoabkerna {111},
HallpaBJAeHHs CKoawkenHsd <Z110>>) pasHo 0,49-10¢ [1a, a ansa Al
{cncreMnl ckoabenns {I11}, <110>) ® Zn (CHCTEMH CKOJbXe-
Hua {0001}, <<1120>>) — cooreercrsenno 0,78-108 u 0,18-108 I1a.

Tak xak B npougcce JepopMalHu CJAOH, NG KOTOPHM HAET
CKOJIbJKEeHHe, MEHAIOT OPHEHTALHIO, NJOCKOCTh CKOJLXKEHHA F0BO-
PAuHBAETCA W3 CBOETO TIOJIOXKEHHH, OTBEUAIOEro MAKCHMYMY KpH-
THIECKOro CKAa/JHBAIONIEr0 HANpSXKeHHS, To NPH AaJbHehnled pe-
bopManHu mocTeneHHo BCTYNAWT B AeficTRue Apyrue, Gonee Gaaro-
fIDHATHHE YKe B 3TOfl CHUTYAILHH CHCTEMBl CKOJbMKEHNHA,

167


http://www.print-driver.ru/?demolabel-ru

3aMeTuM, YTO KPHTHUeCKHE
CKAMRBAINIIRe H&l’lpﬁ}KBHHH, He-
OﬁXOﬂ.HMHe AJAA HaUaJd4a NDJAacTH-

yeckoR  e(OpMAmAM  myTeM

Pyc. 4.16. Kpucrann xagmus, pac- CKOAbKeHHs, o0MYHO MeHblle,
TanyTafl npu 523 K
ueM KPHTHYECKHe HAIpIKeHus

A1 gedopManHu NHyTeM ABOMHHKOBAHHA, IOSTOMY IJIACTHYECKAR
AedopmanHa ABOAHHKOBAHHEM BCTpeuaeTcsd JIRAUHTENBHO pexe.
Hanpamep, ana Zn kpdruyeckoe HampsuKeddwe AJA HAYANA CKOJb-
xeunsg pasro 0,18.108 Tla, a ana nBofAHMKoBaHds — 29-106 [la.
B nekoTOpHX MarepHanax pedopManHs MoXeT OCYHMLeCTBAATBCS
o0ouMH crocobaMH — cKOMbXKeHHeM H AFOMHHKOBaAHHEM. DTo CBS-
3aHO ¢ TeM, YTO JBOHHHKOBaNHE CO31a€T HOBHE OPHEHTANKY, KOTO-
pHle obJeryalorT cKoJbXKeHue.

[TaacTH9eckas AeopMauHd B OTaxuLe OT YNPYrodl KpaitHe He-
ORHOpPOAHA. 3Ta HEONHODOHOCTb TPONBJASeTcS B BO3HHKHOBEHHH
Ha MOBEPXHOCTH KDHCTANJA TAPAAJeNbHHX JMHHA CKOJbXeHHRR,
ApencTaBAfiomnx CoGoffi nepeceveHHe HAOCKOCTEH CKOJBKEHUA C
NOBepXHOCTBIO KPHCTaANa (pHe. 4.16). Hactu kpHerasia, KoTophe
JeXAT MeXIY JHHHAMH CKOJNBMEHHH, [OUTH He HCHHTHBAIOT Je-
dopMauuy.

Ecan naacrayeckan mediopMallHs MPOHCXOAHT HYTEM CHOJBXKE-
HHA OZHOA IJIOTHOYNAKOBAHHOR ATOMHOM MJIOCKOCTH OTHOCHTE/BHO
Ipyrofi, To, Aame eCJAH 3IHeprus, ReobxopuMad A HepeMeleHHs
aTOMa H3 OZHOro MOJOXEHHs B Apyroe, o4eHb MaJya, HaJHiHe B
MNOCKOCTH CRoJbXeH#st okoao [0% aromoB/M? morpefyer 3naux-
TeALHOTO YCHJAEHHS A5 OCYILIECTHIEHRS CKOJbXKeHHT.

TeopeTHuecKne pacyernl CKaNHBAWOUIETO HANPHIKEHHA, HeoBxo-
JHMOTO ANS CMeleRAs ABYX dacrefl HICANhHOTO KPHCTAMIR, OTHO-
CHTENRHO ADPYF APYra, B NpenloJOXeHHH, YTO MeXAY cuiofi casura
H CMeImeHUeM HMeeT MeCTO CHHYCOKAAMRHOE COOTHONIeHWe, ObiIH
npuBegeHH B ra. 3. Okasanoch, yto

b €
'I:'-rgop'=-a— ?;'L_ ' (439)

rae b --— TepHON CHJN CIBHTA, @ — PACCTOSIHME MENAY aTOMHBIMH
paraMu, G — Moxyss capura, BoJee TouyHsle pacyeTHl NpHBCAR X

BEIpAXKeHHIO

AKkcnepuMenTaNbio  HaGJOAaeMble  SHAYEHAS  KPHTHUECKIIX
CKaJHBAIOWHX HANPAMeHuA, KAK Mb BHACJAH BHIle, HA MHOro NHo-
PAKOB MeHbIle TeopeTHUeCKUX ¥ @aXomarcs B npegenax (10-5—
10%}G. Tax, aan Cu 3xcnepHMenTalJbHo Hal/io2eMOe 3HayeHue
KPHTHYECKOTO CKaJbIBAOMIEro HanpaxenHs pasno (,49.100 [la, a
TeopeTHueckoe aHavyenme G/30=75,2.10°30=2,5-10° I1a.

Daxr SHAYUTEAbHO20 PaCXOXTenus Mexwdy Teoperuseciumuy U
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Puc. 4.17. Immxenue kpaeeofi IHCAOKAUHK, TNpuBoAfllee K ofpaioBaHAm
CTYOEHBKH eRHHHUHOTG CABHra: & — HCXOAHOE® COCTORHHE KpHCTaAna, [
AHCICKAUHH IepeMeCcTHJACh HA DIHO MEeXATOMHOe paccTodnie, & -— JIHERD-
KauHA [JOCTHINA UOBEPXHOCTH KPHCTANANa H COBEDIIHIA ENHHHYHEH CABHT

IKCNEPUMEHTAAOHOIMY BHAYEHUAMY  KPUTUYECKUX  CKAABIBRIOWUX
nanpAaxcenull cBA3AK ¢ TeM OBCTOATEABCTBOM, YTO 8 PEaAbHBX Kpu-
(TAAAAX BCe20a npucyTCTEYIOT OUCAOKAYUY, KOTOpble Ae2k0 nepe-
NOWAOTCA, U UX Jsuicerue obycrdsiusaer CKOABICCHUE NPU O4EHD
HUBKUX 3HAYeHUAX RPuKAIadslsaemuy Hazpysox. HannuHe aucroKa-
uHl NPHBOJHT K TOMY, UTO CABHUI HAYHHAETCH He 1o Beeflf NJIOCKOCTH
0JHOBpEMeHHO, 4 TOJABKO B KaKoM-JHOO OfHOM MecTe, a aaTteM NoA
JeHCTBHEM KacaTedsHHX RANPAXKEHHA pacnpocTpaHserca Mo Beedl
NJOCKOCTH CKOJbXeHHf, HpYU STOM B HANPABJCHHY CKOJLKEHHH,
VKa3eBaeMoM BeKTopoM Dbioprepca b, nepeMeinaercs H caMa jHc-
JoKauua. Ha pHc. 4.17 npHBejgena cxeMa PDA3BHTHA eJHHHYHOTO
¢ABHra (HA OJIRO MEXATOMHOE DPACCTOfHHEe} BepxiHeH vacTH KpH-
CTal1a HO OTHOUICHHIO K HUHEH HpH RAJHYHH B MJOCKOCTH CKOJb-
#.eHHA KpaeBOH AHCJIOKALHAH.

Kag Bupuo ua puc. 4.17, A48 nepegBHXKeHUS JHCAOKANRYU He-
oGX0HMO 3aTPATHThE CPABHHTEALHO HeGoABIIHE YCHJIHSA, NOCKOAbKY
AN nepeMellleHHa THCJIOKAMHH Ha OJHO MEKATOMHOE pacCTosiHHe
w3 TouKH A B Touky A’ Tpebyercs JHIGL He3HAYHTENbHOE CMEIEHHE
ATOMOB H3 NOJOXKeHHH, 0003HaUeHHEIX TeMHHIMH KPYXKaMH, B HO-
J0WKeHHA, 0603HAUYEHHBE CBeTJABIMH KpYXKaMH. B oranune or ze-
¢opMalHy, NpuBoAANlefl K CKOJLXKEHHIO B HIEaJhHOM KpHCTAJIE,
KOTrAa BCE CMelUeHHA JOJIKHH NPOHCXOJMTh OLHOBpEMEHHO, pedop-
MAUHA B OPHCYTCTBHH JMMCAOKALUMH OCYIecTBaAfercs OoJblUIHM
THCAOM NOCNEN0BATENBHHX llepeMelleHHll atoMoB, TakuM ofpasoM,
MaJibie 3HAYEHHS KPHTHYECKHX CKAJHBAIOUHX HANDSXKEHHA B Ha-
vaje NJacTHYECKOH AedopMaiHH Aaxe IPH CPaBHHTENbHO HeGOJb-
LIOM KOJHYECTBE JHCAOKALHH JETKO o0BACHAIOTCS HX JBHKEHHEM
NpPH HATPYHKEHHH.

Ha npumepe eanHHUHOTO cABMra MM BUASJH, 4TO NHCIOKRIHA B
pe3ynbTaTe NEepeMenleHHs N0 NJOCKOCTH CKOJBLKEHUS HOKHAAeT
kpueraaa. OmelT ke NOKazbiEaeT, uTo NpH OOJLIIEX HANPAKEeHHAX
KPHCTALAb NpeTepresanT 3uauuiennible fedopmanny. Hag obpsc-
nenHa »Toro akra HeoGXCAMMO NPEAIIONOXHTH, YT0 B KPHCTAMIE
HMEIOTCS HCTOUHHKY, KOTOPHE TEHEPHPYIOT AHCJACKANMH NPH HANPA-
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AHeHHAX, MeHbHIIX yeM 10~ G, TakuMu HCTOMHHKAMH, KAK MH Bi-
e B pasjede o JACAOKANMAX, ABIAOTCH, HANPHMED, MCTOYHHUKH
®panka-— Pupa, XoTophle HauHBAT AeHCTBOBATh NPH CKAJBBAH0-
mux Hanpsxenunx GHJl, rxe I — Aauna HcTownnka, G — MofyJs
capura, b — Moaynb Bexropa Broprepca, B peadbHBIX KpmeTan-
JAax UCTOUHHKH PpaHKa—PHAa — 3T0 TOMLKO OMHH H3 HOIMOM-
HHX MeXaHHIMOB DASMHONKEHHS JHCAOKalHA, PomIcHHe HOBBIY
AHCnOKaUM# B NMpoiecCe mmactMueckoll peopManMH B HX lepe-
MellleHHe TPHBOAAT K MAKDOCKONHYECKOMY CABHIY BAO/b IJIOCKOC-
TH CKOJIbKEHHSH,

Kax pupno 3 pre. 4.9, 114 panbrefinedl nedopMaul KPHCTA-
Ja B o0J/acTd MIACTHUHOCTH HEOGXOAHMO HENMPEpHEHO YBEJAHYHBATH
HamnpsAXeHHe, MOCKOJALKY ApH HeoOpaTHMoH NeopMaliHH NPOHCXO-
AUT ero ynpouHeRHe (HaKaen), KOTOpOe NPOJAO/NKAETCH BIJIOTH IO
paspyutenns (KpHBaf# HenpepelBHO mper BBepx). Habawzaemoe
YINPOYHEHHe CBA3AHO C TOHHKEHHEM HNOABMXXHOCTH JHCJIOKALHI.

Ha noaBHXKHOCTL AHCAOKALHA MOXET OKasulBaTh BJAHAHHE PAX
bakTopon. OnHHM W3 CymecTseHHHX (AKTOPOB, BJHAIIUIHX HA
YNpOUHEHHE, ABASETCH YNPYyroe B3aHMoOJeHCTBHe MEXIY AHCIOKA-
BYAMH, Ha 4TO YKasuBaer OHCTPHIA POCT YIOPOUHERHS © yBedude-
HHEM MJOTHOCTH AMCAOKAIHA, TaK, NJAQTHOCTE AHCAOKALHA ¢
pocroM fedopManun Hamensercs ot 100—10'2 2 g uepedopmu-
POBARHHX MeTaaaax, go [01%—10'® M2 — B CHABHO YNPOYHEHHMX
Jedopmanyefl MeTanaax.

Ha noruxkeHHe NOABHMHOCTH JHCIOKANHA OKASHBAET BJAHAHHE
H3rHO TJIOCKOCTEH CKOJbMEeHH® Tpd pedopManuu BOJHIH CKomJe-
HYMS KpaeBBIX JNHCIOKAMH, B3aHMHOe HepecedeHHe HeNapaJsiesb-
HHX AHCAOKAIHH, Befyllee K OOPA30OBAHHIO CTYNEHEK.

HpyraM (akTopoM, 3aTPYMHSIOMHM HepeMelleHHe NHCIOKAaUHH,
sIBJIeTCA JIeTHPOBAHHE TBEPAWX Te/l npHMecsiMu. H3BecTHo, uTO
MaJable [A003BKH NPHMECHHX ATOMOB YJYdillaioT KauecTBo TEX-
HHYECKHX CIJIABOB. Tak, o0aBKH BaHAAHA, ITHDKOHHA, UepHa Yyayy-
IRAT CTPYKTYPY H CBOHCTBA cTaJqH, peRHit ycrpaHsieT XpPYIKOCTb
BoJb{paMa H MoaHGAeHA. DTO, K&K roBOPHAT, moJe3Hbie NpPHMECH,
0 €CTb NPHMECH H BPEAHHE, KOTODHE HMHOLKA [laXe B He3HauH-
TeJhHNX KOJHYECTBAX AeJaT, HanpUMep, MeTaNIHdecKHe HaNeaHs
COBCEM HENDYroAHWMH ANA 3KcnAyaraguu. Tak, o4HCTKAa M@RH OT
BHCMYTA, a4 THTaHAa — OT BOAOPOJA NMpHUBEJa K TOMY, UTO HCUYe3ia
XPYNKOCTh 9THX MeradnoB. (NIOBO, LHHK, TAHTaJ, BOJIb(pPaM, MoaHO-
JeH, MHPKOHHHA, OYHmEHHHE oT mpuMecefi g0 109—10-3 9% nx
o6Wero CojepKanuA, KOTOphle )0 OMHCTKH OHIIH XpYNKHMMH, CTaJIH
BNOJIHE MJacTHYRMMH. HX MOXHO KOB&T Ha rJayOoKoM XoJioAg,
packarblBaTh B TOHKYID (HOMBTY IpH KOMHATHO# TeMnepartype.

[Tpumecn, a taxxe AedeKkTh 06pasyioT B TBEPAOM Tele CKONLJIE-
Hug. Ecau KX paaMephl OoJblle HECKOALKHX MEXATOMHEIX Pacceros-
HHf, TO OHH ABJAIOTCH UEHTPAMH CTONOPEHHS MHCAOKauH#, KOTO-
pHe 3aTPYLHAIOT HX NepeMemieRHe Jo Te€X I[op, MOKa K HHM HE
NPHJAOXKEHH 3HATATeNbHHE HAOPSXKEHRns,
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IpH BHCOKHX TeMmepaTypax, KOTZa CYIIECTBEHHH IPOLECcCH
auddysun, poab GaKTopoB, BAMAKINEX HAa IOLBHXKHOCTbL IHC/IOKA-
unl, cranoButca Mano sdektusuolt. Tak, oTHr H Nepenossasnue
JAHCAOKAIlHA BEAYT K YMEEbUIEHHI0 MIOTHOCTH AMCAOKamuf, a cie-
poBaTenbHO, K pasynpoudHeHHio marepuaaa. IlostoMy npum cossa-
HHH MaTepHasoB, KOTOpHe MOrMH Ou paboTaTh NPH BHCOKHX TeM-
neparypaX, HeoO6XONHMO, HallDHMep, NYTéM BBEACHHMA B HHX cClie-
HHaJAbHRY JETHPYIOUHX NpHMeced 3HAYHTENRHO TMOHE3HTL CKOPOCTH
autpYIHOHEHX NpolleccoB.

Hrax, npu 60asuiux HA2PY3KAX peaxyus TeepdblX Tea cyuiecT-
seHioipm 0bpasow sasucur or ux dedexrnocru (or Haaususz wAw
orcyrcraug ducaroxayull, or pasmepos KpUCTAAAUTOE, OACKOS MO-
SauKu u T. n.) — paspyierue Hawuraercx & naubosee caabuix
mecrax.

Kak Buzuo n3 taba. 4.1, ufeanbHHe XPHCTAAJIH BO MHOTO pas
npouHee peanbHHX.

Pasnnuse MeXkay TeoperHuecKol W IpaKTHuecKOHR NPOYHOCTAMH
06yC/I0BNGHO TEM, 9TO B THIIOTETHYECKOM KPHUCTAaJJIe 4TOMH pachio-
JOXEHH B HAealbHOM Iopsike. Paspyllurbea Takod XKPHCTaANl MOT
68 TONBKO B TOM CAyuae, eciin Gbl BCe arOMH, Jexailue B ORHOR
NIOCKOCTH, OTOPBaMuCh OT CBOWX cocefel. ILiA 370ro, Kak Msl BH-
ZeJH, TpefyloTea yoHaMA, paBHHe, No Kpahueh Mepe, (/30 I1a. Ho
B NPHPONE HET TAKHX KPHUCTalJoB. B pemlerkax peajbHHX KpH-
CTaNNOB BCErjla CYLSCTBYIOT HaPYIIGHHA NOPSAKa B PACIOJOREHHH
atoMon. K TaxuM HapyuleHMSM, B YaCTHOCTH, OTHOCHTCH AMCICKa-
IIMH, KOTODHE MOTYT NePeaBHTaThCs C IJIOCKOCTH Ha NJOCKOCTb
M TeM CaMHM 0caabiA0T XpHCTaMIHUeCKylo pelreTKy. [Jedexrth
Nose3Hsl, KOraa #X MHOro. Ecay AHCHOKALHE MHOTO, OHH Ha%UHAWT
MellaTh APYr APYry nepeMemarbea. OGpasyercd CTPyKrypa ¢ on-
PeAeAeHHEIM I0PAAKOM H3 KycouxoB Oecnopaaxa.

JucnoKauuy OKasHBAIOT Ha CONPOTHBAeHHE KpHcTadusa xedop-
Mall¥H JIBOAKOE BJAHAHHE — NPH MaJHX [JIOTHOCTAX OHM  ocjal-
JAAIOT KpHCTaNd, OpH O0AbUIMX — YNPOUHAIOT, MOCKOJBLKY B 3TOM
cayusae 3aTpyjHACTCA HX NepeMelleHye.

3aMeT#M, 4TO Ha YOPYrHe M naacTHYeckue cROHCTBA TBepAHX
TeJ OKa3HBaeT BJHAHHE XapakreD CHI cBA3H. KomaleHTHHe KpH-
crannsl {aAMa3, kDeMHMH, repMaHui) NPH KOMHATHON TeMmepary-
pe OHBAIOT XeCTKUMH H XPYIKHMIM, TAK KaK HANpPaBJEeHHHH Xapax-

Tadbaunma 4,1. Mexaumeckas XAPAKTEPHCTHKE HISAALHBLIX
H PeaabHbX KPHCTANI0B

¥npyras
Ilpegen i [Mnacrrveckas

Kpreraua npowrocry, Tla )ﬁeﬂopma Aedopumauns, %
Haeanweril KpHCTALR {1,5—2) .10'0 1—5 ]
Peanngue ¥pHCTANIAH (0,}—1)-107 10-2 Ot necATHOB A0
{MeTannu) coTed
Hurepuagkue KpHCTAMNIH {0,5—1,4) - 100 0,5—2 I—1,5
(«ych») .

171


http://www.print-driver.ru/?demolabel-ru

TEp CBHIEH MDEMATCTBYRT CABMIOBOMY ABHKEHMIO, 4 TAKKE MellaeT
nepeMelleHi0 OAHOrO aToMa BCaeld 3a APYTUM, XKaK 3TO MMeeT
MECTQ TMPE JABMXEHHH AHCMOKAUEA B pelllerke. PaspylleHHe HayH-
HaeTed MpeXae, yeM LHCAOKa#d Moryr ofecneuHTbh LoCTATOYHO
‘Gosblute CABHIHM, NOCKOJbKY HX ABMXEHHE 3aTpYAHEHO 110 cpaBHE-
HHIO ¢ ABHXKEHHEM JuCA0KaLNHA B Meraidtax. MoHHHe KpHcTanlaw
ropasao 0oJee IIACTUVYHH, eC/AH OHH COBeplIeHHO gHCTHe {ofby-
HHE KPHCTAAJABl MOTYT ObITh H XPYNKHMH W3-3a2 HaJMHUYKS BHEApPEH-
HHX B HUX JedeKToB). DIeKTDOCTATHIeCKNe CHJIM — HEHANpaBJeH-
HHe, U [IQTOMY HOHB MOrYT DepeMenlarbcR ¢ MeCTa Ha MecTO B TOf
Mepe, B KaKO#A 3TOMY MeWawT uXx pasMepsl. MeTanal, Kak MH
BHRJH BhHIIIe, Haubosee NJAACTHYEH: B HEX BOIMOMHO CBOSOAHOE
nepeMelIeHHe ANCAOKalRH. _

Bee cymecTBylomue MeTOAH YUpOUHeHHS (HAKJen NpH NPOKAT-
Ke, JerHpoBaHue, TepMoobpaBorka M 1p.) cBA3AHH ¢ yBeJudeHHEM
HAOTHOCTH AHCAOKAlHH ¥ MO3BOJAIOT MOBHCHTL NPOYHOCTL A0 3HA-
uennii nopsaka 102G, Bojee 3aMaHuUMBHM SBASETCH NOJyYEHHE
GesfnedeKTHRIX KPUCTANIOR, KOTODHE JOJKHB o0JazaThb NpoOY-
HOCTBIO, Gnu3xoil kK reoperndeckoit. Takue Geaanca0K2UHOHHHE
HHTEBUAHBIE KPHCTAAAbl (KW <€yChi») celuac BHPAUIKBAIOT NPH
GOJbIIHX NepecHIleHHAX UCKYCCTBEHHHM NyTEM M3 JKejae3a, repma-
HHfl, 30JI0T4, 0J0Ra, KAAMHA, HAKeasA, MeqH | ap. duamerp «ycoB»
nopagka 100 um, IIpeuMyliecTBeNHEI CpafbHLIT POCT €YCOB® B
ONHOM HANPARJCHHH CBA3AH C TeM, YTO OHM COJEepXKaT OaHy-
eAHHCTBEHHYI0 BEETOBYI0 quc/okanu. Hannuke oaHol Takoh aue-
JOKallH{ He CHUMAeT NPOYHOCTH, TAK KAaK IPH PacTAXEHHH KDH-
cTanlla HanpfXeHue CABHra Ha dee He AeficTByeT. «¥cwl» oGHApY-
JKHMBRIOT KOJMOCCAJbHYW NPOYHOCTh. Meib BHASPXKUBACT Harpysky
5.9.10° ITa BMecro npuBHyHbix 1,8-108 [Ta, a xeneso— 1,4.10011a
BMecto 2,5-10° Tla. ¥Vmpyras nedopManns MoOMeT ACGCTHIATL He-
CKOJBKHX NMPOLEHTOB, B TO BPeMA Kak v OOHIUNHYX KPHCTaJa0B OHA
He MpeBHiaeT COTHIX Ioned npouedta (cm.tabn. 4.1). Hauna BE-
pamuBaeMHx cefiuac «ycoR» ne NPEBHINIALT HECKOJbKHX MH/AHMET-
poB. K coXaneruw, DONMKTKH YBENHUHTh AJHHY <YCOB» NDHBORSAT
K KaracrpoduueckomMy CHEXeHHio npoyHocTH. OnHako Aaxe TakHe
HefosplIne «YCH» RIIOJHE TOAATCA AJIA MITOTOBACHHWH, HaNpUMep,
NOABECOR YYBCTBHTENbHBX MPHOOPOB, «YChly MOXKHO 3a7JHB4Tb CBH-
3YIOLEM IIJAaCTHKOM ¥ MOJAYYaTs MarepHaddl, MPOYHOCTh KOTOPHIX,
XOTsl BJBO€ MeHhile, YeM YV YHCTHIX «YCOB», 110 BCE DABHO YDE3BH-
yaflHO BeUKA. :

4.5. XP¥TIKOE PA3PYHIEHHE

Jo cux nop Mol TOROPHAM O BA3KOM DA3PYUICHHM TBePJBIX TeJ,
KOTODOMY IPeAUIeCTBYeT 3HayuresbHas InacTuvyeckas pedopma-
IS, IIPH 5TOM pa3spylieHHe NPOMCXOJHT B TOM MecTe o0pasua, rie
obpasyercss «iuefixa» RecbMa MaJsoro cedeitnst (cM. puc. 4.2). Kpome
BA3KOrO pa3pyllieHEf TBEpABIE TelNa MOFYT HCHWTHIBATH XPylKoe
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paspylleHue, Hacryllaloliee IOCAe MaJNOR IIPelBapUTETbHOH mJa-
crudeckoll gedopmalud uax Boofule Ges Hee. XpyNKoe paspyulenue
HaOmogaeTcs wacT0 ¥ HEMETAMIOB H 'y MHOCHX METAaJJIOB Hpi
O4YeHb HH3KHX TeMNepaTypax (HCKIIOYEHHE COCTABJMIOT MeTaJIsl
¢ THK-pewmerxai).

B npeapHOM cayuae cYMTAIOT, YTO XPYNKOe Pa3pyUIEHHE JOKHO
NPOHCXOAHTh B Pe3yALTATS MIHOBEHHOTO paspHiBa  MexaATOMHBX
CBSI3EH M0 NJOCKOCTH, NEPNeHAHKYIsIDHOR ACHCTBYIOIEMY HOPMAab-
HOMY HanmpaxeHHio., OueHKa TEOpETHYECKOTO HANMPSAXeHEa (Teope-
THYECKOH NPOUHOCTH), UPH KOTOPOM AOMNKHO TPOHCXOLUTHL XPYIKOE
paspylleHue, HOKazHBaeT, YT0 3TA BENHYHHA ONHOTO IMOpAAKa <
MOAYJEM HOpManbHOH ynpyrocti £ (raxk Ke, KaK TeopeTHYecKoe
CONPOTHBJEHUE CABHTY — OXHOrO NMOPAAKA ¢ MoayneM ciasura G),
4 HMEHHO

Oreop 22 Ef10. (4.41)
Bonee TOYHHM ABJACTCH 3HaUYCHHEe Teopemqecxoﬁ HPOHHOCTH
oreap={y: E/a) 2, (4.42)

rae Yy«— YAeJbHAf NOBEDXHOCTHAA 3IHEPIHS; & — MEXKaTOMHOR
paccTofnHte.

Tloanavacs bopmyaodl (4.41), oueHEM BEAHUHHY Greop AJMH CTEK-
aa. Tax kak pns crekna E=8.1010 [1a, To oreop=8-10° Ila. Texuu-
yecKas e HJIH peaJbHas NPOYHOCTH cTeKk/aa pasHa 8-107 Ila, 1. e.
oHa Ha fiBa NOPAAKZ HEXe rTeopeTHuecKoH. Takas CHTyallua HMeet
MeCTO ANs GONRUIMHCTBA TBEDJBIX TeJ. :

[lepean NOMHMTKA OOBACHWTL VKa3aHHOE pacxoxkieHue OH.1a
cnenana A. Tpubdurcom (1920). Nas obbacHerUs HM3KOH NPOYHO-
CTH CTeKJa OH MPeiNOJOoKUI, YTO B TBepAOM TeJe CYIIECTBYIOT
MHEKPOTDEILIHHE, KOTOPLE MOTYT HrpaTh pOJdb KOHIEHTPATOPOB
nanpsokennfi. Fpudpdnure onHcan Xpynkoe paspylleHWe TBEPROCO
TeAa Kax Npolece NPeBpalleHHs ynpyrodl Hepr#H, COCPENOTOUEH-
HOfi B o0beMe TBEpROrol TeNa NPH [PHIONKEHHH HArpy3KW, B IIDH-
MOBEPXHOCTHYIO 3HEPTHI0 ero uacTelf, o0pa3oBaBIIMXCA MpPH pas-
DYIUEHHH, eMy Xe NPHHaAJNCKHUT H MeTOA pacuera TeXHHYECKOH
MPOYHOCTH TBEPAHX Tel. PaccMOTpuM cxeMy 3TOr0 pacdera.

JlonmycTHM, 4To X OJA4CPHHE SAHHHYEOH TOJUIWHH NPHI0NKEHO
pacTsryBatonlee Hanpsixenue ¢. Torxa B ejunvdHOM ofbeMe ILI4C-
TUHE 6e3 TPELIWHH 3allaCCHHAN YRPYras SHEPrus

1Yy 6 e=1)2 GYE. (4.43)
[p# pHe3anHOM BOIHUKHOBEHWH B Tejie MONEPEUHON TPELMHE RJIH-
uoii L (puc, 4.18) BeicBoGoM AaeTca ynpyrasa 9HEpras B 30He IJIOC-
Kol 3JTHIICOMAANBHON TPeluis (noayock sanuiaca L u Lf2), 1. e
B obnacTh ofbeMoM m L2/2. ¥Ynpyrasn sHeprds nfacTuHH yMeHblla-
erca Ha
1 o al* =o?l?

Ve F ~5 =~ 31E

(4.44)
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b1 BosnnpknoBeHHe TpellWHH compoBoxjacten obpaso-
f BaHHEeM RBYX HOBHIX NHOBEpXHOCTeH ¢ YyRenpHO# mno-

BepXHOCTHOH HeprHefi y,, urTo Tpedyer zaTpaTth sHep-
THH

U=2 ’YSJ!L- (4-45)
@ [lonHoe H3MeHeHHe 3HEPrHH NA4CTHHEI, CBA3AHHOE ¢
05pa3oBaHHeM TPeIUHK:

- ma? Lt
6& Te=lU—W=2vy; L— iE (4.46)
Puc, 4.18. Tpe- :
muez o [pHob- Ecau aauHa Tpemuun TakoBa, uro 4 7/d L=0, 10
prrcy TPellHd HAXQJUTCH B COCTOAHAH  HeycTOHuHBOTro

pasuoBecHsd, TpellHHAa GoJabuiero DasMepa OHCTPO PACHPOCTPAHS-
eTCfl, TaK KaK YIpyras 3HEpraa HpH yBesHYeHHH L ymeHsllaeTcs
GucTpee, UeM YBENIHUHBAETCA NOBEPXHOCTHa® 3Heprua, TpeumHua
MEHBLIETQ pasMepa pacTH He OyJeT ¥ BORCE 34KPORTCHA, NOCKOJb-
Ky B 3TOM ciyyae, HaoGopoOT, NOBEDXHOCTHAS 3HePruf yMeHblUIder-
cs GBICTpeE, YeM BO3pactdeT YNPYras sHeprus.

KpHrHuecKHA paiMep TPeUIHMHB ' HaXOAHM, IIPHWpaBHHBAA HYJMIO
npouseoanyw @ 7T/dL: .

Lig=4y: E/ (s 0?). (447)

Ha dopmyant (4.47) crepyer OLeHKa HaNpmKeHHs, JOCTATOYHOIO
A TOTO, YTOGH TeJo, CcOAepXKallee TpeulHHy C pasMepoM Lap,

Pa3pYIIHIOCK:
112
a=2( L;E ) . (4.48)

YenoBye HectaGBABHOTO pocTa TpelHHsl Grjio Hafifeno Tpud-
turcoM Ge3s pacCMOTPEHHS HaNPSIKEHHOro COCTOSHHS Y KOHYHKa
TPeIHHE, BOJH3H KOTODOTO KOHUEHTPHUPYIOTCA HANpsKeAHs. B
HacToflmee BPeMA HM3BECTHO, WTO OCTDAA TpeIIHHa ¢ DAAHYCOM B
BEPIUIHHE, PaBHHIM MeX4aTOMHOMY DaCCTOAHHIO ¢, NPHBOBHT K JIO-
KAJEHOMY ITOBLIHICHHK HAUDAXKEHHA A0 JHAYSHHR

Gmax=U[1+2-VL/2£l). (449)

KoMm6unnpys (4.49) ¢ (4.42) OpH Omix=0reop, MONYUHM
(22 )" 450
=\=r /- (450)

370 03HauvaeT, UTO €CHH B TBEPAOM Te/E WMEeTCH TPeluHa MJH-
HOA L ¢ pagHycoM V BeplIMHBI, DABHHIM 4, TO NPH NOCTHXEHWH Be-
JHIMHH TDHIOKEHHOTO HANPHMKEHUT ¢ MOKANLHOe HaNpaXKenune y
BEpIIMHEl TPEIGHHH AQCTHFHET TEOPETHUCCKOI'O 3HAUEHHS Cpegp H
TPEUlMHA pacnpocTpaHfeTes BIJIOTH RO Pa3pYIleHHA NJMaCTHHEL,
€C/IH B CHAY KakKHX-TO NPHUYMH TPELIHEHA He NPHTYIHTCA.
3ameTnM, 4ro teopHs I'puddurca B ee nepsoHauadsHOl dopMe
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HellpUMeHHMa K MeTaniaM, DOCKoAbKY B HHX BPsijl MH MOXHO CO-
324TH TAKHe YCNOBHS, MPH KOTOPHIX NacTHYeCKoe TeueHHe OGuio
SHl MOJIHOCTBIO HCKMW0GeHo. Kak moxkasan E. OpoBaH, yueT sHepruu
naacTHYecKOR fetopMaliE MoXKeT NPOH3BOAHTLCST B paMKaX Co-
orHoweHHA, noayutennwx Ipuddurcom. Ias aroro B dopmyny
(4.48) mna pacuera pa3pyIDaiOniero HaUpsAXeHHS BMECTO YAE/b-
HOR MOBEpXHOCTHOH 3HEPTHH y, HeOOXOAHMO BBECTH SHEPTHIO MJac-
THYecKoN nedopMaluH yp!

o=2

(YP+'\'3)E ]”2 (4.51)
nL ’ '

B momasndiomeM GOALIIHHCTBE CAYYASB 3KCHEpPUMeEHTaNbHAf NpPoO-

BepKa 2Toff QOpMYaH NOATBEPANNIZ €€ NPABHABHOCTS.

BaxHEM BoOmpOcoM SBJAETCA 3apoijeHde H POCT TPElldH, AB-
AAOIIHXCH NpHYHHOA XPYNXoro pa3spymmednd. TpeimHHel  MOryT
BO3HHKATh B Npoliecce MOJYJeHHA TBEPAOro Teaa H OcofeHHO HpH
ero Mexaunuecxoi ofpaborke. CyulecTByer HeCKOJbXK0O BO3MOMKHHIX
MEXaHM3MOB 3aDOXJEeHHA TDENiMH NpM NDHACKCHHH K TBepROMY
TeJY MeXaHHIecKoro HanpsKeHHd, :

OnuileM KageCTBEHHO IHCJAOKAUHOHHBIA MeXaWH3M, [peRJo-
xenunft A. Crpo u H. MorroM. IlpeacraBum cefe, aTo K KpHC-
TaJy NPHJIOKEHO pPACTATHBAOMIE: HAMIpANKEHMe, BHI3HBAKOUIEE B
HeM CKOJbXeHWeM KpaeBHX fHcJokanHfi BAoas Kakofi-to mioc-
KOCTH cXoJpxkenHa (puc. 4.19). IlycTb Ha nNyTH RBHXYWIHXCA
INCHOKAIMA BCTPETHTCA HENPEOROAHMHA RJa HHX Oaphep (rpansNa
3epeH, Mecta NepecedeHHil IJOCKOCTed CKOJbKEHHS AMCIOKallMA
H mp.). Ecnu TeMmeparypa, npH KOTOpOH HDOHCXOMHT Npouecc,
HeBHCOKa, To TOJOBHAX RHCHOKAIHS y Gapbepa OCTaHOBATCH, NBH-
XKylasica 3a Heli AucAOKanus HayHeT xak Obl «HABaJHBAaThCHA» HA
Hee H OHa OyReT HCOHTHBaTh NpH 3TOM JaBJjeHue. Ecam y upe-
NATCTBHA 3aTOPMO3HTCA PAA CASAYIOIHMX APYr 3a APYIOM n JHC-
JOKanuf,, TO rofioBHAf AMCJAOKalMa Gyaer HMCIHTHBATL HallpAXKe-
HHE, # — XpaTtHO NpeBOCXOffIee BHelHee. JTO HanpsXeHHe MO-
JKET OKa3aThCH HACTOJBKO GOJMLIIHM, YTO NPEeB20HIeT NPOYHOCThH
KpHcTaana u BOAM3M TONOBHON AMCAOKallHH 3apOdHTCA KAHHOBHJ-
Ha§ TpeUWHa, KOTODAS RO3HHKaer BereacrBHe obbenumenns GJH-
MaRIIHX K NPeNATCTBRI0 JHCIOKALRA,

Hrak, nraauae mukporpemyH B ofbeMe ofDasna OKa3LIBAeT
ompefeasionlee BAHAHNAE HA NPOYHOCTL TBEPAHIX Tel,

CocTodHHe TIOBEPXHO-
cti  obpaspa  (HaJHuke LI Tt Npensmsmbue
TPEeN{HHOK, [Apan#d} u -
cpesia, B KOTODOR OH Ha- - Trewuna
XOIUTCS, TAKIKE OKa3hBa-

0T GoAbuioe BAHAHHE Ha Pac. 4.19. OfpazopadAe TpeIMAHW 1OA
IPOYHOCTD. Tak, einle OefCTBHEM HOPMAALHHX EAnpaxesAf
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A. ©. Hodte nokasaa, 9To Noche NOTPYKEHHH KPHCTANJIOB MOBa-
peHHOlt COMH B BUAY €€ MPOMHOCTh HA Pa3pHB Bodpactaer ¢ 4,9-108
Ao 1,6-108 Ila, 1. e. mpovHOCTE NOCAE ONEpAlliH IIOTDYKEHHA CTa-
HoBHTCH GAH3KON K TeopeTHUeCKoH.

Tipucyrctsae B oKpykawillefi cpefe MOBepXAOCTHO-ZKTHREMX
BEILECTB, CHOCOBHHX CHJAbHO aacopOHpOBATHCH, CHHXKaeT NOBEPX-
HOCTHYX 3Hepruio. YacTuuR, aAcopGHPOBAHHHE HA NOBEPXHOCTH,
pacrupalor SapoRHIlIeBEHE TPENMHKH, HPOHHKalOT B IMyOh TeAa H
paspylmapT ero pasphBHYI OPOYHOCTh. /A yMeHblIeHHS BNHAHMA
TPEIIHHOK H LAPailHH HA HPOYHOCTh HeoOXoAuMO Jub( X ¢3ale-
qHBaTh?, JHGO KAKWM-TO cnocofiom or HHX H3GaBnarbca, Camblid
npocTofi citocol — yAaJaeéHye OBEPXHOCTHOFQ CNOS B MOAXOAAMIEM
rparurene. B Hacrogmee BpemMa Bece GOJbIUee NPHMEHEHHe HAXOAHMT
clocof, CBA3aHERA c ofiiydeHHeM TPHICBEPXHOCTHOrO CJA0H TBEp-
AOrO TEA YCKOPEHHHIMH HOHaMy Jub0 HHEPTHHX 3JMeMeHTOB, JHGO
AOHAMH MeTa/JJ 0B ¢ COOTBETCTBYIOIIMM TeMNEepaTYPHHM OTKHIOM,
B pe3y/bTare 4ero NPOHCXOAHT 3aledHBaHHE TPELIHHOK H uUapa-
IIHH. .

Hrak, npeaesa npouHOCTH TBEPABIX TeJ €lle AaJeK, U HYXHa or-
pOMHAs H KpomorAuBafa paGoTa AJ4 ero AOCTHXeHHs. Jra pafora,
B YAaCTHOCTH, KaCaeTC PA3BHTHA KOJHUYECTBEHHOH TEODHH XHCJIO-
Kanui, Tpefyer OKOHYATeNbHOM DA3Tafx® Mexanu3Ma 06pasoBaHUs
<YCOB», H3YUEHHA BAMAHHA MaJHX LHpuMeced Ha mpoueccd xedop-
ManH#d H paspyltenus. 3aofofHeBHolt npolJeMofi aBisercs npob-
JéMa OOJYyYeHHH MaTepHaJon ocoboH 4HCTOTH, NOCKONBKY BOJb-
HIHHCTBO (H3HUECKUX CBOACTB TBEDAHX TeH (He TONLKO MexanHue-
CKHX) onpeflensercd NPHCYTCTBYIOUHMH B HHX HNPHMECAMH.

TNABA S5

KOJEBAHUSA ATOMOB KPHUCTAJNJNHYECKOA PEIIETKH

B TBepmom Tene aroMwm npu moboit TEMIICPATYPE, BKIIOYas
0 K, HelpepHBHO COBEPIIAIOT KONeGaHHS 0KOMO HX CPeRHero NOJO-
MeHua paBHopecHs. [Ipu HeGonbluux amnauTyzax TaxkHe Komxeda-
HMA MOKHO CYHTATh TapMOHHYECKHMH, C foBHIUIEHHEM TCMnepa-
TYPH aMIVIHTYAH W SHePruH 9THX Konelauuill yRenwunBalorcs. Tak
KAK ATOMH B TBEPAOM TE&JM& CHABHO CBHAIAHM ApPYr ¢ apyroMm, To
BO3ByxKpenHe xofeGanufi OZHOTO H3 aTOMOB Hepeaactcs GaHacail-
UIHM aTOMaM, KOTopble, B CBOIO oqepenb, nepejarnT 23T0 8036)(}!(-
JleHe CBOHM COCefIIM H T. A. ITOT Hpolecc mnoxoben npaneccy
pacnpocTpaHeHHs 3BYKOBHX BOJH B TBEpAOM Tese. Bee BO3IMOX-
ube KoneGanAs CHABHO CBA3AHHWX MexAy coboft aTOMOR MOMHO
APEACTABHTh XK4K COBOKYNHOCTb B3aHMOXEHCTBYIOLIMX — YOPYTHX
BOJAH DAa3AWMHOM RJAHHH, paclipOCTPAHAIOMHAXCA 110 BCeMy o0beMy
KpHcTadna. Tak Kak TBepioe Tesl0 OrpPaHHYeHo N0 pasMepaM, TO
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npH 1aHHOH TeMImepaType VCTaHABJAMBAETCH CTAHHOHZDHOE COCTOA-
uHe KoneGauufi, npepcrasnasiomee cobofi CyNePHOIUMHIO CTOAYHX
BOSH (HOBEPXHOCTE TBEPJOTD TENd JJIS 3BYKOBHX BOJH SBAMETCH
y3N0BO%).

C KonefaHAEAMH ATOMOB KDHCTaJJHMYECKO# peUIeTKd CBA3AHH
MHOTHE dH3MYECKHe ABJEHHH B TBEpARX TeJax — TellA0eMKOCTb,
TEIJIONPOBOAHOCTE, TEpMHUECKOe PaCIIMPEHHE, DJEKTPONPOBOI-
HocTh H Ap. Teopus KosneGaHHH 2TOMOB TPEXMEpPHOIO KDHCTAAJa
kpafine cnoxza, [1oaToMy MH cHAadala DAcCMOTPHM Daclpoctpa-
HeHHe YRPYTHX BOJAH B OAHODOAMoN YHpyro#f cTpyHe M B KPHCTAJ-
nax Ge3 ydeTa WX AUCKPETHOH CTPVKTYPH. 3aTeM DACCMOTPHM Ko-
aefanie aToMoB B OadoMepHoRi pewrerke. [locne aToro noayuen-
HHe pe3yabTaTh o6ofmMM ANf chyyas TpexMepHOH KpHceralinye-
CKOR pelleTEKxn.

5.1, ORHOMEPHBIE KOJEBAHHA OBHOPORHOH CTPYHH

Paccmorpum pacnpocrpaHeHHe TDOAOGABHBIX BOJH B OAHOPO-
HOYi HeOrpaHHMYEHHON CTpyHe ¢ JuHefHOH nMoTHocThIO p. B 3roMm
clydae ABMKEHHE KaXAOTO H3 3JCMEHTOB CTPYHM NDOKECXOZUT
JHIIb B HanpaBJeHHH ee AJWHH, [IpH pacnpocTpaHeHHH MPOAOJb-
HOAl BOJHH Ha 3JeMedt roamuHod Ax (pme. 5.1} aeficrByoT cH-
nH: caesa So(x) u cnpasa So(¥4Ax), rae S — naomwans no-
flepedHoro ceueHHs CTPYHH, o(X) H o{x-+Ax) — HOpMaNbHBHE YI-
pYTHe HanpameHus.

Ha snement A x peffcTByeT pe3yNbTUPYOILAs CHJIa

F=So(x+Ax)—So(x). (5.1)

[Toa naeficTBreM 3TOH CHAH 3AeMeHT AX HCNHITHBAET CMelle-

HHe. Obosnauus u{x,{) cMeleHHe HeHTPa Mace sJeMeHTa A X, 3a-

MHHIEM B COOTBETCTBHU CO BTOPHIM 3aKOHOM Hriotoua YPaBHCHHE .
€ro AJBH¥XeHHA

62
pSAx—é—t?—=Sc{x+A x)—38 6(x). (5.2)
. Fu
3,![8{:5 p S A X=m — Macca 3MeMeHTa TOJUIHHOH A X, a _6 tz _—

YCKOpeHHe, Y paBHeHHe (5.2)' NepenkuleM B BHAL

Pu  o(x4Ax)—o(x)
P7ar — Ax

X X+4X

Pue. 51. K  purony - b .
ypaBHeHHS JBHMEHHH YR- b) 0_'91 72  $&(radn)
PYTHX BOJE B CTpyHe %
4

Y
m=8 pAx
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Ilpn Ax-—>0 oHo mepefiner B ypaBueHue

MPu da

PoE =5t (5.3)

Corsacko sakoHy I'yka 4719 H30TPONHKIX TBEPRBX Ted,
o=Ee,
rae £ — Mmoayns ynpyrocrd (monyab IOura}; e=d ufd x — nedop-
Manua B Toyke. Otcioga '
8o __ ds -E ?u
dx dx dxr
Torna ypaBnenne ABHXeHHA JJIA CMELUEHHA (X, f) OKOHYATENb-
HO IIpHMET BHJ
Pu E fu
g p dxt’
Jto o6byHOE BOJHOBOE YpaBHEHHE NJIA YHUDYTHX BOJH, pacmpocTpa-
HAIMHUXCA BAOAL CTPYHH., Peurenwe storo ypabrHen#s GyAeM He-
¥arh B BHAe Oerymelt npojosibHOR MOHOXPOMATHUICCKOA BOMNHHL:

(5.4)

tu=uwy expli(xx— ) | =t sin 2n ( -% —v ) = sin{gkr—w f), {5.5)

rie #, — aMIOARTYHa KoneGaHua, v — uacToTa konelaHml, o=
=2nv — KpyroBad 4dacrota; [ — BpeMa; A — AJHAa BOAHH;
x=2 nfA — sonxoBoe umcao. [locse mopcranoBky pelieHus (5.5) s
ypaBHerre (5.4) NouryunM aHcHepCHOHHOE COOTHOMICHHE

m=fE]p CK=U K. : (5.6}

U3 (5.6) caenyer, uro dan ynpyeoil soanss, pacnpocTpansio-
ujefics 8 He02PanuUERNO nPOTANCEHHON CTPYHE, HacTOTa KOAebanul
aureilno snsucur or 80108020 wucaa (puc. 5.2). Tlpm stoM cko-

w
Puc. 5.2, Huctepcronyas
3aBHCHMOCTD  IJAs  Be-

NOEPWBEOR CTPYHH

] k=21 /A

pOCTh pacnpocTpaHenns Boasm v—Y Efp Anm pan#Horo Marepra-
na —— BeJHYHA TOCTOAHHAR, NOCKOABLKY F H p SABASIOTCH XapakTte-
pDHCTHKaMH TOJbKo Matepnana. Tak, mns xene3Hoff CTpyHH {(£=
=2,1.101 Ia, p=7,8-103 kr/M%) umeeM p;=5.10% m/c.

Kax BHaHO u3 pHc. 5.2, MOAyAL BOAHOEOTO 9HCHA MOMKET Me-
HATRCA oT 0 A0 oo, a clleloBaresbHO, YaCcTOTA KoJNeSaHUR MeHAer-
ca HenpepusHO or O Ao oo.
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52. YNIPYTHE BOJIHH B MOHOKPHCTAJJIAX

[Tpoueccw pacnpocTpaneHss YOPYrHX BOJH B KPHCTa/lAax MHO-
ro CloXKHee IPONSCCOB PacHPOCTPaHEHHN 3MEXTPOMATHHTHHIX BOJH.
DNeKTPOMArHHTRHE BOJHE BCerfia NONepeyHH, YyOpyrHe (3BYKo-
BHIE) BOJHH MOryT OHTb MONEpeuHHMH H NpoaoabnuMu, Ilponons-
Hie BOJIHBl — BOJIHH CHKATHA M pacTaKeHHHA, nonepevrkle — BOJA-
KB fedopmanuit cpsura. B KamJAOM 3aRaHHOM HanpaBleHHH B
KDHeTalJle DacIpoCTpaHsaATes B obmeM cJaytae TpA NOJsApH3C-
BaHHHE YIPYTHE BOJHEL C PA3HEIMH CKOPOCTAMH.

PaccmoTpuM  pacipocTpareHHe YNPYrHX BOAH B KpPHCTANJe,
TMJOTHOCTE KOTOPOTO p. BHYTDH KDHCTaala BHOGepeM >JeMeHTrap-
uki napanaenenunef ¢ peSpamn Ax, Ay, Az, napanjaennHHMHA
KpHcTannorpatuueckKdM ocAM KOODRHHAT X, y, 2. Kak u B chyuae
ynpyro#t CTpyHH, NMDH JBUXKEHWH YNPYroR BOJHB N0 KpHCTaamy
KaXpaasd IrpaHb JJEMEHTAPHOrO nNapajjenemunesa Ioj ReHCTBHEM
HanpaxKeHUs oy copeplliaeT Heboabliine nepeMmeulenHa (B ofaactH
VOPYFOCTH, KOrfa chnpaBefn#B 3aKoH I'yKa). Hafinem ypabHenne
JSHAKEHHA AJH DOCTYNATEJbHOTO NepeMelleHHS 3JieMeHTapHOro na-
panieselunesa NpH PacnpoCTpaHeHHH YNPYrod BOJHH BRoJb Ha-
npaeseHna x {pHc. 5.3).

Pre, 5.3. Cuaw, aclicrsylomue Ha

sieMenTapHEWE napasiesennie)]] NpH

MBHKeHHH yOpYrofi BOMHH B Ha-
Hampasaeqse Oy.

Ha rpaub x geficTByeT Hanpskenue oy (k), a Ha napasleNbHYIO
d o

Ax
dx

Peayﬂb'rﬂpyromaﬂ cHaa, JefCcTBYIOINAA B HaNpaBJieHWd X, pabBna
( d oy
dx

X, PBLI3BAMBI HIMeHeHWeM BHYTDH NapajijelieldnNena HaHpH)KeHHI’I
Tz H O13. TaK UTO B HanpasNeHHU X PE3YABTUPYHIILASN CHJAA

efl rpass x4-Ax — Hanpsikewue oy (¢-FAX) ot

Ax) AyAz Jpyrue cuap, RefCTBYIOIIHe B HANPABJAEHHA

_{%ou , dop 5013)
Fin= ot 4 20 A xay Az, (5.7)

OGo3nauuM u, U, @ KOMINOHEHTH BEKTODZ CMEINEHES HeHTpa
Macc napaaxenennneaa. Cuaa, cOTJIACHO BTopoMmy 3akony Haloro-
lia, paBHa Macce nmapafyencnnnéss oA xAyAz, yMHOWeHHOR Ha
X-KOMroWenTy yckopeuus 0%ufd . Ypaeuenue jBmXkeHHs napal-
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Jeaeguneaa B HANPABACHHH X IOJ ,I[eI:ICTBHEM HEIIIPFI)KEHHI:I np:-
HHEMdeT BUA
d2u . 60'11 60.2

dogs
PaE ~ax T oy

dz

+ {5.8)

Ecan cMmemenue u, v, w 0603H29UTh yepes x;, rjae (=1, 2,3 u
X| COOTBETCTBYET X, Xy—U, X¥3—», TO BOIMONHHE YpaBHeHHS ABH-
WeHHA MOXHO 3a1lUCAaTh B BHIe

szf aﬂij
PaE ~ I

IA€ O; — KOMIIOHEHTH TeH30pa HalpiKeHuH.

Hnn kyGHueCcKOro KpHCTaANMa ¢ YUeTOM orpaHHueHH#, Hanarae-
MHX kyGnueckofl cHMMerpueR Ha ympyrue nocroasume Cjy; [eM,
Marpuy (4.42)], u Bmpaxenuil pas xomOoueHT aedopMallui
[bopmynm (4.19}, (4.20)] umeem

(j=1,2,3), (5.9}

L (00 ?ﬁ’_).
on=Cy 5% +Crz W"l‘ R
du , dvu {du | da
U:zzcu('b‘?ﬁ'_"g;); 013=Cu( Gz W) .

MopcTaryp 5TH Buipakenua B (5.8), noayuuM ypabHeHHe NBH-
KEHHA A5 cMeuleHua 1 KyGHUecKoro KpHeraiia:

au Fu u Fu \ .
PgE —Cuge +C“(-6y2 t97 )+
Fu_, o) |
+(Cut Cu) (= g+ 55 (5.10)

VpaBHeHus ABHXKEHHA AAf CMeEHHA v H ¢ JEerko noaydaorcs H3
(5.10) nyTeM yHKAMYECKOH NePecTaHOBKM:

P%Z—:‘=Cu%+ca& ('3272'4-%:—) +
+(C'2+C“)( a?:;g + aiﬁ;}z ) (5.11)

o5 ~Cugar +ea{ G+ ) +
Honsea(Zhfe).

180


http://www.print-driver.ru/?demolabel-ru

HajfizeM penlende ypaBHeHHd HBHAeHHS JAA4 NNOCKHX BOJH,
PACHPOCTPAHSIOMKXCH B Hanpasnenun [100]. Peuierne ypaBHeuus
{5.10) Gyxem HcKaTb B BHAC NPONOJIBLHON BOAHM

u=uoexpli(x x—w ) T. (3.13)

3neck dy — AMIUIATYAA KoJaeBarui; |K|=2 /A — BOJMHOBGH BEK-
TOP.
—

BoaroBofi BeKTOp K ¥ CMeuledne & HampasJ/eysl BAOAbL pedpa
kyba 4 COBMAZAIOT RO HANPABAEHHIO ¢ OCBID X, T. €. BEKTOP Haflpas-
JAeH NOo HOPMAJH K QPOHTY BOJHAHL.

[Tocge nogcranoskH pewenns (5.13) B ypasHenme (5.10) no-
JAYIHM

U[=&!KK=YC]1IP, (514)
rie vy — CKOpPOCTH PACIPOCTPAHEHHH NPOADJIbHOH ynpyrof {3By-
KOBOH) BOJHH B Hanpasaeuds [100].

HpyruM pellleHneM Gyier Tonepeunasi BOZHA HAY BOJHA CABH- .
Ta, ¢ BOAHOBHM BEKTOPOM, HaMparJeHHHWM BIONL pelpa Kyba, coB-

HagaioHiAM Mo HadpaBAeHHIO C OChID X, CMELUCHHe ¥Ke p HPOHCXO-
AUT RO HAHPAaBACHHIC OCH ¥f:

v=vgexp[{{x x—w #)]. {(5.18)

[Tocse noacTaHoBRA 3TOro peuwreHns B vpasHeBue (5.11) aas cme-
UIEHHSA 0 NOAYUHM

vi=a/k=V Culp. {5.16)
T8 v; — CKOpPOCTh PACHPOCTDPRHEHHN HONEpeyNoH YRPYTOH BOJHEL

B Hanpasgesus [100].

Hakouel, Tperbe pelleHHe — 3TO TaKXKe BOJAHA CABHTA € BOJ-
HOBHM BEKTOPOM, HanpaBAeHHWM BAOJb pefpa KyDa, coBnajaw-
UM N0 HANPABAEHHIO C OCLIO X, HO CMEWEHHE g NPOHCXOIHT IO
BanpaBAEHHIO 2

=g eXpfi{x x—w f)]. (5.17)

Mocae noacTanoBKH sToro peliteus B ypassenne (5.12) ana
CMEUIeHHA ¢ TONAYIHM

=T Cufp. (5.1?}

Takum 05&]}330!&[. AJS OQHOTO H TOFD #e BOAHOBOICD BEKTOPE K,
napadiensioro HafipasieHuto [100], BO3HMKAIOT TPH YNpYrHe BOJI-
HE -— 0Jla IpoaoAbHafd H B NONCPCIHBIC. le{ 3TOM [IBe He3a-
BHCHMBIE® BOJHH CABHIA HMEKT ONUHAKOBHE CEODOCTH, B caydae

-

NpOUIBOADHOCO HANPASACHUR BEATOPU K UMEIOT MECTO TPHL ROAR[L:
BOBAHHLIC BOAHLI, PACRPOCTDUHMIOWUCCS © PO3HBIML CKOPOCTAMU,
KOTOPBIE HE 3G8UCAT OT 4acToTy KoAefgrutl. Kak BHAHO H3 aupa-
weH# Ana ckopocres (5.14), (5.16), (5.18), uem MeHbile NJIOT-
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BOCTh H yeM OOJbille KECTKOCT, KPHCTaMIA, TeM BHlIe CKOPOCTH
pacnpocTpakeHHsi yupyraX (3BykosmXx) sofH. M3 sTax Xe BuIpa-
Menull caefyer, 4ro Kpyrobas wacrora KoJeGaHRH ¢ NponopuKo-
HAJLHA BOJHOBOMY YHCHY X, T. €, QUCHEPCUORNOe COOTHOUICHUE neo-
AYUUAOCO TAKUM He, KAK U JAR cayuan ynpy2ol cTpymol.

5.3. KOJIEBAHHA OAHOATOMHOHA JIHHEAHOR LIENOYKH

B xagectpse ofgoMepHOH MOReJH TBEPAOrO. Telld PacCMOTPHM
LenoyKy #H3 N OJHHAKOBWX ATOMOB C Maccol M M MeXarOMHERM
paccrogHueM a {pHC. 5.4), KOTOpHME MOIyT NEepeMeilaTtses BLOAb
npamoll guaun. Kaxanf atoM s Takolt chcreMe ofaalaer onfof
CTeneHbio cBofGOAR, a BCH cHCTeMa N — creneHamu cBobonm. Mo-
Zeb ¢ TOUKH 3DEHHS aToMHOH TTPYKTYDH XOpOWIG OHHCHBAETCH
AHHefHof npuMuTHBHON sAuefikofi bpaBs, B KoTopofi HOAOKEHHA
aTOMOB ONpeAeNsTCA BEKTOpOM TpaKcasuun 7=na, rje n — He-
JM0e YHCAO, YKasblBawloee NOA0KEHHe paBROBEcHS ATOMOB B He-
HOUKe. ,

JonycTnM, B MoMeHT BpeMeHH [=0 MH CMecTHNY H3 IONOKeHKA
pasHOBECHS ATOM C HOMEpoM n=0 Ha paccTOAHHE Hp. TaK Kak
aTOMH B HENOYKE CBA3AHH APYr ¢ APYroM CHAAMH CBH3H, To TaKoe
Bo30yXK/esHe PACNPOCTPAHKHTCS MO LENOYKe B BHAE BOJHH CXKATHA
H BCE OCTANBHEIE ATOMBL CMECTHATCA H3 CBOMX HOJOXeHHH DABHO-
BECHS.

ITycth un{x f) ectb cMelleaHe B KAaKOH-TO MOMeHT BpeMeHH
n-r0 ATOM3 OTHOCHTERLHD €F0 NoACKeHHS paBHOBECHA B TOUKe ¢
KOOpAHHATOH Xp,—nd. FEcal cMeneHHS aTOMOB H3 TOJOMKEHHH
paBHOBECHA Majd IO CPABHEHHIO C PACCTOSHHEM @, TO CHJIH MeX-
4TOMBOTO B32aUMOREHCTBHA MOXKHO CUMTATh KBASHYNDYTHMHM; CO-
raacao 3akony ['yka, oM DpONOPHKOMANbBNH cMelleHHESM. ATOMH
& [enodKe Kak Ou cBA3aHH Mexny cofofi YHPYTHMH NPYXHHKAMH,
KaXZag u3 KOTODHX Xapawkrepusyercs ynpyrofi mocrosssofl C, a
cMellleBHe Y, OMHCHB2ET KoJeGanud aroMa BOAH3A TOJOKeHHS
PaBHOBECHS. ,

HafineM ypaBReHHe ABHXEHHA n-To aroma., [lpd oTHCKaHHM
pesyaAbTHpYIOIed CHIH, AeficTByrolled wa n-H arom, Oyjlem CHH-
TATH, UTO HMEIOT MeCTO TOAbKO KOPOTKOHEHCTBYIOIUIHE CHAH, 3T0
03HayaeT, UTC PACCMATPHUBAEMHH ATOM B3AMMOAEHCTBYET NHIL C
BanxaimuMu cocegnuMu (n-—1)-M v (n41)-M aromam#, posjed-
CTBHE HA Hero JAPYrHX ATOMOS NpeneOpeXuMo Mano. YDapHeHHe

m~f nm-5 m4& 3 p2 n-1 n ntt 2

N T AT

lp  Unwy

Puc. 54. [Inwelinasd uenodra H€3 OJIHHEKOBHX ATOMOB
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RBMKEHHA B 3TOM ¢Aydae NpuHRHMaer ocobenHo npocrodi Bua. C
YYETOM TOTO, WTO CHAM BS&HMO.ILE?[CTBHH MEXAY aroMaMH KBa3H-
yApYFHEe, Ha #-H aroM jeHCTRYeT PESYJALTHPYIOMIAA CHARA

Fom=p{tiny1—tn) —B (Hn—Un-1} =P (Bas1Htn—2 s}, (5.19)

THe P — CHJAOBas NMOCTOSHHAA, KOTOpasd CBS3aHa C YNDYFO# IO-

croannod sopaxennem C=Ba. Onpepeaus cuay Fp, 3anucHBaeM
ypaBHeHHe JIBHKeHHUS

duy _

M '—d"‘T" =ﬁ (un“-l—un_;—.? un) . (5.20)

Teneps Haliiem BOpMaibHEE MOAW KoAcOauufi, T, €. TaKHe TH-
B HBHXEHHS, NPH KOTOPHX BCE aTOMB KogaeG/MOTCS 80 BpeMeHH
¢ ofHOfl W TOH Xe wacToTOH w NO 3aKoHy exp(—wif). Dynem
HCKarh pelreHHe ypasuenns (5.20) B Buze GerymeR BoJHG:

Un==tpexp[i(xna—w )] =uwexpli(c x,—w {}]. (5.21)

3aech 4o — oOmpefetsieT CMelleHHe atoMa ¢ n=0 B MoMment {=0;
k=2 sfh — BOMHOBOE UHCJO; i ~ KPYIOBad uactoTz JaHHOHA MOJM,
Kax suano ua (5.21), BUI HOpMaJbHOH# MOILH NOJHOCTHIO OHpE-
AeAsieTcs 3a1aBHEM CMeLleHHd eXuHCTBeHnoro artoma ¢ n=l.
Tlocae nopcranoBku pemresus (5.21) s  ypassenme (5.20),
NOJVIHM
—M @?=Bfexp (i x a)-+exp(~—i & a)—2]=~—4 B sin® (£ af2). (5.22)
OTciolla BUAMM, YTO KAaXKJIOMY 3HAUeHHIO BOJHOBOTC YHCAZ COOT-
BETCTBYET ONpejeNeHHOe sHATeHHe ©?, NpH 3TOM (k) =w?(—kK},
T. &. ©? apasieTcs gernoll dyukuued aprymenra x. Mz (5.22) cne-
AYeT QUCnepCUDHHOe COOTHOWERUE JAR BOAM, PACHPOCTPANAIOUIX-
£ 8 Auneidnotl Yenoike U3 OGUHAKOBHLY ATOMOB:

o== (4 /M) 12 sin (x af2). (5.23)

TTOCKOMBKY ¢ HE MOXeT OuTh OTPHENATENbHOA BEIHUHHOH, MHRYC
B {5.23) coorsercrByer 00JacTH OTPHUATEALHHX 3HAUEHUH K.

Kak suapo us {5.23), yacrora konefaBEHd n-ro aToMa He 3aBH-
CHT OT 1, 2 5TO 3HAYHT, UTO BCE ATOMH B NeHOYKe KoaeGniores ¢
QAHOA # TOf e uacToToR. 3aBucaAMocTd (5.23) mu3loflipaxenaz Ha
pHC. 5.5, '

M3 ananusa BHpakenHd w Ynpyzam cmpygra
(5.23) caenyer, TTo Npu 38aye- \ El
HHH ®OAHOBOTO ducaa [K|= 3 .
=2n/A=g/fa, T. €. BPH KOPOTKHX /’ .
ANHEAX 8OA8 A=2a, WHKIHUE- / Aueinas
CKAfl yacToTa KoAeOaHMA NOCTH- [ 8 YEnagunll

K
raeT MAKCHMAJLHOrC sHauenua: —Iff0 ~%/a ¢ +mjz +2mfa

== 142
o=omx={4p/M)”2.  (524) .. 55 JacnepcAOHEAA KpHUBad
Jngefiofl onHOATOMHOA HENOYKH
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OUeHRM  BeJIHUMHY imox A Uap K, Tl Usp=Y C/p — CKOPOCTL pac-
NPOCTPAHEHUA AKYCTHHECKHX BoaH, B § 5.1 MB DOAYUHAH g~
=5.108 Mfc. Ecnan npunsrb aas TBepAHX tea a==3.-10-10 M, ro
K=nfas= 10" M~ ¥ emax=5.10%-10©0=5.10' ¢!, yro MO mOpAARY
BeTHYHHH COOTBETCTBYET YaCTOTAM TElNIOBHX KoJebanufi aToMoB B
TBEPAHIX Telax.

Ilpu Maaumx 3HaveHHsX & HAH, YTO TO e, UpH AJNHHAX BOJH,
SHaYHTeJAbHO GOMBIIMX PACCTOSHHE MEXAY ATOMAMH B LENOUKE, @
3aBHCHT OT K JIHHe#HO, XaK H AJA cAy4yas HelnpepWwBHoll ynpyroi
CTpYHM ¢ AnHefHOf HJAoTHOCTBIO p=M/fa:

o= (-Q;—‘f-— )1;'2 sin :c2a = ( 4}5‘ )U2 x2a (pE- )”2 k=g K. (5.25)

Taxum obpasom, oraunue Juckpernoll yenouxu oT Henpepbigroll
CTPYHOL 3OKAIOMACTCR 8 OTCYTCTOUN NPONOPYUORAAGROCTI Memdy
4acTOTOR o U BOAROBOLM HLUCAOM K. DT0 CuF3aHO ¢  jAHcnepcHedt
BonH. Koporkne BOMHH, KOTOpHM cooTBerctBYeT Oonee BHcOkafi
qacToTa KoJeGauHi YacTHU, BCASACTSHE MHEDIHH Macc YaCTHI pac-
NPOCTPAHNAIOTCS MelJleHHee, YeM AJHHHHE BoJHH. Haadyne fnucnep-
CHH ‘BOJH NPOAB/LETCA B OTKAOHEHHMH KPpHBOR w=o(K) OT JuHed-
ROH 3aBHcuMocrH (cM. pue. B.5), cmpaBeanusoft amam  ynpyrof
cTpysnl. Henoyxa H3 0fHHAKOBHX aTOMOB BefieT ceff B OTHOLIEHHI
PACHPOCTPAHEHHS aKYCTHUECKHX BOJH KAK yOpyras CTPYHa TOJbKO
JHHIL TIpH DJHYAX BOAR A2>2q,

Ckopocrb PacHpPOCTPAHEHHA AKYCTHUECKOH BOJIHEL B8AOAbL AHC-
KperHofl MeNoyxA B OTJIHAHE OT CKODOCTH PacHpOCTDAHEHHS BOJIHH
BROAL yopyroft crpyum [cM. dopmyay (5.6)] 3aBHCHT 0T AMHEH

BOJIHI; :
_el) [P )”2 . ma
v=—5 wl( i) s (5.26}

Takaa 3aBucHMOCTh XApaKTepHa ANA pacHpPOCTPaHeHHs YOPYTHX
BOJIH B cpefe ¢ JIMCKPeTHOH cTpykrypod. Peittenne (5.21) onncw-

BAET BOJHH, pACTPOCTPAHSIOUIHECs BAOML UEHOUKH C ¢hasodod
CROPOCTHIO

® sin (% a/2)
= — = —_- _2
o= T ‘ K af? (527)
u 2pynnosol cKopocTeio
do Ka ,
o= G mom [0 | (28)

IlpH Manmx 3HAYeHUsX BosHoBoro uucaa x (puc. 5.6) dasosas
H FPpYONOBAS CKOPOCTH COBRAAANT H PABHH CKOpPOCTH 3BYKA:

'U¢=ﬂm=ﬂag. (5.29)
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Pue. 586. 3apucumocts thazorofl
H tOYOLOBOH CKOPOCTH OT BOJ-
HOBOTO YHCAA

Kax suado u3 (5.28) u puc. 5.6, rpynnosas ckopocTs ¢ Koto-
POl TEPEHOCHTCA IHEPrus KoaeGaHUN aToOMOB B IENouKe, Jdd
CaMBIX KOPOTKHX AJHH BOJH, T. €. 0As X=nfa, ofpamaercs 8 Hyb.
J10 TOBOPHT O TOM, YTO 3TH MOAH KOJeGAHHH XapaKTepusyior B
uenoyKe CTOSYHE BOJIHEL BUAA

up=wo exp i(x n d—w {) =uo exp(—io t)cos nn, (5.30)

KOTOpHIE ABJAIOTCH Pe3YyaAbTATOM CJCKEeBHS ABYX Geryliux BoOJH C
PABHBMMH AMIANTYRAMH, YaCTOTAMH H AJTHHAMH, HO PacHpOCTpaHs-
IOHIMXCH 8 NPOTHBONOJOKHEX HANPABJACHUAX. '

Ilpu pemiennn AunddepenunalbHore ypasseHus (5.20) M -
Yero He TOBOPHIM O TPAHANHBIX YCAOBHAX 3aZaud. JajalHe rpa-
HHYHEX YCA0BHE NO3BOJHT YCTaHOBHMTh HHTEPBas H3MeHenusdl &ox-
HOBHX YHCEJ K H YHACHO AONYCTHMBX 3Ha4€HHH X B 3TOM HHTEpBa-
Je. Mo cux nop mbt uMeAn Aedo ¢ GECKOHEdHO ZNMHBOR mMenouxod.
SlcHO, 4r0 CHAM, JeficTBYHmHe HA aTOMH B CEPEAHHE NENOYKH, OT-
JHYAH 0T CHA, XefCTBYIOMMX HA €€ KOHUAX. JTO NpPHBOHT K TOMY,
ur0 HOJOXKeRHA PABHOBECHS Ha KOHLAX IENOUKH HapylawoTes. DTV
TPYABOCTD MOXHO OOONTH, ec/¥ CudATaTh, MTO ATOMH 06pasywor
GoJbilioe KOAbLO, TAK YTO TOCACAHRH atoM (r=N) cHOBA HAXOXHT-
¢l Ha paccrofgu¥ a of nepsoro (n=1)}. Ecan N sensko, To cBofi-
CTBA TaKOTO KOMABLIA Maj0 OTJAHYAWTCH O CBOACTB . JuHelhBOH
zenoyxd. Torga B KavecTBe FPaHWYRLIX YeJoBAA yrobHo BHGpaTh
NepHOLKYECKHe TPaHHUABE ycioBMA Dopha — Kapmawa, B coor-
BETCTBHH € KOTODBIMH CMELIEHHA JOMKHHN VAOBJISTBOPATS, VCJIOBHIO
1RKJHYHOCTH:

tingn=lin, (5.31)

TaK Kak NOPHAKOBHE HoMepa n B n+N oTHOCATCS X OJHOMY H
TOMy Xe atoMy. Iloxcrasnss peweune (5.21}) & ycaosse (5.31),
HOdYUUM
Hnin=exp [ (x-N a}un, ecan exp{ix N a)=1. (5.32)
Orcioaa cneayer, uro peitenne (5.21) ynosnersopsieT Tpanuy-
HHM yeaoeuam (5.31), ecau A

kNa=2nn (n=0, 41, +2,3,..), (5.33)

T. e. k=2n/a(n/N) KBantyercs.
[TockoABKY % BCTpewaeTcs  TOABKO B BHpaKeHHsAx THOA
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expi(kna), To HUYErD He M3MEHHTCH, eCAH HOGABHTE K HEMY Be-
JAuTHRY, KpaTHYI0 2 nfa. [TosToMy H3MeHEHHA K MOKHO OTPAHMYHTD
HETEpBaJIoM

—afa= k= 4afa. (5.34)

Hnurepsan (5.34) coBmajgaer, KaKk MH YBHEZMM nosxe {cM, ra, 7),
€ 30Ho# BpuaniosHa Aas BOJAHOBOTO BEKTOpA 3AeKTpoHOB. OueBHI-
HO, UTO HUCAO0 JORYCTUMBIX UAU cOBCTAEHHOLY BHAYEHUE K B HHTRD-
Bane (5.34) npu swnoateHuy ycaosun yuxausnoctu (5.31) ¢ yue-
oM (B.33) pasno N, 1. e. wucay aTOMO8 UAK IACMEHTAPHBLY AYeEK
8 yenodre, Kaxaomy cofcTBeHBOMY 3HaueHHIO K COOTBETCTBYeT
cBost cobcrBeHHAs GyHKuMa 8 dopme pemerus (5.21), nostoMy
YECA0 TAKAX QYHKUMA MAH JHHeHHO He3aBHCHMHEX peHicHuH He
MOMeT nperHinaTe N. _

Teneps MB MoXeM NOCTpOHTH ofiliee peuiense JAuHefinoro ypas-
HeHus Asmmenns. B caydae rapMoHuueckux KosefaHuM IBHKeHHe
aTOMOB B NENOUKe, B CHAY JIMHEHHOCTH YPAaBHEHHS [BHIKEHHA,
MOXKHO NPeNCTaBHTh B BHAE CYHepNO3MINHA OeryIUHX BOAH THNA
{5.21), kaxaad H3 KOTOPHX XAPAKTEPH3IYETCH BOJAHOBHM UHCAOM K,
YACTOTOH @, H aMmauryZofi Ax. Torda cMelrenme x#, M MOXeM
BANHCATH B BHJAE

Un==Z As exp[i(xna—ax )], (5.35}

rae CYMMHDOBAHHE BEAETCH [0 BCEM 3IHATRHANM X, YIOBAETBOPAIO-
wuM yeaosuio (5.32).

TloaxozamuM BROOPOM KOOpPAMHAT ASHMNEAHe M000H CHCTEMEL
TACTHI, COBEPINANOINHX MaJHe KoaeGanHs, MOxKeT GHTbH CBEISHO K
RBHKEHHMIO He3aBUCHMBIX ocuuniastopos, JMHas sroro BBeaeMm rak
HA3bl8aEeMBle HOPMAAbHble KOOPOUHATH (x, KOTOPHE SBJASIOTCA
HesaBHCHMHMH nepeMeHHLIMH, H3MEHSIOLIHNMHCS BO BPEMEHH TO
TapMOHHYECKOMY 3aKOHY:

w=AxV N exp[—iwxf]. (5.36)
[Tocne noacrasoBry (5.36) 8 (5.35), noayuum
Up= —— S quexp(ikna). (5.37)
YN

Jlerko nokaszarh nyrem nuddepenuuposanus solpaxenns (5.36)
o {, WTO YPABHEHWE ABMKEHHN JAfA Ji000T0 g, MMeeT BHA

Grton2 gx=0 (k=1,2,3,... N). (5.38)

M3BeCTHO, 4TO 3TO €cTh ﬁpassenue QBuKcenun AUNEUR020 2ap-
MORUYECKOZO OCYUAARTOPA, ongafd 3HEPTHA TaKoro OCIHJAATODA
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E, CKnazHsaercd d3 ero KHHETHYECKOH H HOTEHUHAABHOH IHeprHfl
H ONpeRefeTcs KIacCHYECKUM BHPaKeHHeM

M M
Evc=—2"q"ﬁ2+ '2—03-52 Gx, {539)
rae M — Macca ocunaasropa. Toraa noJHas sHeprus KoaeGanuf

aToMOB HEenOuKH
E=T4+U=Upt £ Ey, (5.40)
®

rae T — xuperavgeckas sHeprus; Up-— 3HaueBHe ToTEELHANbHOM
SHEPTHH B COCTOAHHH paBHOoBecHA; [/ — HOTeHIHMAALHAHA IHEPTHSA.

Kak H BD Brex 3ajauaX, ¢Bf3aHHEIX C TaPMOHHUECKVM IBHIKE-
HHeM, B HalleM c/Aydae Jierko NPOU3BECTH KBaHTOBO-MEXAHHUECKOE
oBebiienne. B RiaccHuecKoR MeXaHHKe JUIA OAHOMEPHOTO TapMOHH-
YeCKOro oCUHJIRTOPa2 (pyaxuus [aMuabTONA HMEeT BHA

H'= px2+ M(ﬂsz

2M 2
311&(35 P — HMH}’HBC JaCTHOHE, M-‘-* ee¢ Macca, X - OTKIOHeHHE
oT ﬁOJIO)ﬁeBHﬁ paBHOBeCKH. Wy — prFOBaﬂ, cOBCTBEHHAA JACTOTA
OCHHAJATOPA. B KBAHTOBOI MeXaHHKe noa OaHOMeprf.M CCUUAAA-
iOPOJu RORUMAOT CuCTeMy, OﬂuCNﬁaeﬁyw OngpaTOPOJu rmuﬂbfﬂﬂa

2 (5.41)

H, pasnvin 8 noancd anasozuu ¢ (5.41):
A
A 2 2
_ Pa Mo,
=gt s %

(5.42)

A . d M
Fae px=a}i-a—x——- ONEpaTOP KMAOYAbCA; X — ONEPATOD KOOpPAH-

HATHL. :
CootBercTBeRno raMuintonnary (5.42) ypasuenue Illpegunre
pa nas cmuuonaplmx COCTORAY I OCUHAAATOPE 3aNHCHBACTCA TAK:

R &y n M @2
2M dx? 2
3nece h— nocrommuas [Iranka; 1 — BONHOBaH OYHKOHA; Ex —
IGJAHAA IHEDPrAs OCHHAJATORA. '

Pemennem ypaeuenust Llpeaunrepa (5.43) #BAAIOTCH BO3IMOXK-
Hee (coGCTBeRHHIE) aHayelHs SHEPTRH

Ex=R wx(n4+'2}, n=0, 1, 2, 3, .., (5.44}

TAe n— rraBHOE KBaHToBoe yHcao. Popmyna (D.44) moxasHpaer,
UTO SHEP2UA OCHUARATOPO MONET UMETL Aully OUCKpeTRble 3HA-
qenus,

C y4eToM NDOBEXEHHOTO 0GOGHIEHUS 3aRHIEM TOJHYIO SHEpPrHIO
KosxeGanuft aromos & gemouke [cm. (5.40)].

E=Uot 2 Ex=Ust ZRon(n+ )~ (5.45)

Hp= x2p=Exp. (5.43)
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Uaen 1/, B cx06KAX NPEACTABJIAET <«HYJEBYIO» 3HEPIHIO, HalHUHE
ero OBYCTOBAEHD TeM OGCTONTEABCTROM, uTo Haxe npu 0 K, 1, e.

B COCTOSHHA CAMOH HH3KOH JREPTHH, aTOMH He MOFYT TOYHO Ha-

XOAMTECH B CBOHX NOJOKEHHSX PaBHOBECHS (OHH COBEPLIAIOT KO-
Aefarenblbie ABHKenRMA). Tawad CHTYAHUHMN CBsAjaHa ¢ TEM, 41O

TOYHAA NOKAMH3ANUSA ATOMOS B8 HX MOJOKEHHAX PaBHOBECHd, B CH-

Ay coornomeHds HeonpezeneHzocred [efsendepra (A p.Ax>h)

BH3BaAa Obl HOMBINYIO HEONPERENESHHOCTh B HX CKOPOCTHX.

Hrax, noanan tensosan sHepzus roAcbanuil aroMos 8 yenouie
ckaadbleaerca U3 sHepeuil HOpMAILHLIX KOreCanuil, eedyuiux cedn
1OOOOHO AUMEHHBIM 2APMOHUYECKUM OCUUAAATOPAM € cOBCTECHHOU
YACTOTOU g :

B 3akmoyeHue oTMETHM, YTD, £CHH NHPH BHBOLE YPABReHHA AEH-
AEHHUS YYHTHBATL He KOpPOTKORelicrsywollie, a AaALHOAERITBYO-
IHE CHJIW, TO OKOBYaTeNbHHHA pe3ysbTaT, B O0MWEHX uepTax. ocra-
erest Oe3 uaMeHenuit. TlpH 9TOM, XoTA 3ABHCHMOCTD (=@, OYZHeT
HMeTh GOJee CAOKHHN BHJ, HO UHCIO HOPMAALHHX KoJebawnh rH-
na (5.21) mo-npexseMy ocraHercs paBRblM N, T. e. duncay jgomyc-
THMbIX 3RAUEHHH BOMHOBHIX 4Yicesd K B #drepBajie (5.34). [lpu Mma-
AHX K 3aBHCHMOCTb @=(, OCTACTCS JHHeNHol, a Ipn K=zkn/a
TPYNAOBasA CKOPOCTh 06pallaeTcs B HYJAb H pelileHHe B 3TCM CAY-
qae TAKIKE OIHCHIBASTCH CTORYMMH BoaBaMM THna (5.30).

6.4, KOJIEBAHHSl OLHOMEPHOM PEUIETKH C BA3HCOM

B npeaniaymew pasgese Gulin oupeaedeHst MOAH HOPMzAhHBIX
kodebanudl oxHoMepHOM MowoaTOMHON peulerku Bpass. Pacemor-
PHM Temeph HpoAOJIbHLIE KOJeGaHHs aToMoB OAHOMEPHOHR pelueTEH
¢ (asHcoM, Korga Ha JAHeHAHYI0 3JeMeHTapHylo syeliky Bpaes c.
HapaMeTpoM 2a npHXoAHTCA ABa aroMa. I[IpelunonoXHM, yTo
BAONb APSMON JxuWH pacnoitaraetcs V  siueex. Taxaw cacreMma
ofaanaer 2NV creneHAMH cg8ofGoxib. IIpu pelieHHM 3ajgauu O KoJje-
GaHAAX ATOMOB B Takoil CHCTeMe BO3MOXKHSI JBeé MOJEJH UEMOUKH,
HCHONL30BANNE KAXA0H H3 KOTOPHX, B KOHEYHOM HTOTE, NPHBOAUT
K OXHAM H TeM Ke pesyabraraM. [lepsas Mofesnb — IBYXaToOMHAS
AHEeHHAA MEeNnouKa H3 OJKHAKOBHYX aTOMOB, CBA32HHEIX NPYKHHKA-
MH ¢ Yepeaylomeficd Kectkoctsio (puc. 5.7). Bropas mMogmens -—
ABYXATOMHAA JRHeliRaa nenouxa (puc.5.8), BLoAb KOTOPOA HOOYE-
PEAHO PacloNaraioTcs aTOMH ¢ pasaxuHol Maccodt M; u My, a cu-
AW MeXAy NapaMu CoCeAHHX ATOMOB 0iHHZKOBH (ATOMH CBA3ZHGL.
MeXay cofoll mpymuHKaMH 0AMHAKOBOH ecTkocrH). [Tpyxunka
MORSNHPYET HAJHYKE CHJIS NPATSHKEHMdA, KOTAA OHA PACTHRYTE, H
CHJIH OTTAJKHBAHHS, KOTHA oHa cxaTa, MH Bocuods3yeMcs BTOPof
MOJE/IBIO. .

ObosnaukM 2na vYeTHHE NOJCGKEHHWS PABROBECHS ATOMOB <
maccodt My, a (2n+41) — Heuernne naa aToMoB ¢ Maccoli M. (n—
uedoe uHcJo), [Iyeth us, eCTH CMEHISHHS aroMa ¢ Maccoll M,

188


http://www.print-driver.ru/?demolabel-ru

&E X 6 K ¢ K

Puc, 5.7. JIpyxaroMwas anuefinas LeNoYK4 U3 OLHHAKOBLX ATOMOB,

AToMH CBA33HW NPYXKHHKAMA c depefyiomefcs XecrkocThio O H

K. Bugenenu opeMentapuHe sfyeftu Bpars ¢ mapametpom 2a.
[yHKTHPHHE KPYXKH — aToMH B MOJOXEHHAX DABHOBECHS

BAOML HANPaBJIEHHA X B KaKOH-TO MOMEHT BpeMEeHH { OTHOCHTENh-
KO ero fNOJOXKEeHHS PaBHOBECH®, A lsnyl — CMEILUEHHE ATOMA ¢
Maccoft My M3 ero HoJI0KeHHs pPaBHOBECHA,

CroBa OyZieM CQHTATb, UTO CMEUIEHHS Ma/JW HO CPaBHEHHIO ¢
MEXKATOMHEM PACCTOSHHEM @, 4 CKAL B32HMOLCHCTBHS MeEXAY
aTOMAMH -~ EKBasuynpyrue. CMellgHHe ONHCHBRIOT NPOAOJILHEE
K0Je0annd ATOMOB BIMIHSH NGA0KeHHHA HX DABHOBECHS.

HafizeM vypaBoeusie ISHMEHHS ATOMOB, YUMTHIBAA B3aHMonefd-
CTRHE JAKWMb OMMKaANIMX (CoceAHHX) ATOMOB, pe3VIbTHPYIOLIHE
CUJH, AeHcTBYoOli(Me Ha sSmOpasHble HaMH ATOMBl, 3anNHleM B
BHJE
Fon=p (Ugni1~—tian} —B (#an—tign—1) =P (Uons1 T than—1—2 tiga};
Foni1=P (Yznio—tiznin} —B (tont1—tap) =P (tonio+tn—2 tigni1),

[ae B — cuJAoBas MOCTOSHHAAR, CBA3AHHAN ¢ YOPYrof# NOCTOAHHOM
(xxecrkocrvio) coornoutenHeM C=Ba. llpennoxaraes, uro cHJIo-
BHI€ MOCTOSHHHE A/ BCeX JNap aTOMOB coBnajgailr (cM. pue. 5.8).

Bocnoarsopasiucs 3akonoM HemoTOHA, 3apAmeM ypaBHeHHA

IBHIKEHUS:

d* ugn,
M, d—?:' = (tanprt tan1—2 tian) ;
. (5.46)
U
M, "'“'"E‘;&;-tl' =P (tonyotum—2 Uanga).

C yueToM TOTO, YTO KOJEGAHHR aTOMOB PA3HEX MACC MOLYT
HpOHCXO}IKTh{ C pasipYHBIMH AMIAHTVAAME ¢y U iy, pelleHHe 3THAX
ypaBreHult OYNeM HCKaTh B BHAe GerYHIHX BOJH THNA
tm=t exp[i(2uwo—o t)]; upmp=wexp[i(2a+1)ka—uwi].

(5.47)

2n2 204 2n  2n¥  Z2n2 2n'3

% © % X
[ 2a___|Gpa v

Pre. 5.8. NlnyxatomHas asnefiuas nenouxa. B saemenrapaofil sued-
Ke napamerpa 2a colepxHTes 1Ba aroma MaccH M; u M. ecr-
KOCTh OpYXuukn C

/‘x
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IMofcrasasa 37# peltedus B ypashenne (5.46) u cokpamas o6-
muA MHOMKHTedL exp[i(2rnxa—w{)] B KaxAOM H3 YpaBHeHHH,
NPHXOJKM K CHCTEMe YPABHEHHH OTBOCHTEALHO U, H Us:

(2p—M, 0)u,—2Ppcos K a-ue=0;
: ' (5.48}
~2Bcosxa- -+ (2 —Myw?)=0.

Jra cHcTeMa ORHOPOAHMX YpaBHeHHM HMeeT peHieHue, ecli ofpa-
HIAETTH B HYJIb HETepMHHaHT:

(2p—Mw’)  (—2pcosxa) | _ .
l (—2p C;s Ka) (2 p—M; w?) =0. (5.49})

Orclofa moJydaeM ypasHeHHe, CBASHIBANMIEE TACTOTY ¢ M BOJHO-

BOE THCIIO K ,
Mr—!—Mg ) 4ﬂ .
T 2y TP inlea
© 25( T A -+ M, sin? x a=0. (5.50)

Kopnu storo 6UKBAAPATHOTO YPABHEHHS

o= (i) VAR

OrpHuatesbHble 3HAYCHHS & HE UMEIOT (HUSHUECKOro CMHEICTA,
nosToMY Hac OYAYT HHTEPECOBATS, TORBKD HOJIOKHTEJNbHHe 3HAYe-
aun. Toraa u3 (5.51) caeayer, uto Ka¥coomy 80AHOBOMY wlcAY K
COOTEETCTEYIOT 080 BHAMEHUR w, 4 cLedCsaressno, u dse Modsi KO-
sebanud Tuna (5.47). BocnoabsoBaBIUNch FPAHHYHBMH YCAOBHAMA
Bopra—Kapmana (ycaoBHsMH IHKAHTHOCTH)  Honpaw=tg, HIH
Ut aN=Hznyl, HAfHeM AONYCTHMHE 3HAaYeHHN BOJHOBHIX YHCeN
k. YenoBue UMKAUUHOCTH  Mantan=t exp ([ (202 N}k a—o t]=
uyexpi(2n ka—o t)exp i 2N Ka Bunoausercd, ecay exp(i 2N xa)=
=], uro Bo3MOXHO B caydae 2N xa=2nm npu neitom m. Orcona

sinfxa.  (5.31)

K= — {5.52)

BBugy TOre, wWro x Berpedaercs TOJNBKO B BHDANKEHHSX THOA
exp(i2Znxa}, TO BHYEro HE H3IMEHHTCH, e€CH ¥ BOJHOBOMY THCAY
£ HoGaBHTL BeaMuHRy, kparavio 2mf(2g). CrepoBaTenbHo, W3-
MEHEeHHS X MOKHO OPraHHYHTL HHTEDBAJOM

Lz “—a . (5.53)

M3 (552) u (5.53) 7merko BuAeTh, YTG UHCJO ROMYCTHMBIX He-
SKBHBAJICHTHHX 3HaueHHH & 6 mETepsate (5.53) orpaudueHc npe-
penamu —N/2=m=Nf2 v paBio N — usdcny sAeMeRTapHRIX sAve-
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-
Pac. 5.9. Jacnepclolnmie KpHsHe La# AByXaromuol jumefimofi uemeq-
KH: ¢ — IpHBefeHHad, & — pacliHpenHas soua Bpuamosua

eK B LeNouke, TaKk KaK KaxOomy 3HA4EHUIO K (OOTSeTLTEYeT (8¢
HoUbl KoAeOAHUE, TO HOAROS YHCAC HOPMAAGHULIX MoJ B8 UHTepsaAe
(5.53) pasno wucny crenened csobodet 8 cucreme, 7. e. 2N. Hn-
teppas (5.53) sABIAeTcA npHBelemHOR 3oHOH BpuiaiosHa and
ABYXATOMHOR HeNOuKH.

Hrak, petleHHe 3agayd o koaeGaHHSX ATOMOB XIBYX COPTOB B
ueHOYKe MPHBOJAMT K ABYM KPHBRIM 3aBHCHMOCTH ¢ OT K, KOTOPHE
NONYYHIH HaseaHHe deyx gersedl aaxona ducnepcuy. BeTsu B mpH-
BefeHHOR 3oHe Bpuamioana usobpaxelR Ha puc. 5.9 114 cayvas
M,>M,, Ha sT0oM 3Ke pHCYHKe NDHBENEEN paclIHpeHHAas 30Ha
BpanmosHa, nA4 Koropoll HHTEPBAs H3MEHEHHH BOJHOBHX YHCEJ
(—nfa<sx==-Lnfa) Takoli xe, KAK A8 NHHEHROA UENOYKH H3 OUH-~
HAaKOBHX 3TOMOB H, KAK MH YBHIHM B ILaJIbI'iE}?IH.leM. Jas ONHcaHHA
aNeKTPOREHX cocroAHHf. [IpeicTaBAcHHe 3aBHCHMOCTH ¢ OT X B
pacmupennofl 30HE SKBHBANEHTHO €€ IIPEACTABJICHHIO B DPHBELCH-
HOH 30HE€, NOCKOJEKY, KAK MH TOBOPHIH BHUIE, 06aBJEHHE K BOJ-
HOBOMY YHCAY X M3 unrepeana (5.53) seamuuun (2n/2a) me ua-
MeHACT BHIA PelleHHA.

HuxHI00 KpPHBYIO Ha pHC. 5.9 HASHBAKT axyCTUECKO BETEHIO,
HEDXNIOW — ONTUXECKOW, 3aMeTHM, 4TO BO BCEM HHTEPBAJE H3Me-
HeHHH BONHORHX YHCEN X YacTOTa ONTHYECKHX KoJeOauufi GoJblile
Y4CTOTH aKyCTHYecKHX. [l BHIACHEHHWA NPOMCXOXACHHA Ra3BaHuA
BeTBe#i DACCMOTPUM MOBEJEHHE YACTOTH KONeGaHUH OpH MAanHX
3HauenHusix K u npH X==tn/{2a). IlpH maiux xa<l B BHpa-
Kewuu (5.50) pasnoxum sin*xa B pag Maxnopena (sin?xa=
~K? %) W OTpAHHIMMCA MEpPBHM TJCHOM pasiomenus. BocHoMb3o-
BABIIACL CBOHCTBAME KOpHEN KBAaApaTHOTO ypaBHeHus x2-4-p x}-g=
=0 (x;4-xp=—p, x| Xo==g), a4 TaKKe TEM, YTO HACTOTA KOJNCGAHUR
ONTHYECKO#A BeTBu cNalo usMeHaerca B6aH3u k=0, Halinem KopnM
ypapHesud (5.50):

0= V2 ﬂ( ;4—1 +4- -%;) (onTHuecKas BeTBD), (5.54)
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a’g:n( ]/ TR +M2 )-fc {aKycTHYeCKasl BETBb). (5.55)

Cpapuupast supaxenue (5.55) ¢ (5.25), MoxHO caenarts 3akiode-
HHE, 4TO 3ABHCHMOCTh (&= (K) ORHCHBaeT 3Aech BETBb UPOLOJL-
HHX 4KyCTHUeCKHX KoaAefaHAH, KOTOpadA, KaK M B CIyyae MOHO-
ATOMHOA Henouks, NPAGKASTCA K HYMO NPONOPUHOHAJALEO K.
3HayeHAe CKOPOCTH 3BYyKa AJA 3T0H BETEH B Cayyae JAJIHHHHX
BOJIH J12€TCS BEpaKEHHEM

Usg=a ¥ 2 B/ (M+M.) . (5.56)
ITpy maamx x ¢a3oBasg H TPYNNOBAs CKOPOCTH COBNAZAOT: Up=
=Upp=0. ECTH M;=M,, To Bupamenne (5.56) nepexoaur B BH-

paieHyue A% CKOPOCTH 3ByKa vm=ay¥ /M =7 Cfp mMonoaToMuo#l
uenouks ¢ Jguuefino# nrorrocTeio p—=M/fa )
Tlpy x=-i-n/(2a), T. e. Ha rpaHunax aons Bpuanosua, vacro-

Td JOCTHraer sdayenns o= 2 B/M,, KpHBag CTaHOBHTCA NOJO-
roA W TPYNNOBAS CKOPOCTh oOpalllaeTcs B HyAb, T. €. RIDKHAA
8ereb BejeT ce6f aHAJMOTHIHO KPHBOH X/ ONHOATOMHOH HENOUYKH.
M3 tKa3agHOro dcHo, NOYEMY HHKHAA BeTBb NONYUHJIA HA3BaKHE
aKYCTHUECKOR,

B'ropaﬂ BETBL HaUHHAETCA MPH k=0 oT MakcHMaJabHOIO 3Hage-

HHS YACTOTH (m:V 2}.’:( ']Tlf__l'—ﬁ}?) , . KOTOPas C POCIOM X
: t

ONyCKaeTCs BHH3, JOCTHras npu x=r-mnf(2q) sxauenus ¥ 2pH/M..
3Ty BeTBb HA3HBAIOT ONTAMECKON, TAK KaK IJHHHOBOJHOBHE Of-
THYECKHE MOAH B HOHHHX KpHCTaIJMaX MOTYT B3aHMOJEkCTBOBATh
€ SJEKTPOMarHUTHHM uanydenseM. [lpn x—0 da3zoBas ckopocTs
ONTHYECKHX KOMeBauufl vg=a,/K-— 00, a TpynnoBasa vm=dm})drc*
=0,

Kak suano u3 prc. 5.9, ABe BeTsH pasjelieHt NoJocoH sampe-
MEHHHX TacTOT (Ha PHCYHKe OHA 3aWTPHUXOBaHa}, T. e. B 0641aCTH

Y2p/My<ta<VY2p/M; ypasuenusn aBHxenus (5.46) He uMelT
pewrennd. OfHAKO eC/H B LEMOYKE 3aMEHHTh, HATMPHMeEpP, OLHH WJH
HECKOJIEKO aTOMOB MaccH M, Ha atoMu mMacch M, T. e. BBECTH B
CTPYKTYPY AedieKTH, TO B 3anpeuieHHoll 067acTH HaCTOT MOABATCA
pellenHs, KOTOpHe HA3SHBAKT A0KkdasHbiMu modamy. BEcnu B ypae-
HeruHd (3.50) moJaoXHTH M1=—~M2-;H TO peuleHHe MPAMET BHA

w?== —-—5- (1+cosxa)
YJIH
o= 2B cos XL _]/_‘Ei ra
1 M 5 wp= M -5in 5
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Peitieline ¢ cuHycOM COBmAanaeT ¢ PelIcHHEM ANS MOHOATOMHOR
UCHOYKH, a DElleH#HeM € KOCHHYCOM, Kak JIETKO BHAETb (oNATH-Ta-
KH B CHJIy TOTO, 4TO XOGaBAeHHe K BOJAHOBOMY YHCAY X BEAETHHHI
n/8 HAYETO He H3MEHSeT), MOXHO mpeHeGpeub, Tak KaK Kaxaomy
o1 GYRET COOTBETCTBOBATL MOMa, YXE MOJNYYeHHAS AN ws U IHPHU-

Ha sanpemeHHoH Mosoew A=(Y23/M;—V2p8/M;) mpu M,=M,
obpamaerca p Hyab. Takum o6pasom, npa M;=M, noaoca sanpe-
IHEeHHBIX JaCTOT HCHe3aeT. .

BuscHUM (QUSRUECKHH CMBICT Dasiuuus MeXIY aKYCTHUECKH-
MH H ONTHYECKUMH MOgZaMH xosneGanHfi aToMOB B memoyke. Jlis
STOr0 CPAaBHUM MeEXRy coBokt oTHOUleHHe aAMNAUTYR KodeGaHud
Uifity U GasH KoNeBAHUA coCemHuX ATOMOR B OJHOA M Apyro#l Ber-
BaX. 1IpH MannX 3HATeHHAX X (T. &. NpU xa<1) ¢ yuerom (5.47)

U _TOCKE NMOACTAHOBKH pemenuss (5.55) npu x=0 m ypapmenwe
(5.48) nosyyum

( uz::_l ) auz( _t:t:;_) ax =1 (5.57)

Orciofla chenyer, 4To KoneGaHHs COCCZHUHX ATOMOB B HeNnouKe
HPOHCXOAAT B (asze (BmecTe ¢ HX HEHTPOM Macc) H HMEIOT ORH-
HAKOBYW) aMIIMTYAY, T. €. Adelixu cMewiaroTcn xax o0no yeaoe.
Taxoll THn wxonreGaHuRl XapakTepeH NI AKYCTHYECKOR BOMHH
(pue. 5.10). Ha puc. 5.10, 5.11 & Ha caeRylomUX AASY HARAALHOCTH
DPUBENCHH Kak {IpOAOAbHHE, TaK H nonepessHe KoJebaHes aTo-
MOB ONHOMepHOH IeNnoyks.

Ecnu B ypasnernue (5.48) mogcraButs pemtenne{ 5.54) nna omn-
THYECKOR BETBR KoJebanuf npm £=0, To

. ulluF—MﬂMl, '(5-53)

T, € 4TOMH B sivefike KoaeSMOTCA B NPOTHBONOMOKHEIX HampaBae-
Huax (B mporuBodaze), a MeHTp Mace xaxAol suefiku, comepxa-
IHE aTOMH IBYX COPTORB, OCTaeTed Ha Mecre (puc. 5.11), mocKoas-
KY, KaK 3T0 caeayer w3 (5.58), aMnanTyza cMelleHds NeATpa Mace

RN AN Lf"'L\./l’ A

X

R =

B PAAB AN, POABAT A P
L

P
-b-b--—nv-b—-h-:;j e e e o e i e e A o e e e

&)

Prc. 5.10. KoaeGanua artomos, coor- Pae, 6.11. JnunnoBonHoBme onTHYe-
BeTCTBYIORE AKYCTHWECKOR Mofle IpH  cKHe MoAH  KojeGawuf;  APHKeRHe
x=0: &4 — nonepeutinle, & — ApO- ATOMOE € saccoh M; 1 M; casrayrm
" BONbHHE KOJeGAHMA. o ¢ase ma 180" a — nonepeurue.

6 — npogormpHue kKoNCGAHHSA
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U 3]

L Pre, 5.12. 3apHcuMocTs —— oT BOM-
tz | ty

| HOBOTO WHCAa K: BepXHHe KDHBHE —-
! AKYCTHUECKAH, HHMHHe — ONTHYECKaA
} BeTEH

{

| +

]

+! *]

k

|
|
|
|
|
I
!
e A

T e S q
in o a a

atroMoB B fyeiike #; M-, My=0. Tlpu AAHHHOBOMHOBHX ONTHYe-
CKAX KonebaHusix aToMH MaccH M; o6pasynT pelerky, JBUXKY-
IMYIOCA KAK Iefoe, W TOUHO TaK XKe JABHXKETCA Kak lesgoe Noape-
eTKd, o6pasoBaHHaA aToMaMHu Maccs Mo,

Jzs Toro 4ToGH BHACHUThL XapakTep ABHXeHHA aTOMOB BORU3H
rpaHulb 30HH BpuaawsHa npw x=n/{2a), nocTpouM 3aBUCHMOCTD
OTHOWTEHWA aMIJUTYR i)/dp OFT BOJHOBOTO Yucaa X XN aKycTHYe-
cKofl H onTHueckoft BeTBelt (puc. 5.12).

Kak sunno w3 puc. 5.12, nps npuOGNHKEHHH K TpaHHLUE 30HH
OTHOINEHHE AMIIMTYX [OJS aKyCTHUEeCKOH BETBH CTpeMHTCs K fec-
KOHEYHOCTH, HTO 03HAYAeT YMeHbIleHHe aMNIMTYIN KoJaeGaHuf
NETKHX 4TOMOB, IIPH 3TOM, KAK ¥ NPH MANHX 3HAaYeHHAX X, cOCef-
Hue ATOMH KoneGaloTcd B (ase (mOJOXHTENbHBE 3HAYSHHA OTHO-
wenusd ifuz). IIpu k=nf(2a) amnauryza xosnebauull nerksx ato-
MOB CTaHOBHTCH paBuOl HYMW, a4 THAXEAHWe aroMH Maccw M, xo-
JebawoTea co cIBHroM no ¢aze 180° mo oTHOUIEHHIO K COCEJHHM Ts-
WelHM Kxe aTomaM {puc. 5.13, a).

Jas ontryeckofi BeTBH OTHOLIEHHE i)[/up MpH HPHOJAXKEHHH K
aHavyeHuw k=n/{2a) CTPEMHTCH K HYJI0, COCeXHHE ATOMH KOAel-
MOTCA B nporuBodaze (OTpHUATeNbHHE 3HaYeHuA OTHOMIEHHSA
uifug), KaK H NpH MaanX 3uaveHusax x. [Ipu k=n/(2 a) oruOIECHKe
#)fus=0, B 3TOM cJy4de ABHKYTCA TOABKO JETKHE aTOMH MAaccH
My ¢ aMonATYyROf U, u capuroM no ¢dase Ha 180° no OTHOINEHHIO K
coceHUM AeTrKHM atoMaM (puc. 5.13, 6).

Taxum 06pasom, 60 scem uMrepsare sosnoswvix wuces or 0 Jdo
n/(2a) 8 yenouxe, cocTostyell us aromos dayx copros, npoucxodur
pasQ@enenue KoaeOarul RO AOKYCTUNECKYIO U ORTUYECKYIO Ger8u, npi
aroM das axycrugeckux Mol aTomel oboux Tunos JeUMYTCa 8 BOA-
Ke cxarus amecre (8 ¢pase). Han ontuneckux mod xoaebanufl co-
cednue aromsl O8UICYTCR 8 NPOTUBOGHASE.

Pue. 5.13. Ipuxepne aToMOB B
OBYXaTOMHON Ienoyxke aas  ciy-

2n
qa5 K== —
&€
4 — akycTaueckad, 6O — onTHie-
CKad BETBH

194


http://www.print-driver.ru/?demolabel-ru

Ecam pactMaTpHBATL ONTHYECKHE KoJeOaHHA NPH MAAHX 3HaA-
ueHRAX K (ZABHHHE BOMHH) H CYHTATb 3aPALAH aTOMOB mooyYepel-
B0 PA3NHUHHIMH, TO HX KOJeGaHHA B nporHeodase BH3IQBYT CMe-
JHEHHE HOHOB, KOTOPHIE NPHREAYT K H3MEHEHHIO 3AEKTPHUYECKOro
IHOOJbHOTO MoMeHnTa ayefiku. B pesyasTate Brosp Hemoyku GyAeT
PACTIPOCTPAHATECH BOJHA 3JCKTPHYECKO NOAADH3AUKH C BOJHO-
BHIM uHCJIOM K. IloKaxeM, uTo onTHyeckue KoJeGaHIS BO3RHKAIOT
npd UH(pAKPACHHX YACTOTAX H HX MOXHO BO3GYAHTL HH(paKpac-
HHM H3TyIeHHeM.

Iyers kpuerann NaCl, koropufi coctout u3 nmonoe Nat+ u Cl-,
NOMEIIEH B SJEKTPHUECKOoe NoJe HanpskeHHoCTH E, mpu sToM Ha-
npaBieHHe [0S COBOAZAET ¢ KPHCTAJIOrpadHuecKuM HanpaBJieHd-
e [100] ky6ugeckofi smemenrapaol ayefikn. Iox peficTBHeM NOJs
aupoasl Cl- # KatTmonw Na+ 6yAYT cMelIaTbCA B INPOTHRONOJIONK-
HHX HalpaBJeHUAX, 9TO NPHEBEAET K BO3HUKHOBEHIHIO CPEJHErc AH-
NONLHOI'O 3JeKTpHYeckoro MoMmenta P=N|Q|x=—E[(4 =), orciona

=-—-4aN|Q|x,

rae N — nJ0THOCTh MOHOB, Q — 3apan; ¥ — CMEIMeHHEe HOHOB
noJ AcHCTBHEM MOJIA.

Mexzy DpOTHBONOJMOXHO 3apfKeHHHIMH HOHamH aeficTByer
CUJId KYJOHOBCKOTO IIPUTSHEHUA:

F=|Q|E=—4nNQx, .

KOTOpas CTPEMUTCA BO3BPATHTL HOHH B HCXOIHOe HOJOXKEHHE,
Bpoas yckopende d?xjd# u nMoZcTaBAAd BHpaXKeHHe AN CHIH
BO BTOPOR 3aKOH HrIOTOHA, MOAYyYHM ypapHeHHe

d*x
bae

rie . — npmeefenHas Macca mape wonoB (1/u=1{M;4-1/My).
3710 ecTsb ypassenue npocTozo apmonuseckozo dsuncenus, Cie-

ROBATEAbLHO, 3aPSAM HCIHTHBAIOT OKONO NOJNOXEHHS pPaBHOBECHS
KosieOaHHa ¢ yacToTol

4N Q2x=0, (5.59)

4nQIN 2
m .
rae wp — HOHRC-JIIJIA3MEHEAS ¥acTOTa, COOTBeTCTBYWILAA YACTOTE

w1=¥ 2B(1/Mi+1/M, onruueckolr serBu mHpu x—0, ecau noJo-
XKETE  B=1fs p oy’

Onedxa wp DPHBOLKT K 3HAYEBHW, paBHOMY ~2.1(' ¢!, 5Ta
YacTOTa NONafaeT B HH(PpakpacHYw o0Jactb 3JIEKTPOMATHHTHOIO
H3JAy4eHHA., B HOHHWX KPHCTAANaX ONTHYECKHe MOXH AeHCTBHTENb-
HO AKTHBHH B HH(paxkpacHofl ofnacty. DT0 NPOABAAETCS B NOFIO-
IeHHH H HCOYCK2HHH HRQPaKpaCcHOrO H3NYUeHHS.
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5.5. KOJIEGAHHA ATOMOB TPEXMEPHOR PEHETKH

B caMoM Hauane 5TO# [VIaBH MH rOBOPHAH O TOM, UTO . KOJHYE-
CTBEHHHHA aHAJH3 KOAeOaHHil ATOMOR DEAJbHONO TPEXMEPHOIO TBEp-
AOrO Te1a MpPeACTABASET HCKJIOYHTE]bHO CHOXKHYI0 3afauy. [lin
TOr0, 97066 [OHATHL oflIMe CBORCTBA HOPMANBHHX MOX B TAKOM
Teje, MB NpPeABRAPHTEALHO paccCMOTpPENH 3ajady o KojaeGanHAx
aTOMOR NHHefiHOR LemodkH. Temephr HCNOJAb3yeM De3yJALTATH 3TO-
rO pPAacCMOTPEHHS A/ Ka4eCTBEHHOTo ONMHcanud KoaeGaHufi aToMos
TPeXMepHOH peHIeTKH.

Honycram, 4To TpexmepHas pelerka COCTOHT #3 OJMHAKOBHX
aromoe Maccl M u ma o6bpeM Kpucrahaa V mpmxoaurcs N sie-
MEHTAPDHHX NPHMHTHBHHX Aveek Dpass, [lockoaeky KaXiu# aToM
HMEET B PElIeTKe TPH CTeNeHR ¢BOGOAH, TO Bech KPHCTAMNJI Xapak-
Tepusyercss 3 N crenensaMu cBoSoan. IIpu pelltenuu 3agauy B rap-
MOHHYECKOM NPHOJMKeHHH CMelleHHe KaXJOro j-ro aroMa NOgyH-
HAETCA YDABHEHHIO JIBHMEHHS, ARAJOTAYHOMY YpaBHEHHIO HNBIIKe-
Hus B llenodKe H3 OZHHAKOBWX ATOMOB C 3AMEHOH CMEIIEHHs HA

-
BEKTOp cMellleHud 1; B pedyapraTe gAs mOJHOTO OMHCAHHS CHEKT-
pa KoneSanul TpexMepHOA peuleTkH ¢ Y4eroM creneHedl CBOGOIH
noAy4alT cucreMy 3N CBA3AHHHX YpaBHeHHHA IpmkceHuHa. Pelte-
HHe Tagoll CHCTEME CHOBA MILYT B BHAE GEryI{HX BOJH:

— ar = . -
v;=Ay ey (K) exp[i(x Ri*—a £) ], (5.61)
-
rae Tenepbh K — BOJHOBOA BeKTOp, ONpefelaioli#i HanpaBieHHe

M ) -
pacnpocTpaseHds BOJHH; Ax — amniuTyaa XoneGaHul; e,(K) —
€/UHAYHEI BEKTOD NONAPH3ALMWH HOPMAJbHOR MOAH, ONHCHBAIK-

>
WHA Aanpas/JdedHe, B KOTOPOM IBHAXYTCS HOHH; R — paauyc-
BEKTOp j-TO aTOMa B PABHOBECHOM KOHOMHIYpaHHH.

IoacraBasig pevtenne (5.61) B cucteMy 3N ypaBHeHHt JBHXKe-
HHR, [IOJYYAI0T CHCTEMY OAHOPONHHX YDaBHEHHH OTHOCHTEALHO
aMnuuTyR Ax, KOTOpAs. MMEET HeTPUBHAJLHHEE pelewHs, eCiH jge-
TEDPMHHAHRT, COCTAaBJIeHHHA H3 kos(PPHIHEHTOB, NPH HEH3IBECTHHX
A, pasey Hymo. [TocreAHAR OKasWBaeTCs MOJHHOMOM TpeTbelt
CTeneHH OTHOCHTENbHO 2 M HMeeT B OOIMEM ciaydae Tpa KODHA,
KOTOPHE AOMKHE OHTL HeACTEHTENBEHHME H  NOJONHTEJLHEIME.
OTpunaTesbHble 3HAYEHHA, €CAH ATOMH HAXOMMIHCE B HCXOAHOM
COCTOSIHHE B PABHOBECHH, HE HMEIOT CMHCJA. -

Tarnm 06pasoM, 048 Kaa0020 3HAYEHUR BOANOB020 BEKTOPQ X
Umetor MeCTo Tpu MoOs Koaebauuld, KOTOpole onpedeAf0T TPU
sersu (puc. 5.14) Qucnepcuonnolx cooTHoen

O=0- (v=1,2, 3). (5.62)

Oana u3 Tpex Moa L COOTBETCTBYeT [IPOACALHOR BOJHE, 2 JABE
apyrue Ty u Ty— nonepeyrRHM BojHaM. B uzorpomsoft cpene pe-
IieHHs BHOHpawT TakuM 006pa3oM, UTOOGH BeKTOp NOAAPH3AUEH
L -
&v{K} H CMCHIeHMA aTOMOB OHIH [APAJNENBHH BEKTOPY K AJH
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APORONLHOH BONHH H NEepNeHAHKYJSPHH | w |
€My RJIf HOMEPeuyHHX BOJH. L
[Ans HaxoMpueHAS UHTEpPBAna H3Me- I

HEHHS M OmpefieNeHHd YHCAA JOMYCTH- 7;_2
-
MHX 3HAYSHHR BOJHOBHX BEKTOPOB K || E I
CHOBA BOCOJbAYEMCS YCAOBHEM LUK NHY- f [y
HoctH DBopua — Kapmana, pas uero -fTfa 0 +17/a
AASl MPOCTOTH HPEANONOMKHM, YTO KpHC-
TANT HMCET QJOpM)’ OPAMOYTOJMLHOTO Ma- Puc. 5.14. ,HHCHEPCHUH'
g -+ Hple KpHBHE AAf TIPHMN-
paanenemunena ¢ peSpamm Nya,, Nzds,  vaswofi Tpexmepuoii  pe-

s e e e s metke Bpapz
N3zas, rae aj=a, az=b, ag=c — BeKTO-

pu npsMoft pemleTku, a N, No, Ny —

foAblIge Nenble gMCAa. B COOTBETCTBHH € YCJOBHEM NMHKAUUHOCTH
AR KAMAOro pelleHHs 3anulileM

RPNy 2) =u; (R  (i=1,2,3). (5.63)
Torna paspeirerane 3HaYeHHS BEKTOPOB AONKHH VAOBJIETBOPSTH
VCAORHKO -

expfi(N:xa}]=1 {5.64)

Orcopa —

K a,=2nn/N; (n,— ueaoe aucio) (5.65)
HJH

—)--m nl —r* ﬂ2 —»* n.’& -b*)

k=2 A b et ), (5.66)

Ll

- -
rae 2%, b*, ¢* — BexTopw oGpaTHOR pemieTKH.
-

MoxHO 10Ka3aTh, YTO H3MEHEHHS K MOXKHOQ OTPaHH4ATL Ipeje- |
NaMA oxHOR 30nry Dpunosna (suefiky Burnepa-— 3efitna):

T o .

ZKEA- — . (5.67)

a

~ OueBBAHO, 4TC wucAe JonycTumbix 3SnaueHull 8 uRTepsae

(5.67), ydosaersoparouiux ycaosurwo (5.64), pasHo 4ucay snemen-

>

S
a

Taprbix sueex N B KpUCTAJae, npH 3TOM pA3pelleHHNE 3HAUCHHA K
PaBHOMEpHQ pacnpefieféHH B K-TPOCTPAHCTBE ¢  INIOTHOCTLIO
Vi(2n)3,

B cayuae koneGaumii aToMOB TDEeXMEPHOH peIleTKH ¢ GasHCOM,
KOTZa Hz 3JeMeHTapryw auefiky NpUXOZHTCS r ATOMOB (CHCTEMA
¢ 3rN crenenaMs cBoGOAN), pellleHHe CHCTeMH 3rN ypaBHeHHH
OPHBORHT K CYUIeCTBOBaHMI0 3r BeTBefl KoneGaHUB ¥ AMCIEpCHOH-
HEE COOTHONMICHHA 3THX BeTBed MOXHO 3anicaTp B Baje

m=m*;:v (v=1,2,3; s=1,2,3,..r). (5.68)

Tpu uuxuHe peTBH (puc. 5.15), KoTopHe HpPH MaJHX K CTpe-
MATCH JIHHefHO K HYNO, HA3HBAIT AKYCTHIECKHMH, OCTaldbHHE
(83r—3) 4BasOTCA ONTHYECKHMH, CPELH HHX TaKKe pasauyaioT

BETBH NPOIOJBLHEX M MonepetHHX KojeGarufi, CkopocTb pacnpoct-
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w paHeHHS MPOAOIBHHY BOAH OOABIIE CKO-
POCTH PacNpOoCTPAHEHHA MNONEpPEYHHX
BOJIH, TAK KaK YaCTOTH KoJjeGaHufi mpo-
JOJMLHHX BOJNH GOJBINE YaCTOT Komeha-
| e HHI MOMEPEYHBIX BOMH (0 >wrs=>0r).

Taxum o6pasoM, b Haufosee obideM
¢aydde peleTkH ¢ 6asHcoM ABHiKeHHe
4TOMOB MOXET OHTh TIPeNCTARNECHO KAk
cynepnozHuust 3rN HopMaJbHEIX KOJe-
Ganu@r, uAH Mox. Kamxzoe HopManieHoe
KoNeGaHHe ¢ MeXaHHUECKOH TOYKH 3pe-
Hua npeacrasidger  cofofi TapMOHHUE-
CKHA OCUHJNATOP, JJAd KOTOPOro HOP- -
Pue. 515 [ucmepcuon- ManpHbLiC KOODZHHATH ¢--  YACBJIETRO- -
HHe KPHBHE AMA  Tpex- w3

|
Il

I
I

1

-fi/a 0+

MepHOR pemerkH ¢ Gask- PAWOT YpABHEHHIO
com: T, u Ty — Kpu- . ~
BHE,  COOTBETCTRYIOLIHE §z, +o?(x, 8)q_, =0. (5.69)
axycruuneckuM, L — mpo- : ' ;
AONBERM MOA2M IMoanas srepzuf KOAeBanuil Kpucrarid

_ pagua cymme snepeull xoarebanuir 3rN
ne gaaumolelcrayouiix Mexoy cobol 2apMORUYECKUX OCHUAARTO-
pos. CHOBA, KaK H B OAHOMEpPHOM CJIy4ae Jerko NpoBeCTH KBAHIO-
BO-MexaHudeckoe oGOGmEHHe, TOrfA KamAOMY OCLHIAATOPY, KO-

-
JAebmonemMyes ¢ 4acToTol o (K, §), HYXKHO NMPHMHCAThL IHEPTHIO

- - —_
.E;t.. =ho(K, s) [2(x, s)+%] (n(k s}=0,1,2 3, s=1,2,3,..r).

* (5.70)
IMonHad 3HEprHA, #ABAAINASCA CYMMOR KHHETHHECKOH H [IOTeH-
NHAALHOA SHEPTHH, IPHMET BUX

E=Z 3 Eﬁ’s = 3 3 [n(k, )+l ok, s)4Us, {5.71)
s 0%
rae Uo— norennuanbuas ;Hepmﬂ B COCTOAHHH PaBHOBECHA,

Hrax, K01e6anus clibho cefsartoix mexcdy cofoll aTromos Kpu-
CTAAAUMECKON pellieTKu Mbl C8eAU K COBOKYNHOCTU cA0B0 CBR3ANH-

- e
HOIX BOAN C BOAHOBGIM BeKTOpOM K U wacrorod v(k,s), pacnpocr-
PARAIOWUXCT 80 8Cem OODEME KPUCTAAAG, Kamdoll soane moel co-
! -

nocrasuny ocyuranrop, konrebaowuica ¢ wacroroll w(k,s).

" TlpolieccH, MpoHCXoAANIME B TBepAHX Telax, CBA3aHHHE C KO-

Je6GaHUAME ATOMOB KPHCTAJAHYECKOH pelleTKH, BHIVIARAT ocobed-

HO mpocTo, ecad ofpaTuThcd K OAHOMY H3 CaMHX ¢yHIaMEHTalb-

HHX o606ImeHnii KBaHTOBOKH MeXxaHWKH. B otHoBe 3rToro ofofienus

JexcHT naed Qpannyackoro ¢pusmka Jlyu me Bpo#fina o ToM, Tro
L ]

KaXxJIyiD BOJHY C 4acToTOR @ H BOMHOBHIM BEKTODOM K MOXKHO

-
CONOCTABHTL ¢ uacTuuefi ¢ sHepruel E=k@ 4 uMnyiscoM p=RK.
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TaK, CBeTOBHE (5/EKTPOMATHUTHHE) BOJHH MOXKHO PaccMaTpHBaTh

K4K KBAaHTOBHE OCHUANATOPH H3JAYYEHHS MJAM CUHTATh, 9TO OHA

COCTOAT M3 YaCTHL — KBAHTOB, HaswWBaeMuXx goronamu. Kaxpui

¢OTOH HMEeT SHEPTHI kw. Auajoruuno, ecan obpaTHTeCA K ¢op-

myae (5.70) znst 3HepruH KBAaHTOBOTO OCHHAJATOPA, TO 3BYKOBYIO
) . :

B(jJIHY C BOJHOBRIM BCKTODOM K H IIO.T[FIpPISaI.[PIEﬁ § MOXHO pacCMaT-
Y -
pHBATb KaK COROKYmHOCTb n(K, S} KkBaHTOR ¢ 3Hepruedl kRw(x s)
-

KaXJnl ¥ IVII0C OCHOBHOTO cOCTOsIHUS /o R (K, 8). JTH KBaHTH
(anH wacTHOH SByKa) 3BYKOBON BOJHN HA3HBAIOT (POHOHAMU,

Bennynua ﬁm(K. §), OYEBHIHO, MpeACTaBasieT cobon HaHMeﬂbmym

NOPRHI0 HEPIHH BO3GYXKIEHHA HAJ OCHOBHHM YpPOBHEM '/gﬁ(o(x §).
Tak Kak (oHOH HeceT HAauMEHLUIYW SHEpPrHI0, ero PpacCMAaTPHBANOT
KaK 9saeMenTapHoe BosGyxaenue. «Cnoxuoe» BosOyXKIeHHe eCThb
NPOCTO BO3GYKACHHE, cOZepalnee MHoro GoHOHOB, KosrexTUaHble
Osusxenus aromos ¢ KpucTaate npedcrasasior cobofl 3syxosbie
BO/INGL, 4. COOTBETCTEYIOWue UM 8030yHOe s — KBANTHL BBYKA,
uAl gorotet.

Ha ckazanuoro ciepyer, 4To KawAYo MOAY KoaeGanHii ¢ Kaac-

L d
CHYeCKOH 4acToTOd (K, S) MOXHO BO30YAMTE C MOMOMIBIO HEJNOTO
-

-
yncla KBAaHTOB h o (K, 5) suepru. Ilpm 3ToM BeauuiHa n(x, s)
B dopmyne (5.70) umeer npoc'rou CMEHCT — 91"0 Yuco (POHOHOB

J4aHHOTO COpPTa C MMIOYJLCOM P H 3HEprHef Em(K s). Bo muormx
3ajayax, CBSI3aHEHX ¢ TENJIOBHMH CBOXCTBAMH TBEPAHX TeJ, He-
.

o6xo/HMO 3HATh cpefiHee HHea0 (oHOHOB <<n(K,$)>> ¢ sHeprueh
L
ho(K, s}, cyUlecTBYIOIWAX B NadHofi MoAe KoJeGanxit nmpH TeMie-

g
patype T. Has naxoxjesHsa n(K,S) BOCNOJb3YEMCA BHpAXKEHHEM
ANA cpefHeR IHEPIHH KBAHTOBOTO OCHHAAATOPA, NOJIYICHHOIQ
Tinmangom:

S g
hw(k, 8) ho(x,s)

; (5.72)

<E>= +

exp [ﬁm(;. s} (xp TY—1]

- -
Unen kw(x, s)/2 npu noAcwere cpensero uscaa n(K,S) MOKHO
He YYUTHBATb, MOCKOABKY OH He 3ABHCHUT 07 TEMOEpPaTypH.

Uz (5.72) Buaso. 9O
<E> I . (5.73)

<) > ok o) exp[Ro (%, 9/ (e T)—1]

IT0 BHpaxeHHe ONpenesier Takke pacnpedesetue GoNOHo8, nod-
RUHAIOWUXCA CTATUCTURe Bose —3inurelina.
Takum ob6pai3oM, cpeasee uxHcAo ¢GOHOHOB B OAHOH stuekke da-
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b .
30BOTO NpocTpatcTRa ofbemoM (2nh)3 ¢ snepruefi Fw(x, s) onpe-
Aendercs supaxenneM (5.73).

B r8epOom Teie 803MOGCHOL KAK QKYCTUYECKUE, TAK U ONTURE-
crue Goronu. fIockoabKYy wacTOTa KOACOARUL onTukecKux HoHONCE
sceedn Boilile #ACTOTeL KOAeOanuUil AKYCTUYECKUX (PONOHOB, TO 3HED-
EUR ONTUYECKUX (QOHONO8 Bbitie sHepezui axycrudeckux, IHostomy
npu O4ent HUSKHUX TeMneparypax 8036ymOaOTCR TOABKO aKycTuwe-
ckue PORONDL.

Baederue nonaTus QoHONOS NO380M%eT 80 MHOZUX CAYHGIX
PAcCMATPUenTs A060e T8eploe TeAo Kak AWUK, 8 KOTOPOM 3AKA0-
yen 2as (POHOHO8, PORORLL, KaK YaCTUyblL OOBIYNGZ0 2034, JauUNYTcAa
OF CTEHKU K CTERKE TAK020 RUjUKa, cTAAKUsaorcs Opyz ¢ dpyeoxm,
8 pesyaeTaTe ssnumolelcTaua ononer Mozyr powdarecs u uce-
sars. I'az $ononos —aro se obuynsill 2a5. Yucaro gononos 8 Teep-
dom Tene ne nocToanng., PonoHos Tem Goaoile, ueM 8blitle TeMne-
pATYPE, a4 NPU RPUGAUNCEHUN K HYAD UK 4UCAO TAKKe CTPeMUTca
K HYyato. . .

B zakmoueHne OTMETHM, Y10 B RacTosilllee BpeMs HauboJdee
MOIIHHM CpeXCcTBOM 3KCIEPHEMEHTANBHOIO HalA0AaHHsl BOJH B pe-
INETKe sSIBJAAETCS HEYIPYroe paccendHHe TenJOBHX HeHTPOHOB Ha
dononax. DHeprud H UMOYAbCH TENJOBHX HeATpoHOB H ¢roHOHOB
cpaBHEMH Méexay cobofl. [IpH ueynpyrom CTONKHOBEHHH HEHTDPOH
TepsAeT WNM npHOOpeTaeT 3HAYHTENLHYIO A0V cBOell SHeprad, B
pesynbTaTe Mer0 MOMHO ONPeResHTh KAK H3MeHeHHe JJIHHH BOJHH
(B3MeHeHMe SHEPTHH), TAK H H3MeHeHue HaOpaBJeHAR (H3MEHEHHE
uMayasca). Ecan ortnensHuH# (QoHon Bo3byxpdercs uad HCUe3aeT
B pe3yJbTaTe CTOAKHOBEHAR ¢ HeATPOHOM, TO H3IMEHEHHEe JJHHAI
BOJHH HefiTpOHA onpejeNdAerT 3HeprHl0 H wacTOTY (POHOHA, a4 HaMe-
HEHAE HMOyabca HeHTPOHA — BONHOBOE YHCJAC (OHCHA.

Ilpu Hsyyenuu KoneOauHA peINETKH ¢ NOMOLIbI0 PACCERHHA
HEeATPOHOB HEOOXOAHMO VHMMTHBATE 3aKOH COXPaneHHs 9UEDIHY
Np# HEYAPYIOM PacCENHUM TEMAOBOro HefiTpora:

-

171

9 my

- -
(k2—K#) =R -

- e
rAe K; H Kj — COOTBETCTBEHHO HAYAJBHHH H KOHEUHHH BOMKOBHE
BEKTOPH HeATPOHAa; m, — Macca HeATpOHA, w-» — YacTora (oHo-

- K N o

Ha B pellleTKe C BOJHOBHIM BEKTOPOM K. TouHo A3MCPHE K; H Kj H
SHepreTHHecKde NOTEPH HEATPOHHOIO NYYKA, MOKHO ONPEIEAHTH
KCTIEPHMEHTAJNLHO CBA3b MEXKAY @ H X, T. €. RUCMEPCHOHHOE COOT-
HollleHHe nA8 BOJAH B pemerke. Mcnoassys MeFroJ HeyOpyroro
paccesnuns OHOHOB, MOMHO H3YYaTh HE TOALKO CHEKTPH (OHOHOE,
HO H CNeKTPH MA4THOHOB H JAPYTHX TENMOBHIX Bo3OyXieHufl, @
TAKKE CHAOBOE B3auMOAEHCTBHEe ATOMOB W NOJAYY9aTb YHCAOBHIE
3HA4YeHHA CHJAOBLIX KOHCTAHT, O6nacTu NpHMEHEHHA 3TOFO METORA
NOCTOAHHO PACIHPHAIOTCH,
200


http://www.print-driver.ru/?demolabel-ru

FAABAS
TERJOBbIE CBOACTBA TBEPABIX TEJ
6.1, TERAOEMKOCTh TBEPAMX TEJ. 3AKOH HIOJIOHFA—NTH

AToMH B TBepAOM Teae NpH Jwolofi TeMnmepartype T coBepuIaloT
TeNAOBHE KONeOaHER OKOJO CBOHX CpefHHX NOJOXeHHH paBHo-
pecHA. Ecng HarpeBaTh TBepaoe Telo, TO NOTJIONIAEMOE HM TEemJ0
pacxoAyercs Ha yBenuueHHe MHTEHCHBHOCTH TEMJIOBOre ABHIKEHHS.
Jlerko moKasatb, 9TO0 aMOJHTYAZ KoJAe02HHA aTOMOB INDH YMepeH-
HO BHICOKHX T&MIEepaTtypax pacreT HpoloplHoHajabHO T172,

OcHoBHHe 0COGeHHOCTH TEMJIOBOTC NBHXKEHHS B TBepiHX Temnax
MOXKHO NOHATb, PACCMATPHBAN NOBEJASHHE TellJICEMKOCTH ¢ HIMeHe-
HueM TeMmhepaTyph. Ilo onpefe/fieRHiO, TENJOEMKOCTh BelllecTBa,
OTHECEHHASl K OZHOMY MOJIO, — 5TO 3HepPrHd, KOTODYX HeOOXoAuMO
coo0IHTe MO0 BelileCTBa, YTOOH MOBHCHTL €re Temaeparypy
na 1° Orciona dopmyna rennoemroern Cy NIpH  MOCTOSTHHOM
ofbeMe OyIeT HMETb BHA:

‘CV=(%§T-) .- (6.1)

T. e. NpHt H3MEHEeHHH JHeprHH cHCTeMHB Ha GE ee rtemnepaTypa
r3Mensercsd Ha 07

B 1819 rogy dpanuysckue y2ene Jliononr u IITa sxcnepumen-
TaNbHO YCTAHOBH/AH 3aKOH, COIVIACHO KOTOPOMY VAERbHAsd Temso-
€MKOCTb BCeX TBepAHX TeJ, MPH AOCTATOUHO BHICOKHX TeMOepary-
Pax, €CTb BeNHUHHaZ NOCTOAHHAS, He 3aBHCAMAS OT TEMOeparypH,
H cocTaBager okodo 25 Hx/mens-K, 1. e. npu Hazpesaruu a106020
78epd020 TeAq #a 00un 2padyc xaxcdeil ezo aTOM nozaouaer odno
u TO oe KOAUHecT80 3Nepaull.

O6bicHeHHe 9TOMY nopasureabHoMy (paxTy MOXHO HaiT1H B
PaMKax KJaccHuecKoH (H3HKH, HCXOAA H3 M3BECTHOTO 33KOHa pas-
HOMepHOro paclipeelieHHss 3HeprHH N0  cTeleHAM CBOGOMHL.
Cpeduan snepaus KAQCCUYECKOL CUCTEMbl, € COOTEETCTOUN € STUM
S@KOHOM, pasHa npouseelenuio 4ucaa cTenened ©60600s HA
ks Tf2 — na xawdywo crenens ceobodor npuxodurca sHepeus,
pasnas xz T/2 (k=1,3807.10-% [k -K-! — nocrosHnas Boibuma-
Ha). DTOT pe3yALTAT, COpaBeAJHBHH A8 HAEAJALHBX rasos, JErKo
PACNPOCTPAHHTb Ha CHCTeMH YACTHI, B3aHMONEHCTBYIOIIHX MeX1y
cobol, H Korma CHABL B3aMMOAefCcTBHA TapMoOHHYECKWe, T. €. IOA-
YHHAIOTCA 3aKoHy I'yka.

B sToM cayuze B RagecTse MOZeNH MOXKHO BHOPaTh TBEpROE
TeJo, ATOMH KOTODOro. COBepIIAlOT Majhe Kone0aHHA OKoJQ Io-
JCKEHNH paBHOBECHS B y3J1axX KpHCTajlAudeckofl peitlerku. Kaxauf
ATOM HE3aBHCHMO OT cocelell KoaeGiercs B TpeX BIaHMHO NEpHeH-
ANKVAAPHEIX Hal'lp,aBJIEHHHX, T. €. OH HMEET TPH HE3IaBHCHMHE KO-
JefarenbHHe CTeneHH cBoOofH. Kak MH BHIead B npeabayulef
rnage, Taxofi 4TOM MOXKHO ynoAo0HTb COBOKYNHOCTH Tpex JHHefi-
HHX rapMOHHYeCKUX ocuHaaaTopoB. [Ipy KoleGaHHAX OCUMANATOPA
nocaeJOBaATEIRHO OpPOHCXOGAHT npeoﬁpasoaanne KHHeTHICCKOH
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9HEPriH B DOTEHHHAJBHYIO H NOTeHUHAJbHOA B KMHeTHuecKyw. [lo-
CROJILKY CpelHAs KHHeTHYecKas SHEepruf, COCTapJsolias Kp7/2
Ha DAHY CTeneHb cBOOOAH, OCTASTCA HeH3IMEHHON, a CcpefHad mno-
TEeHIMHAJbLHAA SHEPruR TOYHe pabHa cpefHefl KHHeTHHeCKoR, TO
CpelHAA NOJHAA IHEPTHH OCHHIJIATOpA, PABHAN CYMMeE KHHETHYe-
CKOH W NOTeHUHAJNbHOH 3Heprrf, OyaeT cocTaBnATL Kp 7.

Ecan kpucrann cocTorT n3 W, atomos (Na=06,022.10% Moap—1—
ancsio ABorapao), TC NPH HAJHIHE AJA KaXAOTO aTOMa Tpex KoJje-
faTelbHHX crelieHed cBoOGognl KpHcranan OyZeT npeicTaBAATh
cobolt cucreMy ¢ 3N, cTemenamu cpobogu. Torga nmonsad cpeanss
TeNNnoBaf SHEPrHd TakoH CHCTEMH:

E=3N,xsT. (6.2)
Orciona Temn0eMKOCTh, KaK HpPUpPAIleHHe JHEPTHH, COOTBETCTBYIO-
I¢e NOBHIUIEHHIO TeMNeparyprl Ha 1°, 6yAer pasHa:
aE
co={ = },=3N.ra=3R. (6.3)
3aecy R==8,314 Hx.K-!-Monpy—! — morsapros 2azo8as nOCTOARNAR,
Taxum obpasom, us (6.3) caeayer, uro Cy=206 Ix-K-! moap—!.
JTOT pesyALTAT HAXOAUTCA B XOpOHIEM COrNacHH ¢ HabJawpgae-
MBMH SKCNEPpHMEHTZJLHEMH AAHHHMH AJ89 MHOTHX TBEPAHX TelX.
OTMeTHM, YTo B KAaCCHUECKOR (PH3HKe MeTaJ NpefcTaBaAeTCR KAk
COBOKYIHOCTE KOMeO oIiuxca aToOMoB H cBOOOAHHX 3JEeXTPOHOB.
ATOMH paccMaTpHBAIOTCS KAX rAPMOHHYECKHE OCITHNJIATOPHL, MEX-
AY KOTOPHMH HOCTYNAaTeJbHO ABHKYTCA CBOOCAHEIE 3JEKTPOHH,
KaXAuf 3AeKTpoH ofaafaeT TpeMA NOCTYNATEeNbHBIMH CTEfeHAMH
cpeboai. IloJiHad cpelpad TERAOBAaA 3JHEPTHA TAKOW  CHCTEMH,
C Y9ETOM 3HEpPTHH JIEKTPOHOB, H B COOTBETCTBHH ¢ 32KOHOM
PABHOMEPHOTO pAacHOPEAe]EeHHs SHEPTHH N0 CTeNeHAM CBOGOABI,

fyner HMeTh BRI )
E=3N. Kp T+3N Kgp T/2, (64)
rae N — yucjo cBOGOAHHX 3JEKTPOHOB,
HonycruM, 4To MH pMeeM IeJO ¢ OAHOBANEHTHHM MeTajl/oM,
T, e. N=N,4, Torga: .
E=3NataT+3Naks T/2=9/2 NakpT=,RT. (65)
Otciona Cy=*/y R==37,6 Ix.K-1-Mons.
T. e. KjaccHyeckasl TeopHs AaeT TelJoeMxocth B 1,5 pasa Goab-
Yo MO CPaBHEHHIO ¢ ONHTHHMH AaHHEMH. [ToaToMy duankaMu
npH ofbAcHeHur 3akoHa JMHiogoxra H Ilre 6wa cpeazH  BHBOA 0
TOM, YTO CBOGOAHBE JEKTPOHH He BHOCAT BKJAaga B TemioeMm-
KOCTh METAMNA.

6.2. TEOPHA TENJOEMKOCTH SAHIMITEAHA

[TonyveHHHt BHINe pe3yAbTaT XOPOUlero cOBHafeHHA OMHWTHHIX
AAHHELX C TEOPETHYSCKUMH HMeeT MeCT¢ JHIIb IIPH  JOCTATOUHD
BHCOKHX TeMiepatypax. OKa3saNocs, YTO OPH HASKHX TeMIepaTypax
HaBILAKTCH OTENoHenHa ot 3axoHa [Jliojgonra m IIrH, U TeMne-
paTypHafs 3aBHCHMOCTE TEMJOGMKOCTH TBepIulX TeX B UIHDPOKOM
HHTepBajae, BKMOwan HH3KHe TEMOEpaTypM, MMeeT BHA, [OKa3aH-
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nufi Ha pHe, 6.1. Kaek Buaso x
u3 puc. 6.1, TenAOEeMEOCTH '-'v:;,%m

fIp¥ HH3KHX TEMIEpaTypax He 25 ——— IR
SBJAAETCS NOCTOAHHOH Benau- 20k

yHROH, a YBeAWUHBAETCA € I cu

POCTOM TEMOEpaTypH OT HY- 5 (8,=515K)

A9 A0 3HaUeHHd, ollpelense- il S

Moro 3akoHoM [MHiwJonra H 5t

ITru. Naa ofbsacresus TakoH g . s . ,
32BHCHMOCTH  TenJoeMKOCTH we 200 J00 400 X
0T TeMIepaTypH oOKa3HBaer-

cl yKe HEIOCTATOUHO KJac- Puc, 6.). 3apucAMocTb TeNIOEMKOCTH
CHUECKHX NpencTabBiendfi, a oT TeMieparypr
HEeOOXONHMO IPHBIEKATh *

NpefCTABJICHUS  KBAHTOBOH CTATHCTHKH.

B 1907 roay DfinmrrefiH NpeasokKHi MoAenb, KOTOpAs KavecT-
BEHHO N03BOJIHJIA OOBACHHTL YKA3aHHOS NOBefeHHe TeNJICEMKOCTH.
[Tpu sHfope Momesu OH HCXOAMJA K3 KBaHToBOfi rumoTeant [laanka.
INnaug (1900 r.), MareMaTHYeCKH pelas 3a%ayy o CHeKTpalibHOM
pacnpefefeHdH HHTEHCHBHOCTH H3JYyd4eHHS alCOJIOTHO YepHOro
Tena, BHLIBMHYA T'HOOTE3Y, KOpeHHHM 00pa3oM HpOTHBOPEYATIYIO
Beeli CHcTeMe HpelCT?BAeHHN KraccHgeckoil ¢usuru. Coraacno
9TOR THHOTE3e, YHEePrHa MHKDOCKONHUYECKHX CHCTEM (aTOMH, Moae-
KyJAH) MOKeT NPHHHMATt TOJBLKO KOHeuHHe IHCKPeTHHe KBaHTO-
BHe 3Havyenud E=ng (a=0, 1, 2, 3... — NoJoXuTENBHOE YHCIO),
rae e=hv=Fko» — 3JeMEHTapHHN K8aHT sHepeuu, v -— YACTOTA,
© — UHKJINgecKad wuacTora, A=2nh — YHUBEpCAJbHAN MNOCTOHH-
Haf (noctodanHas [Tnanxa).

B TeepaoM Tese 3IHEPreTHYECKHE YPOBHH aTOMa, paccMalpH-
BaeMOro Kak rapMOBHUECKHit™ OCUMINATOP, o6pasyloT HEKOTOPYIO
HHEepreTHISCKYIO JIECTHAUY, COCTOAILYI0 H3 paBHOOTCTOSINHX CTYVHe-
Hefi BHcOTON A®. ITa AHCKPETHOCTE JSHEPreTHUECKHX YpoBHefl
cpa3y e ofbAicHAET YKa3aHHOE BHUle OTKJIOHEHHe TelJ0eMKOCTH
IPH HH3KHX TeMOepaTypax OT 3HAYERHS, ONpeAeNseMOro 3aKDHOM
Hwanonra u ITrH.

JfumTelin AN oOBACHEHHA XOJA TEHJOEMKOCTH, HOJyIeHHuH
Ea puc. 6.1, HCXOAMJ H3 CleAyIIEEX ABYX NPEANOMOIKeHHH:

1) TeBeproe Teno mpencrasiser cofoi COBOKYNHOCTh OAHHAKO-
BHX [apMOHHUECKHX OCUHJJSTOPOB (aTOMOB), KOTOpHe KoaeblioT-
CH He3aBHCHMO APYT OT Jpyra C OJHOH H Tofi e 4aCTOTOH @ B
TPeX B3aHMHO NEepPHeHAHKYAAPHHX HalpaBJeHHAX;

2) sHeprud ocUHJIAATOPOB KBaHTOBaHa no [lnaHky.

Jlas HaxoXAeHHA BHPAXKEHHA TENNOeMKOCTH B 3aBHCHMOCTH OT
TeMnepaTypH HeoOXOAHMO HMETh BHIpaKeHHe AJ14 TenJioBOf 3Hep-
riy TBepIOro Teaa OpH TeMneparype T. 3afada, caeloBaTeNbHO,
CBOAUTCA K TOMY, 4TOOH BHYHCJHTH CPERHIOI 3HEPTHIO KojdeGanuit
atoMa N0 OJHOMY H3 TpeX B3aHMHO UePleHAHKYJAApHHX Hanpasie-
nufi. [ToMHOKHAB PesyALTAT Ha YHCAO ATOMOB H Ha 3 (cooTBeTcr-
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BEHHO TPEM C/AATAWIIMM ABHXeHHs), MH NONYYHM HNOAHYK TenJo-
By10 sHepruio. GopMyna Ead  onpeleleHHA CpPefHero 3HAUeHHST
3HeprHH JHHEHHOro rapMOEIYECKOro OCOMJAATOPA OHJa BHBEINECHA
ente [lnankoM, KOTOpHI CYATAN, YTO B TENJOBOM DaBHOBECHH CO-
CTOAHHA C TeéM HJAH HHEM 3HAYEHHEM 3HEPrHH BLTpevYaloTeda ¢ OT-
HOCHTEMBbHOH BePOATHOCTHIO, CUpeiedseMoil gaxroposm Bossymana
-'J‘_t-rof(xBT)
e , H B pacueT NOJIKHE NPUAAMATLCA HEe BCe HHEPTHH, 2
JWINe AMCKpDeTHHE 3HaueHHA 3neprHu Buua ne (7=0, 1, 2, 3..).
C'-IPITaS!1 ATG HHCOJIO OCH.HJ'IJlﬂTOpOB, KOJIQﬁI{IOU.I,HXCﬂ c BHEPI‘Heﬁ

-m?mf{nBT)
n k ©, OPONOPNHOHAIBHO & . CpelHsAs JHEprus OAHOTO oc-
HHANMATOpE WM MoAH KoaeGanmii (mo onpefedeHyw cpegHero), 6y-
JleT oclHcHBaThCH BHpaKeHneM

o —nhaf (x5 T)
T nhkoe
=)
<E>= =
e —nhefix T
Ze B
n=l

. —haj(x . T) -E"EmnnBT)
- Jafe r2e ) (6.6)

~ho/(x ) —Shof (x 1)
4o —-e e

Beens soBy1o nepemenuvio x=——% of/{(kpT}, nocne npeobpasoBanus
NMOJIYUHM:

2
<E>=Hw-3d;-1n(l+ex+e )=

d 0 i _ flo
dx ] g et—1

H OKQHYATENLHO:
Fw
wFo—m— (6.7),
“ha/ (T
E—' ——

Drum BHIPaXKeHHEM ,IUIH cpenHeﬁ SHEeprHH KBaHTOBOIQ OCIHJNATO-

pa. Oe3 BHIBOJA, MH Ve l'IOJ'!b3OBaJIHCh B . B n;m-l nojacuera

CcpejHero YHcIa $OHOHOB <n(K §)>> c Hepruef Em(K, 5), €oOT-
BETCTBYIOIUIX B nanu#ofi Moaé xoaeGanuii Temueparype T.
Takum ofpasoM, eciH B TBepZOM Tese HMeeTcs N, aToOMOB, TO
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NOJHAS TENNORAS 3HEPTHS, O/peienseMasn KoJefaHARMU PelueTH,
paBHa:
. ho
E=3Noa<E>=3Ny ——m8m8m— (6.8)

huy (KBT)
EJ —

H3 {6.8) nonyuiM Bhpa)ceHue 1.4 TeNJ0EMKOCTH B obuieM BHIe:

Fo \?
3NAPC5( ) -
_ oL _ FCBT “""‘("_‘BT}
C"“(“‘*‘ar )V ~ e . (6.9)

“hoofor T
(e % —1ne .
PaceMoTphM 1Ba NpPedeNbHBIX CIyuasi:
I. Cayuai svicokux remneparyp kzT>hw.
B stoMm cayuae dopmyay (6.9) MoOXHO ynpocTHTb, PA3JCIKHE B
DA 3HAMEHATEeN b

(ehm;'(nsr) _1)2=( 1+E_“3.+..._1 )2:z( hw )2
. ?'C_HT .’CBT
}TO),’(NBT}
IJKCNOHEHTa & B qHCANTE2S CTPeMHATSH K eAUHHIR. Toria

dopmysa (6.9} npuHHEMACT BHA:
Cy=3Nakp=3R=25 Im mone—t-K-1.

Kak MW BHIHM, NpdA BHICOKHX TeMpepatypax dopmysaa (6.9)
nprBogur K 3akony [iwsonra u Iltn. Iloanas cpenmas 3Hepris
E=3NAsxsT [eMm. dopmyny (6.8)] n 6an3Ka K KIacCHYeCKoi.

2.Cayuall nuskux Temneparyp Kel<€ho.

i, T)

B sTOM caygae 3KCHOWeHTa e =1 n B 3HaMeHaTeJ e elK-

nuuefi Moxno npedefpeub, TOTLA

(6.10)

Fo )2 —E'm;(xBT)

Cv=3NA ﬂ:g( xBT

Kak caeayer n3 (6.10) npu CcTpeMJeHHH TeMIepaTyps TBepAOro

Tena K 0, sKcnoHeHnRaAbHHEA MHOXKYTENb OKa3HBAeTCA npeolna-

RAWIIHM, TaK YTO TemaoeMKocts crpeMurcd X 0 no  3akony
—haf{x T}

e s .

Ocxosnod npugunol YyOL8OnUA TeRACEMKOCTY ABARETCA TO, YTO
npY RUBKUX TeMNEepATYPAxX 3QKOH DASHOMEDHOZO pALnpedeseHus
anepeul 1O creneHam csolodsl CTAMOBUTCH HecnpagedAUBHLM,

. —h/(% 4T)
Cpenuas sweprus  ocuHangTopa < E>=Fwe IpH
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ke T<€he JKCOOHEHUHANLHO
Geictpo nagaer a0 0 HpH
TeMOoeparype, cTpeMauefica x
0, B To BpeMs Kak B COOTBeT-
CTBHH C 32KOHOM paBHOMeD-
HOro pachpefejeHus OHA Ia-
HaeT JNo HYRA gdHeHHo
P S 4 (prc. 6.2). TaruMm ofipa3om,
150 T=8, Mozneds JitHmredina AeficTsy-
TeJIbHO XOPOHIO ONHCHBAET
Porc, 6.2. 3amHcHMocTb cpenmedt sHep- (hakT pe3Koro YMeHbIIeHHS
FHHE OCIHAAATOPE OT TEMNEPATYPH TEMAGEMEKOCTH an HH3KHUX
mpa T<®s: I — waacemmeckmh, £ — O ool Th manie.
RBaHTOBNE OCHBAAATOP (63 yuera eparypax TIip A
HYJAeROA SHEDPTHK) XKalleM NomGope YacToTH oc-
MHATATOPA .
TeMnepaTypa, npr koTOpofi HauHHaeTcs OBICTPHI crmag TemJac-
EMKOCTH H NOJYTHBLIAS HasBaHHe XYAPAKTEPUCTUHecKod Temnepa-
Typot Idrureling (6y), oueBHAHO, OHpeAe/seTcA GAH30CTBIO K A oy

hwp=xg 0. (6.11)

Ecnx noNoKHTE wa=2.102 ¢!, x5—=1,38.10-% Ox-K-1, k=
=1,05-10-% k.c, 7o 6;=150 K. Peaapnas teMneparypa 3fH-
uITefiHa 3aBHCHT OT CROHCTB BelllecTB, A/d OOJBIIMHCTBA TBepHALIX
Tea oua nmopagka 10? K, vo éctn Bemectsa (Gepuanuit, anmas), vy
KOTOpHX 0, anoMaJbHO Beicoka (Buime 1000 K}. 3ror dakr cad-
3ad ¢ Tem obcrosaTenabeTsoM, uto B (opMyay (6.11) ans TeMuepa-
TYpH DfHWTe#Ra BXOAHT YacToTa KoaeGaH#f oCUHMIATOPA, KOTO-
PYIo MOXHO LM NPOCTOTH 3amucaTs B BHie [cm. (5.24)]:

w=omax=(4 B/M)'73, (6.12)

rne P — CHEJA0BAA NOCTOAHHASA, XapaKTePH3Yiollas CHAR B3aHMO-
AelictBua Mexny aroMamu, M — macea atoMa.

Ha dopmyan (6.12) suano, yro ueMm XKecTde KpPHLTAMI, T. €.
e Kpenue «HPHBHBaHH» ATOMH K OCA0XeHHIO DPABHOBECHA 1 yeM
MEHbIIE MacCa ATOMOB, TeM BHINé ¥YacToTa WX xoneGaHmi, a che-
JOBaTeNbHO, TEM BHIle TeMneparypa J#HmTefHa.

Xapaxrepucruseckas remneparypa 8, ssasercs oduofl us 6ax-
nefdmux xapakrepucrus xpucrasra. Ipu temneparypax nuxe xa-
paxTepucrugeckoil T 0, Heo6XO0UMO KBAMTOB0Ee pPACCMOTpeNuUe,
Ilpu T>»6, xBaHTOBAHWEe SHEPTHA MOXHO He YIHTHBaTh H pac-
CMOTpEHHE BECTH HCXONS H3 OGEYHBX KJAACCHYECKUX nopejcrapne-
HHA.

CE> 10338

15

e
z

[
[
t
|
i
I

L
50 100

6.3. TEOPHA TERJAOEMKOCTH REBAA

dopuyaa (6.9), noayuelimas DHMIITEeRHOM AAA TennoeMKOCTH,
HaxoJHTCA B XopolleM COrialHH ¢ 3KcHepHMenToM npn =0, Ho
npm GoJlee HU3KHX TeMOEPATYpPax XOpoWero COTJECHA YKe He Ha-
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pawpaerca. Paccuurannag mo Jin-

HITefiHy TEIJIOEMKOCTE Najaer ¢ ij-ﬁ%m

TeMnepaTtypoii GuicTpee, UeM 3TO £,=3R

¥MeeT MecTo B JEHCTBHTENLHOCTH s TP

{pHc. 6.3). SxcnepHMeHT mokasamn, 20 /’

UTO TEIOEMKOCTh, [0 KpaliHed 15F 1

mepe, I8 AMSJEKTPHKOB, H3MeHS- wl /i

eTcd OpH HH3KHMX TeMNepaTypax sk /1N

{npet T -0} He 9KCHOHEeHUHANBHO, J/l . . )

a Kax T3, : ¢ w0 20 300 40pTK
PacxoxaeHrAe 3KCOEPHMEHTA C '

TeOpHeRl CBA3aHO ¢ TeM, yTO B MO- Eﬂg- 6.3. 38:!10““00“’ reno-

nefd TBEPAOrG Tela JHuITefiHa aﬁcggﬁugraﬂ:ﬂawpﬁp“ an,

MPEeANoJIaranoch, 4To XaMAWA OT- 2 _ypgsam, paccquramnas, no

AeJbHO B3ATHH aTOM cOBepllaer dopuyae Simwredna
TAPMOHHYECKHE  KoJeDasmad  He-

3aBHCHMC OT ApPYTHX aTOMOB ¢ 4acTorofl . Ha caMom pene aromul
B TBepAOM Teje He MOTYT KoiaehaTebea ¢ ofnofl u ToH e yacToToh,
NOCKOJBKY OHH CHJABHO CBAZAHEL Mewny cobofi.

Caeaywounfi mar B pa3BHTHH KBAHTOBOY TEOpPHH TEIJOEMKOCTH
oua1 cnenan Hefaem (1912 r.). das Toro, wToOH HOHATHL CYNIHOCTH.
rTeopur JHebas, ofpatuMca K pe3yAbTaTaM, IMOJYYSHHEM B 0. b
Ina konebanuii aToMOB KpHCTaanHueckol pemeTkH. Koaebamusd
CHJBHO CBA3AHHHX Mex(ay co0oif aTOMOB MH CBeid K COBOKYIHO-
CTH cnafo CBA3AHHEX BOJIH PACHPOCTP2HAIOIEHXCA BO BCEM oObeMme

v

—
KPHCTaANa C BOJHOBBIM BeKTOPOM K H uactoroll w(K,s). Kaxmpoft
TaKoH BOJMHe HJAM HODMaJbHO#l MoAe KojeSapufi MH COMNOCTABHIH

iy
rapMoHHYecKHE ocnuanaTop, KoJdebJowmica ¢ wacroTod (K, S},
B JABHXEHHH XOTOpOro HOpHHHMAIT YHUaCcTHe BCEe ATOMH TBepAOrO
Tena. Cpeanas sHeprud KamAOro TAKOTO OCHKJAAATOPA, B COOTBET-
cTBrEu ¢ popmynofi [lnanka, paeHa:

;<E§s >=Fk m(;, 5) [n(;, sy+2].

IMockoabky KaXKIHA OCUHMIATOP B CAyYae TapMOHHYECKOro OpH-
GnmxKenns KoJebjercd He3aBHCHMO oT APYTHX, T0 N0JIHAA IHEPrHH
KoneGauufi KPHRCT2ANA (TenioBas sHeprus) B ofmeMm cjydae OpH
TeMneparype 7, paBHaz cymMMe sHepru#i 3rN He B3aHMOneHCTBYIO-
HHX MeXAy cofofi rapMOHHYECKHX OCUHJINATOPOB (OTAEALHHX MOJ
KoJie6anmil, hopMyna (5.71)}:

3 3 -_:s
E-¥ 3<B >=3 3—reled
= TR e oy

e —1
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3 —_
+3 p—relms)  RsicE>, (13
TR Rees e
e —1
ZEa> B «<E,> — paBHOBecHOoe 3HAUEHHE IHEPTHH 2KYCTHUE-
CKHUX 1 ONTHYeCKRX KoaeGaRmi pelIeTKn:
3 —
<E>= 3 3 —Pel&s) (6.14)
=R ket N(m,T)
e —1
I
<E>=3 3 lelks) (6.15)
o= ; ;tw.[;. s)!(sBT)

e —1
B dopmynax (6.14) u (6.15) cymMMHpoBaHHE NMpPOH3BOANTCA GO

BCeM paspelmesHHM 3HAYeHHAM BOJHOBOTO BeKTOpa K B 3oHe Bpua-
JIO3HA B $-# BeTBH cliekrpa. HenocpeXicTBeHHOe NpoBedecHHe TAKOTO
CYMMHDOBZHHS Npefcrannger co0oH Ype3BHyYafiHO CHOXKHYIO 3aA2-
Yy, HO NPAGMIKEHHO €€ PEelNHTh MOXHO. Bneppee aTo caenaws
6uno JleGaeM, KOTOPH paccMaTpHBAa/l TRepIOe Te/0, cocTofltes
H3 N OZEHAKOBHX aTOMOB KaK CIVIOMIHYIO YOPYIyI0 cpely, Temag-
BOe IBHXEHHE B KOTOPOM CBOSHTCA K AKYCTHUECKHM KoJeGaHHAM
BCEBO3MOMHBIX  YACTOT PAaCHPOCTPAHAIOWHKXCA YIPYTHX BORH.
OcHoBRYW Hzeio Ditniureiina Jle6afl coXpaHHN, TONOJHHB ee Hper-
MONOXKEHHEM ¢ TOM, YTO FapMOHHYECKMe OCIHJIAATOPH KOJIeOMoTCH
¢ pa3/HYHEMH 9aCTOTAMH, a HX JHepTHA TaKKe KBAHTOBAHA 0O
TMaaunkry. Torga nosHas TenacBas 9Heprus Kpucraija u3 N ourna-
KoBHX atoMoB Oyaer BepamKatecs dopmynoit (6.14). B ¢opmyas
L

{6.14) 3aMeHHM CYMMHpPOBAHME II0 K HHTETPHPOBAHHEM. DT0 MOXHO
caenats, MOCKOABKY YUHCAO pa3pelleRHHX 3HaueHHA BOJHOBOTO BeK.
=

Topa K B 3oHe BpunmiosHa [cM. supaxerue (5.67)] ouwenb BeIHKo
H paBio N, T. ¢. ©OH MeHseTcH KBasHHeNpPepHBHO, a 3HAYAT |
uacToTa o (K) MeHfeTcH KBa3HHenpepHBHO OT 0 A0 ®max B aKycTH-
geckofl BeTBu {cM. pHc. 5.15). Torna

; ko
Eu= | AN, (6.16)
'ﬁmj(x T .
e T —1
rae d N — uncao HopMalbHHX KoJAeGaHH# B HHTepBaJte 0T K AD
k4-dK W HHTerpHpOBaHHe NPOHIBONHETCH No soHe BpHamosHa,
Jlns onpenenenus d N B K-IPOCTPAHCTBE BHIAEANM CJAOH TOMMHHOH
d x, 3aKJ09eHHHA MeXAY chepaMH paauycos k K k-}-d k (pnc. 6.4),
Ob6veM ctepuvueckoro caosl d Veq 8yaeT pabe:
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Puc. 6.4. Ciepuueckufi chaoli
roatkkoll dk B mpocTpaHcT-
Be BOJNHOHHE GHCE]L

? (:c+drc)3——?—x3z4nx2drc.

PazofmeM ofbeM 3TOro CJoOH Ha AYefKH Tak. uTofH Ha oObeM

KaXkA0H OPHXOZHJAOCH OHHO Da3pellleHEoe 3Hayense K. Mo

BHASAH (rJ. D), YTO UHMCAO BONYCTHMHX 3HAYEHHA BOMHOBHX YHCEJ

x B uHrepsBaje (5.67) paBuO uMCIy 3JeMeHTApHHX dAueek N B Kpu-

crajiie (B HameM cAygae NpocTo YHCAy aTtomop N), NIpH 3TOM pas-

peilleHHHE 3RAYEHHA K PABHOMEPHO pacnpefeleHH B K-NPOCTPaH-
- - =

d Vcn=

ctBe ¢ njorHocThio  V/(2n)? (rme V=N, a-Npb-N;c— obbvem
Kpucranna). OTCIOfa ClenyeT, UTO B K-IPOCTPARCTBE HA ONHO pas-
| pellleHHoEe  3HadyeHHe X Oyiaer NpuXoAuTbesl sAuefika qﬁbemo:\{
2n 2n 2r 2m)3

. ‘o _{2n) (car. (5.65)).
N1 a Ng b Ng c vV
B ciepuveckoM cnoe ofbeMom d Ve TakuX Aveek B ofHOH axy-
CTHUeCKOi BeTBH Oyfer:

dVex 4nValde Vil-dk

av 8 (a)° om
B monean leGas mpeanofaraercs, UTO CKOPOCTh 3BYKA OJHHA-

KoBa AJA BCeX AJHH BOJAH W He 33aBHCHT OT HaRpaBJ/eHHA HOJASpH-

34UHH, 7. €, AJS TPeX aKyCTHYecKHX BeTBeH cnpaBeidwmB JHHEAHBIA
34aKOH IRCOepCHH

dVe=dgy Ay -dK,~

dN=

{(6.17)

ok s)=02c (s=1,23), (6.18)
rae v F — CKOpPOCTHL 3BYKE, KoHcTaHTa. Toraa '
' 1
dx= 2d 1
Kldrk (u,““):’*m W (6.19)

H,I CIeAOBATENbHO, WUHCAC HOPMAJbHHX KoaefaHufl B' mHTEpBaJe

MeXIY o H w-+dw pasro

' v 1

dN=— ——wido. 6.20
2ﬂ2 (0833}3_ . ( )

OtHotneHue
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aN ©?
Via P = gy (6:21)

npencrapiser cobofi NJoTHOCTL MO KodebaHHuA pellleTKR OAHOH H3
nonfipusauil, T, e. URCA0 HOPMAJLHHX MOX KoJeGauuil, coorser-
CTBYWIIHX SAHHHYHOMY HHTEPBANY YAaCTOTH KPHCTANJa eXHHHUHOID
ob6bema. DyHRIUHA p(w) B JAHTEPATYpe TaKKe HaA3HBaeTCA Cnexr-
passnoll Qyuryued pacnpedesenun wacror.

TlockoJIbKY B TBEpAOM TeJNe BOSMOXKHHE TPH THNA aKyCTHIECKHUX
KoreGanui — OAHO HPONOJbHOE CO CKOPOCTBIO 3BYKa U, H IBa
nomepedHHX CO CKOPOCTBbIO 3BYKZ vy (B H3OTPOUHOM CJiydae CKopo-
T ofiekx NofepeuHHX MOJ OAMHAKOBH), TO ClleKTpaabHas GyHK-
IHA pacopeleNeHHA B uHTepBake dy B CHAY TOTO, YTO NNOTHOCTH
BCEX MOJ paBHA CYMMe NAOTHOCTEH OTAelbHHX MOJA, onpeiensercs

BLIpaKEHHeM
G (o) = w? 202 3e?
2n2ef ' 2m2ed 2afe?
e Us, ONpefeNAeMas ycJoBHEM

| 1 1 2
=gl e | (623)

eCThb CKOPOCTb 3BYKA, YCpPeJHeHHAas N[O KpHCTaJjorpadHuecKHM
Hanpas/JeHuaM H THIAM kodeOarni.
Hemonvaya (6.22), sanmmem dopmyiay (6.16) aas E, B Buge

9p™=v:*p

: (6.22)

| vew —r@—-——d.m. (6.24)
m,‘(xBT)
LU e —
B (6.24) Hefaft 3aMennsl wuTerpupoBaHHe N0 Nepsoft 3oRe Bpui-
JI03HA HHTErpHpOBaEHeM Ho cepe paaHyca xp, BHOHpaeMOR
TAKHM ofpa3oM, yrolH 3r1a chepa comepxaia porxo N paspeilieH-

HHEX 3Ha9eHHA BOJIHOBEIX BEKTOPOB K. DTC 03HaUaeT, 410 ee pajguyc
onpenersercsd BEpaMKedneM

iz, (2n)3
5K =N A
rae (2n)3/V=dV — obbeMm k-npoCTPAHCTBA, NPHXOJAMHHCA Ha
OfHH paspelIeHHbl BoJHOBOR BekTop. Toraa
kp=(6 a2 N[V})IR, {6.26)
Ecaun N/V==10% cM~, 1o kp=2.108 cM~}, 970 10 NOpAAKY BENHUH-
HBl COBNajaeT ¢ pa3MepaMm 30WK DpAAMOIHA, 4 MHHHAMAJbHAA
JANEHA BOARH Ap=2nfKkp=3-10—8% cM HMeeT NOPHAOK NOCTOAHHOA
KPHCTAR/IATECKOH pelmeTKH . B pelleTKe He MOTYT pacnpocrpa-
BATLCH BOJEBH ¢ A<224, H MakcHMAAbHAA HAH Jebaesckan 20cToTa
kxoneGanuil, no xotopofi Geperca unrerpan B (6.16), B sTok Meaenn

Wp=Us+Kp=z T 1013 ¢~L, (6.27)

{6.25)
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[pn caenannux JleGaem npeanonoxeHEAX CHeKTpaibHasd HyiK-
A pacopeaeseHds A BCeX YACTOT OyHeT ONUCHBATHCA BHIpa-
MeHHeM

: 3 2__A .2
G(m)== Wm =Aaw (HPH (ﬁf(ﬂp),
0 {npr w>>wp), (6.28)
qTO B CYMMe JaeT
Omax
[ 6@ydo=3n.

" B (6.28) A=3/(2n%v,®) we 3aBHCHT OT YacTOTH H fsjdercd No-
CTOSHHOH.

Ha puc. 6.5 npuseneso cpapreHue cneKTpadbHHX GyHRuud B
JefaeBcKoM E sBHMITeRHOBCKOM MPHOMHKEHRAX. _

Qopmyaa (6.24) pas MoGHX TeMUepaTyp npu H3BecTHON
byHrunn pacnpenencHus (6.28) Gymer uMeTh BHI:

@
D
3VE d
R (6.29)
TN 0 ey ,
e —_

Ipu BHAHCHEHHH HHTerpana B BHpaxeHHy (6.29) ymoCHO BBecTH
HOBHE MEPEMEHHRC!

x=haw/(xsT}; Op=nhop/ks. (6.30)
Toraa
SVE [ kel W Vod
_._ Kp X
o= gmtog ( 3 ) ev—1 (631)

]

Hcenoansya empaxkenusa (6.26), (6.27) u (6.30), sanuwem dopMyny
(6.31) B Bume:
_GD,"T
_ _ON«gpT P¥dx ( - 2
E—{Ea>— (BD/T)3 ; o1 =3N KBTD ?‘) . (6.32)

Bupamenue {6.32) HOCHT Ha3BaHWe UNTEPROASUUORHOL (hopmyasti
Hebas, a
DGIT

DO = | 22 (6.33)

(8/T)3 1

HasuBAT Pynrygued Heban, ®opmyna {6.32) uETepecHa TeM, 49T0
9Heprud, a CNefOBATENBHO, H TENAOEMKOCTE Cy NPH BCeX TeMnepa-
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>y TYPAX BHP2KAWTCH yepes’
“ OIHH NapaMeTp Op, HazHBaE-

Temneparypoli Teepiozo TeAa,
uaun TeMneparypoii Hedan,

YTO BeJHYHHA KpOp=hup
NpeAcTaRadgeT MaKCUMANbHELR
KBAaHT 3HEPTrHH, CHOCOGHHE
B036yAHTE KoaeOalHn pelleT-

a

MBI XapaKTepucTUdecKol

Ee puagueckuil cMBICH B TOM,

kn. OneHka BeJUYHHN 8p MO

Pue, 6.5, 3asucuMoctb Go = qm Myde (6 30) ¢ yueToM
FO w ) [ — npuGmmscesnne He- p )

eayaptata (6.27) ana op=
Ga, 2,7 UeuSamkemre S ?——??,1013 ¢! gioxa;uaae"r 410
mrrefiga, 3 — HCTHEHHA  CIBKTR '
KOXCGAHER DEINETKH (KAUecTRERHO) 6p=100 K. Temneparypa He-

0as, TaK e KaK H TeMne-:

patypa JiHluTeliHa, 3aBHCHT OT cBOficTB BemecTsa, [aa Go/bLIHH-
CTBa TBePAHX Tes oHa pasHa 100—400 K, xora ang Takux seuiecTs
kaK Gepuannit (@p=1440 K) n anmas (Bp=2230 K) oHa anomab-

HO BBLICOKA, 9TO XOPOINO OOBACHAETCA, Kak Mbl BHASHH, MOBHILCH- -

HOH «KEeCTKOCTBIO» MEXATOMHHIX cBazefr. Oyuxump Hdebaa D (8p/T)
ABHO BBHYUCAHTD HEAb3dA, HO aHaJdHTHUECKHE BBHIPpAMKEHWA AJaq sHep-

THH H TCOAOEMKOCTH MOMHO NOJAYUHTL B HOpefedbHBIX CAYIaAX.

HU3KUX d BHCOKUX TEMOEPATYD.

Boicoxue remneparypor h w< s T van x< 1 [dopuyna (6.32}].
B 310M c/yyae B nOAHHTeTPaJIbHOM BLIpARKEHHH MH MOXeM pasno-
KUTh B PAX 3HameHateNb e—|a2 14-¥x—1=x, Toraa (6.32) 3ani-
WeTesl Tak -

BD/T
&
E=<Ey>=0Nxkg8p ( —®T——) J. 2dx=3NggT=3RT. (6.3%)
D 0
CrenoBaTenbHO, TEN0EMKOCTh DPaBHa!
aE
C — (-v-——- ) fo==—3 N
v 57 ) v 3R

T. €. OHA HE 3aBHCHT OT TEMICpaTYPH H COOTBETCTBYET 32RKOHY

Hwonoura u Iy,

Husxue temneparypor: ho»ksT, win £3>1. B 31oM cayuae
B dopmyse (6.32) npeacnnl muterpuposadua oT 0 go @p/T MoxHO
3aMeHHT: npefenamd ot 0 g0 ©o, NOCKOALKY TakKas 3aMeHa wHe
H3MEHNT CYMECTBEHHHIM 00pa30M BeNHYMHLI HHTErpajga, KoTophi
MOXKeT GLITh BHTIHCIEH:

-]

x¥*dg 1l

s et (6 35)
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TorL3 3HEPrHA AKYCTHUECKHX koneGaHmii 6yaer:

QNchenni( T }+ 3niNkgBp T
15 8p ) - 5 ( Op ) + (6:36)

@opumyda (6.36) sAiBnAerca TOUHOH NPH HH3KAX TEMIepaTypax, rie
OHA NMPABHJBLHO ONMHCHBAET 3aBHCHMOCTL sHepruu E oT temmepary-
pul 3akcHOM T4 TensoemMKoCTh mpH HU3KHX TeMmepaTypax, Kak -
sro creayer us (6.36), onuceBaeTcd KyGHUYecKMM saroHoM (73):

E=<E>=

L(DE), 2wV g
C"—(W = “sep vl (6.37)

J1a 32BHCUMOCTD XOPOLUIO COFJACYeTCsl ¢ SKCIepPHMEeHTANbHRMHE
LaHMHIMYA B Y3KOM HHTepBajte Temneparyp s6auzu O K. Ilpu 6onee
BHCOKHX Temneparypax (T<C@p) Takoro Xopoulero corjiacHd
vike He HabaoaaeTcd. 1O CBA3aHO ¢ TeM, 4TO NpH ,BHBOAE Pop-
myan (6.32) mns sHeprum ObiAHM cAeMaHW AOCTATOUHO OoJblIHE
yupoilenud. B vacTHocTH, 3amaud  pemiajHCh B MapMOHHYECKOM
npubaHKeHnH, KOTAA CHeKTP KoJleGaHHA MOXKHO pa3fetuTh HA He-
33BHCHMBIE MOJIH, YTO B peaZbHHX YCHOBHAX, N0 Kpaiinell Mepe NpH
BHICOKOH TeMmepaType, He MOKET HMeTh MecTa. ChekTpaibHas
Gyuxnua pacnpeaeneHna (o) 6wa sHGpaHa Takofi, 4TO OHA
CYIIECTBCHHO OTWYAETCH OT HCTHHHOH (YHKIMH pacnpegeneHus
(xpusuie 1 u 3 Ha pHc. 6.5), HE ueM He ofocHoBaH pe3kuit oGpHE
OYHKOEH HA 94CTOTE p. VICHONB30BAHHE HCTHHHOrO BuAa (yHKIHH
G (o), obeuno BHuHcagemoro Ha IDBM, npHBoZHT ¥  Xopouwewmy
COBNANCHHUI BHUUCACHHLX ¥ SKCNePHMCHTANLHHX AaHHHX B LIHPO-
KOM UHTEpBaje TeMNepaTyp.

Ho cHX Nop BCe HAUIH pacCyASHHA KAacalHCh JHIIb AKyCTHYE-
CKHX KOJMeGaHHA pelleTKH, neMeHTapHHe AYefiKH KOTOPOH NpHMH-
THEHH, B cayuae pemerox c Ha3ncom HeoGxofnmo B dopMmyae ans
TeNJ0BOH HEePTHY, KpoMe BKJIAA2 aKyCTHYecKuX kanebaHHi yuecTb
BKJaA ONTHUecKHX KoaeGaunmit [cem. dopmynm (6.13) m (6.15}].
Mu sugens (cM. puc. 5.15), uTo wacToTa onTHuecKuX KodebaHHH
cAafo 3ABHCHT OT BOJHOBOIO BEKTOP&, MOITOMY K ONTHUECKHM
KoneGaHHAM Jyulle BCero NPHMeHHMAa MOAens DiHWITelHa, B KO-
TOpPOH BCeM MOAaM KojefaHH# NPHNHCHBAeTCS OIHA ¥ Ta XK€
YacTOTA (. B 3TOM MpHOMMKEHHH KaXaad i-A ONTHYECKAA BETBb
BHOCHT B TEMJIOBYI0 SHEPTHIO BKJIAA:

(N/r)h o,

Mia! (x BT)

E= (6.38)

Muoxntens Nfr paBed NoJHOMY 4Yuc/y COCTOAHUR B KaXAON BETBH
cnekTpa, N — 9HCAO 3JIEMEHTApHHX AdYeek, 7 -— YHCAO ATOMOB,
IPHXOAAMINACA Ha 9JeMeHTapaylo Aueliky. B ofimem cayuae uMeer-
cs1 (3r—3) ouTHUECKHX BeTBeE, MOITOMY B YAEJNBHOH TEHIOEMKO-
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CTH, O6YCNOBIEHHONR AKYCTHYECKHME KOJMeGaHHAMH, NOOSBHTCA JHO-
noaHUTEARHHA anex [cp. ¢ dopmyaoi (6.13)]

N ﬁ 12 ‘F:enﬂ}(ﬁBT}
cogr=(3r—3)—;x,,[ O (_"" e ; (6.39)
hmﬂ’{”nn_l)g

KoTopsifi mpH TeMmNeparype MHoro GoJasilefi TeMmepaTypsl SitH-
wrefina (72»>8;), Koraa Bo3OyXAeHH BCe MOAB ONTHUECKHX KoJje-
BaHHA, AaeT NOCTOANHHIME, He 3aBHCAWMA OT TEMNEPATYpH BKJIAA
B TenJoeMkocTs, [lpn temneparypax T8, Bknajg OnTHYeCKHX KO-
Ae6anui B TeNJOEMKOCTh 3KCHOHEHIHAJbHO HCYe33ae€T H NPU OUeHb
HH3KYX TeMnepaTypax, O/Mu3KE K abCOJNIOTHOMY HYNIO, ONTHUECKHE
KoJefaHHA MOXHO BOOGHIe de YYHTHBATH, NOCKOJbKY OHU He BOS-
fyxgaiored (cM. £, B) H He ZAT BKJI3aja B TENMJOBYIO 3HEPTHIO
pelleTki.

6.4. BRIBOJ $OPMYJAR NJ9 TENJOEMKOCTH, OCHOBAHHBHA HA
HNPEACTABJNEHHH O @OHOHAX

KonnekTBHHEe ABMKEHHA aTOMOB B KPHCTAJJe, KAK MH BHOENH
8 ra. 5, mpedcTaBasior cofofl 3BYKOBEE BOJHH, a4 COOTBETCTBYIO-
e UM BO3GYRECHHA — KBAHTH 3BYKA HJH (GOHOHH, 3SHeprHd
KOTOPHX pasxa E=Ff @, 2 AMOYJIbC p CBA32H C BOJHOBHM THCAOM K
OORUHBIM COOTHOIIEHHEM AJA CBOGOAHMX 4YacTdl p=Fk K. DHeprua
4 uMmnyaesc doHOHA ¢ yueTOM BEipameHHs Tuna (6.18) ceA3and

COOTHOUISIIEM
- E=puv, (6.40)

rae v onpeaensercd yciosheM (6.23).

HOaa onpenenenns naortHoetd coctoannfi G (w) donouos,
T. € udcna (OHOHOB, SHepruf KOTOPHX 3aKjloueHa B HHTep-
Bajste or E go E4dE, noerynuM caepywoumum ofpasom. B p-npo-
CTPAHCTBE BHAENHM CJ0H, 3aKmOUeHEHE Mexay cdeépamu paany-
cap u pt+dp (cp. puc. 6.4 pas «-mpocrpancrsa). Obvem cihepn-
YeCKoro cJos

i 4n
d Vcn=—-§— (p+dp)3-—~3—p3ﬁ4np9dp.
PazofbeM p-npocTpaHCTBO Ha dasosvle Auefky obbeMom (2 k)3 V
(V — of6beM kpucranna). Torgza B chepuieckoM clioe TakHX fdecK

6yaer
3-4np2Vdp

(2m k)3
Muoxuresas 3 8 (6.4]) yuyuTHBaeT TpH BO3MOXKHLIE NOJNAPHUIAUAH
214
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$HOHOHOB (0fHA MPOAoJbHAA H ABe Nonepeunne). 3ameusan B (6.41)
p Ha sHepriio E, noubsysch sHpaxenHeM (6.40), nonyunm

122V 1

CEY=Tmy  w®

EZ, (6.42)

[ToCKOJMBKY MOJHOE YHCH0 (DOHOHOB B OrpaHUYEHHOM TBEPIUM TeJje
e Moxer GHTb Sojbuie 3N, TO

*p8p

{ aEyaE=3w. (6.43)

0
QOrcioga, ¢ yaetoM dopmynn (6.42),

9N E?
G(E)= —mo—, 6.44
(E} PACRE (6.44)

BOHOHB MOAYUHAIOTCH cTaTHCTHKEe Do3e — Dimmirelika, moatomy

cpeaHee uucao (oHOHOB B OpHOK suefike ¢pa3oBoro mpocTpaHCTBa
obnemoM (2nR)3V ¢ sHeprmelt E onpefedsiercs BHpaKeHHeM
(5.73). Torza nonuas 3uepruA GOHOHOB B KPHCTaJle

¥p®p OD;'T

QNKBT Bdx
E f— =
<E> Oj' EGE)<n(k,s)>dE ©o/T)? 6[ 1

, (6.49)

re
r=El(xaT)=hw(ksT); Op=F op/Ks.

Cpasgenue Qopmysn (6.45) u (6.32) ykassiBaer Ha HX NOJHYIO
TOXALCTREHHOCTD. OTClO,H,a MOMKHO CA&£daTh BEIBOA O TOM, YTO Opei-
cTasfieAre © (POHOHAX MO3BOJSET HCMONb30OBATH MOHATHA H Mare-
MaTHYEeCKHe IIpHEMLI, CHpaBLANHBLIE IJ4 OORUYHEX peanbnux
YACTHIL.

6.5. TENNOEMKOCTE METAJJOB. YUET BKJAJA CBOBORHBLIX
SJEKTPOHOB

Ilo coBpeMeHHHM NPEACTABJIEHHAM, METaJJ pPacCMaTpHBAeTCA
KaK COBOKYNHOCTh CHCTEMH NONOMHTENbHO 3apaxeHHHX HOHOB,
KoJeSaoUuxca 0KoJlo HX CPeAHHX MOJOXKEHHA DPaBHOBECHA B KpH-
crananyeckol penleTke, H cHCTEMH OTHOCHTEJ/bHO CBODONHHX KOJ-
JeKTHBH3HPOBAHHBEIX BaJEHTHHRX 3JEKTPOHOB, 00pasyiolldX B Me-
Tanje caoeobpasHuil ras,

Ipn obcyxpenuu 3akoHa [MHwaonra u [ITh  oTMeuasoch, 9TO
BCHH MCXOAHTL W3 KJIACCHUECKHX NpPeACTABJeHNR H CYHTATh 3JEKT-
POHH B MeTanje CBOOOAHKIMH, T2K K€ KAK MOJEKYNB HAea/bHOrO
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rasa, TMOAUHHAIOMIHECS CTATHCTHEE
Maxcseana — DBoabiMana (puc.
6.6), TO TaKOH ras 3JIeKTPOHOB
HMeeT GOJLLIYIO TeIOEMKOCTh (¢
VYeTOM BKJaja 3JEKTPOHOB Tem-
JIOEMKOCTp B 1,5 pasa 6oxblile, ueM
3To cAefyer H3 3akoHa J[lwoJoHra
n Ilry, #3-3a TOrO, WTO MORBOXH-
Inepeun Masi 9HeprHs AJf HArpesa Teja
pacnpeaensercs MeXIy BCeMH CBO-
Prc. 6.6. Pacnpepeachne Mak- 6ozHEIME 37eKkTpoHamMi. YroGH co-
ceensa - Boaeumawa npi pas- raacoBath pe3yAbTatH  TEOPHH C
JIRTHEX TeMNEPATYPAX IKcnepHMEHTOM, u3uKaM HpHOl-
JoCh HONYCTHTh, UYTO 3JEKTPOHH
HE BHOCAT BKJaja B TEMIOEMKOCTb MeTaJuaos, OIHAKO, KAK OKasa-
JMochb No3fHee, MPH A0CTATOYHQ HuH3KOR Temmepatype, OaHsKoR K
TeMnepatype abCoJOTHOTO HyJA, TEMJIOEMKOCTb MOJHOCTHIO onpene-
ngerca saextpoHamu, QObacHeHue sToMY dakry yaajoch HaATH
Sommepdernay B paMKax KBaHToBoOH (HU3UKH.

CeoGoauble 2JieKTPOHH B MeTajljie 061aJa0T pe3ko BHIPARCH-
HHMH KBAHTORHMH CBOACTBaMy, IVIaBEHM H3 KOTOPHIX ABJSETCS TO,
4TQ HX 3HEPrHs KBAHTOBAHA M OHU NONUHHAIOTCA RPUHIUMY 3ampe- .
ta ITayan (1925), corstacHO KOTOPOMY B COCTOAHHW C OFZHOR u TO#H
Xe HeprHel MOXer HaXoAHTbcA He ojlee ABYX 3JI€KTPOHOB C
APOTUBOMNOAOKHO HANPABJCHHHMH CIOHHAMH, T. €  TOJBKO JBA:
AJEKTPOHA MOTYT HMETb OAHHAKOBYID SHEPTHIO H HalpaBJcHHE
IBHKCHAA. ;

ITpuwuun Tlayan cpasy messoiseT oOBICHATL pacnpefeNieHHe |
3JIEKTPOHOB B TBEDAOM TeJie N0 9HeprHsM. [Ipw abcodioTHOM Hyne
TEMNEPATYPH OHH OYAYT pacnojaraTbCi O CTYHNEHAM 3Hepreruye-.
CKOH JIeCTHHUH IO I8a 3ACKTPOHA HA YpOBeHb, HAUMHAA ¢ CAMOIO,
HUXHEr0 10 ¢aMorg BHICOKOTO, ONPeeAsieMOrO HMCIOITHMCA B TBEp- |

AOM TeJNe UHCJIOM CBO-
SoaHmX 9JIEKTPOHOB
{cm. puc. 6.7, a). Ecan!
Ee uMeeTcs N cBOGOAHEIX:
37EKTPOHOB, TO YHCIIO;
3aHATHX ypomHel Oymer:
pasHo N/2, B atom cay-:
yae, KaK roBOpAT, 3JeK- |
TPOHHHE ras NOJHOCTLIO
«BHPOXIeH». ¥posens,:
xoropsid ordeaser noa-,

HOCTBK)  SAHNOAHEHHBIE'

Yucpo wacmuty

™
m .
4

- .-
L L S O R o

e o J-
e -

..,
e
S
™
S Y

’ =

Pue. 6.7. Pacnpefenende saeKipopod Mo

SHEPrerHICCKHM yp}osnm (cxeMaTHuee- YPOBHIL OT NOAHOCTSIO:
Koe npegcrannetine) npA T=0K n > aaercs ypoanem Depmi,
>0K. ManesskHMH cTpengaMH DoKasa- ¥p p 2

HH EanpasWieAHE CHHROB SJACKTPOHOSB HE 3QnOAHEHHBLX, Haabi-:
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10 —
\\\'.\\ 'F=F/2
T=0 \"ﬁfh Tz> Ty
b S, 1
puc. 6.8. Pacnpenesenne Pae. 6.9. PacnpezenerHe SAex-
SAEKTPOHOB 1[0 9HeprHAM TpoHOs Mo 3meprasM npa T>0K
npa T=0K

uatt srepeuell @epmu, u obo3navaercs wepes Er.

DTy CHTYalHIO MOXHO IIpeAcTaBHTL B BHEe rpadwmka (cM.
puc. 6.8). o ocu opanRaT GyleM OTKNAAHBATL CPEAHEE H BEPOAT-
HOE YHC/O 3JIEKTPOHOB B JAHHOM 3HEPreTHISCKOM COCTOAHHH, 060-
sHAYNM ero tepe3 2f, a mo ocu abeurce — sueprwo E. Ecan f=1
u 2f=2, TO cocrosiHHE MOJHOCTLI 3aHATO M B HEM HAXOZHTCH
JBa 37EKTPOHA ¢ TPOTHBOMOJOXKHO HANPABJEHHHMH CIIHHAMI,

[lomuenne TemMnepaTyps BHule O K okasHBaeT BAMAHUE TOJb-
KO HA 3JIeKTPOHH, HaXoAdmuecs BOausH yposHa PepMH, KoTopHE
B0O36YKAAIOTCA W MEPEXONAT B cocefnue 00Jee BHICOKHe He3aHATHE
cocrostinis (puc. 6.7, 6). «BHpoXAeHue» NOCTENEHHO CHHMAETCH.
DieKTpOHH, PacHmoNOXeHHHMEe Ha §ojiee  HH3KHX 3SHEPreTHYecKHX
YPOBHAX (3HAYUTENbHO HUXe YpoBHA depMm), B CHJAY NDUHIHMA
[Haynu, He MOTYT NPHHHAMATE YYacTHs B TENJAOBOM ABHKEHHM, TIO-
CKOJABbKY S 3TOr0 MM HeoOGXON#MO, NPH NOBHINIEHHH TEMIEPATYDH,
nepefdTH Ha CHeAyIOHiHe (ojee BBCOKHE SHEPreTHUECKHe YPOBHH, a
onH 3aHATH. Jlna Oonee BHcOKofl TemmepaTypn pacnpefesleHye
Gyner uMerh BHA, moxazaHustli Ha puc, 6.9.

Kak BuaHo u3 puc. 6.9, npu NosBHlllleHHY TEMOeParypul pacmpe-
AeAeHye B BHIE CTYNeHbKH, HMewoliee MecTo npu ¢ K, BOan3m
E=FEp pasMusaerci 4 HOABAAETCA BEPOSITHOCTL 3aCeNEHHS HJEKT-
POHaMH cocTOSHUIE, HaXoAAuXcsd Boime £p.

B 1926 roay ®epMu u HesaBHCHMO oT Hero Jlupak MareMard-
YecKd Halund BUA QYHKHNHHA [ pacnpelelieHHS 3/1eKTPOHOB MO 3Hep-
TUSIM, KOTODAA XOPOLIO ONHUCHBAET NOBeJeHUE 3JACKTPOHOB KaK HPH
HA3kuxX (puc. 6.8), TaKk ¥ mpH BHICOKMX Temnepartypax (puc. 6.9).
dta GyHKunsA, MoNy9ABIIAS HasBaHue Qyakyuu pacnpedescHuz
Qepmu — [upaka, HMeeT BHA

=1 exo( Z22) 1] (6.46)

Hs (6.46) nerxo Buaets, uro npH I'=0 K, ana E=Ep, f=1, a gas
E>Ep, f=0. Ilpu o4eHb BHCOKAX TeMnepaTypax, Koria ks I > Er,
H Goabinux 3Heprunx exp(E—Ep)/{xsT)>1 pacnpeseenne
Depmpt (6.46) nepexogut B Knaccudeckoe pacnpegenenwe Maxke-
Besjta — Bosakumana

e"'pf{"n") e-xf(nBT) —E/{%,T)

Ae (6.47)
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DJIeKTPOHH B TOM Clyuae SYAYT BECTHE ce6R KaK OGLIYHME KAACCH-
YeCKEe JacTHUL HAeaJLHOro rasa. Taxum oﬁpaaom, pH YCJAOBHA
exp[(E—Er){(kaT)>1 «BLIDOKZEHHE» 3]EKTPOHHOTO Tasa HOM-
HOCTBI) CHuMaeTcs. Temnmepatypa, npH KoTopofi NPOH3o#LeT CcHA-
THE «BHDOKIEHHA?», Tr=FErftpax5-10¢ K. Orcioda cTanosurca
RONATHOLM, nOuemy nosedenue SACKTPONRO20 2034 8 MeTAAAGX 8
OTHOULCHIUY MHO2UX CBOUCT8 pe3Ko OTAUMGETCR OT cBoicTs 06biu-
ROEO MOAEKYAAPHO20 2434, NOCKOALKY OH OCTACTCR  €BLIPONIEH-
HbLM» 8RAOTL JO TeMnepaTypul RAGBAENUR u e2o pacnpedeleHue
O4¢Hb MOAO OTAUxaeTcs or pacnpedererun Pepumu— Hupaka npu
0 K.

H3 scero BHIECKAa3aHHOTO cAEAYeT, UTO TENJOBYIC SHEPTHI B.
Merajje, MpH ero Harpese, BOCIPHHHMAIOT He BCe CBOGORUBE
SNEKTPOHE, KAK 3TO HMEET MecTO AJH ofbluHOoro HAeAJbHOTO raaa,;
a TOJNBKO Te, IHEPTHA KOTOPHX JECKHT B HHTepBade X7 BOIUSH
sHepray Pepmu. MmenHO 3TH 3JeKTPOHHM H OHNPEALAANT  TeNJO-
€MKOCTh 3JIeKTPOHMHOrO rasa. )

B moZean cBo6OAHHX 37€KTPOHOB BOJIHOBaA (QYHKIHS 3J€KTPo-
Ha AOJNKHA YROBJeTBOpATL ypasHenulo [lpeanurepa )

B2 . |
- ?m-A 1p(f') ==E‘tlJ(l'). (6.48).

§

ITockosbKy mBRXKeHHE 3JEKTPOHA OrpaHHIeHO ofbeMoM V Meras-,
J1a, HeoGXOZNMO BBECTH IpaHHUHBE YCJIOBUA, KOTOPHM  HOJKHO]
YROBJETBOPATH pemleHne 9TOT0 YpABHEHHA, HMeollee BHA MAOCKOR,
BOJIHB . i
P(r)=Cexp(igr). (6.49)5

il

Tak e Kak paHee /A (OHOHOB, BOCHONL3YeMcs HHKJIAYECKHMH!
rpanHyHEME yesouaMa (Bopra — Kapmana). [Ipeanonoxam, vro:
merann umeer dopMmy Kyba co croposoin L=V'R. Torzna yeaoBus
Bopua — KapMana nmerT Bua ¢

Pp{x+L, g, 2)=p(x, g, 2) ‘T

b(x, y+L, 2)=p(x, 9. 2) (6.50)1

(% ¢, 2+L)=p(x,y,2). §

Bonuosas dyukums (6.49) yAOBJETBOPAET 3TUM YCAOBHAM, €CJ]H 1
isxl. i I, -ixz].'. :

e " =e ¥ =e ' =I, (6.51)

T. €. €CHH
2ﬂ-nx 2n 2ﬂuz . “

g S SRS

I3
rae 7y, My, fi;— DeJABe YUCTA. i
Takum ofpazoM, AOMYCTHMHM BOJHOBHM (YHKIUAM COOTBETCT-|
BYWOT TOJIBKO ONpefejieHHHe TOUKH x-mpocTpaHcerBa (pue. 6.10).
- .

KoMRoHeATH paspeilleHHHX BOJNHOBHX BEKTOPOB K N0 BCEM  TpeM!
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pnc. 6.10. Paspemenne roaxkH B K-mpo-

cTPAHCTBE A IHKAHYECKHX Fpa-

pRIAHX YenosAd. Bee mpocrpamcTRO

GyZeT 3alONHEHO, eCRA KAMCI4A TouKa

gxpymega K??fﬁKlIBCKOﬁ guefiolt obne-
¥

oM Z‘

Ky

oesiM (Kx, Ky, K;) TpeACTABARIOT coGoii Nelule XpaTtaMe oT 2m/fL.
Bee x-mpoctpaHcTBo 6YAET 3amOJHEHO, ec/H KaXJAaR H3 STHX pas-
pelieHHHX TOUGK OKpYKeHa KyOHueckol suefikoft, HMewlleli obbem
{2n/L)3=(2n)3/V. B p-mpoctpanctse takme (asoBhe AYSRKH
umeloT o6neMm  (2mR)3/V.

Has moBoro peaJbHOro MeTaJJAHYeCKOro KpHCTAA/a, HMEILero
MaKpOCKONHUECKHEe PA3MepH, 9TH KyOnuecKHe Auefix# oueHb MaJH,
a uncno HX BedHko (~ 1022 m3), B cuiay cBsizay MeXay sHeprueil
cROGOAHOIO 3JAEKTPOHA H €ro BOJHOBBIM  BeKTOPOM, AaBaeMoH
COOTHOLIEHHEM

R

2m’
KAXIOMY pPa3spellieHHOMY 3HAUeHHI0 X COOTBETCTBYeT Pa3pemIeHHOe
3naueHne sueprud E. B cocrosnmH ¢ otof suepruefl Moxker Haxo-
AHTLCH ABA 9JAEKTPOHA € NPOTHBONOMNOKHO HANPABICHHEIMH CHAHA-
Mu. Takum ofpa3soM, KaK OTMeYajxoCh BHIIE, B OCHOBHOM COCTOS-
nug (mpu T=0 K) cucremu H3 N cBOGOZHHX 3JEKTPOHOB 3aHATH-
MH oKaxyTca N/2 suepreruuecknx yposuefi, Ilocaennnfi sanaTei
ypoBeHb — 3T0 yposenb PepMu Ep,

FEcnd 3aHSTHe COCTOAHAA ONHCHBATE TOUKAMH B K-IPOCTPAHCT-
Be, TO ANA cucTeMH H3 N CBOSOZHHX 3J€KTDOHOB 3TH 3aNOJHeH-
HHe cocTosHHs ofpasywT cdepuueckyrr obaacTb ¢ pajHYCOM Ky
{puc. 6.11)}, Paguyc xp sTofi chepn, nasusaemoli cihepold Pepmu,
OIpejeafseTcd H3 COOTHOLIEHHS

Ep=

E(x)=

(6.53)

R® K2
2m

Kp HA3WBARTCA BOJHOBHM BekTopoM ®epmu. IHepruasd, cOOTBETCT-
Bylomiasi NOBEPXHOCTA 3Tof cdepm, ABasgerca sHeprueir depmn,
Cama nosepxHoerh cheput PepMu, oTAeAAIOUAS B K-IPOCTPAHCTEE
3aN0MHEHAHE COCTOAHHMA OT HE3ANOJAHCHHHX, NABLiBaerca nogepx-
Hocrew Depmu.

. (6.54)

in
[Ipu pagnyce Kp chepa DepMH HMeeT obneM V;-=—3-rc3;-. Has
HaXoXAeHUd UMcAa PaspellleHHHX 3HaveHHfi £ BHYTPH Cdepu 3TOT
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X, Puc. 6.11, Cjepa Pepuu 3 K-npo-
CTPAa@ECTBE OTZRJAET SaANOJAHEHHWE CO-
CTORHANR OT HeSANOAHCHHEIX

o6beM HajJlo pasgeluTh Ha oObeM $PaloBof Aueiiku
VF 4n Vv K3F

[ J—

(2)V 3 2 " F bad

{6.53}

Kaxnoe paspemienHoe cocTCAHHE 3ANOIHNETCS ABYMS 3JEKTPOHAMH
C DPOTHBONONOMHHME cnudamu. Jlas cHeteMmel, cojepAanlei N
3,1€KTPOHOB, TOMHO BHIOJHATLCH YCAOBHE -
S 3
x
N=2 Vet
6 m? 3n

V. { 6.56)':

OTciona HAXOAMM CBA3L MEXAY panuycoM cdepn Peprmn Xp %
3MeKTPOHKONA MAOTHOCTLEY (n=N[V) ;

.szF 'f

Tyl 6.57),.

HOBerHOCTb $epMH ~— 3TO OAHO U3 (YHAAMEHTAILHEX MOHAY
Tu#k coBpeMeHHOR TeopuH Merasnos, Kak Mo yBHAHM Jadee, B
ofliieM ciayuae ona He grasercs chepHuecKod. .

Qopmyay Ang TENJOSMKOCTY 3JACKTPOHHOTO raza MOXEO no.uﬁ
YHTb, €CJIM H3BeCTHA 3ABHCHMOCTL 3Hepruk Pepmu v nonno#d anep-
FHH 37CGKTPOHOB OT TeMmepaTyphl. JJid HaXoxKIeHWs 3THX 3aBHCH-
mocTelt HeoGXoAWMO 3HaHHE pacHpejes]eHHs 3JMeKTPOHHHX COCTOA-
HHfi IO SHEPTHH, KOTOpoe ABAsfeTcs HanbGoNee BaXKHOR XapaKTepH-
CTHKON 3JEKTPOHHOTO 3HUEPreTHYeCKOro cnekrpa. JJaa onucaHud
3TOTC DACHpeieNieHds BBeA€M MOHATEE NJOTHOCTH COCTORHHM,
CHoBa, K4K 9T0 MH AelaMH AJs x-npocTpaHcTBa (pHC. 6.4), B mpo-
cTpailcTBe HMOYAbCOB HocTpoum cdepwm pamuycamu p n p+dp.
O6bem cepraeckoro cnod ToaRHOR 4 p .

chﬂ=ig- (p+dp)3——4—:—p3,~.,4n pidp. (6.58)_,'_

Pa3o6beM p-npocTpaHcTBo Ha (asonsle suefiky obbemoM (2r k)Y,
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rane V — obbeM kpucrTanna. B ob6veme d Ven Takux sueexk Gyzer

cha _4J'l:p|2dpv

D=V Owh)

(6.59)

Jpeprys CROGOLHOTO 3NMEKTPOHA pPaBHA

E=p*/(2m), (6.60)
rge p=muv — HMOYJALC 3JEKTPOHA, U — CKOpPOCTb, M — Macca
snekTpora. 3amensas B (6.59) umnynec p sHepruefi £, noayqnm
Vv ( 2m

de=omT\ %

32
) EVIdE, (6.61)

Torfa YuCNo KBAHTOBBIX COCTOSHHA B eXuHuue ofbeMa Meraina,
JeXanHx B HuTepsane or £ zo E4-d E, pasuo

dz 1 2m )3:’2 "
= (=) Emde. (662)
Beauwunn .
1 ( 2m )3;2 1 (R RT
@7 \ Er=N(E) (6.63)

eCTh RAOTROCTG COCTOAHUG, T. ¢. QUCAO COCTORHUE 6 eOUHUYHOM
unTepsase Inepaull das edunuunpzo 06Bema Kpucraara. Bug
O¥HKIHE NAOTHOCTH COCTOSHHH MoKasaH Ha puc, 6.12, Tak Kak Ha
KaXIoe KBAHTOROE COCTCAHHE, B COOTBETCTBUH ¢ NpHHIHnoM Ilay-
2H, TNPHXOAHTCH ABa 3JEKTPOHA C NMPOTHBONOJOMHO HampaBJeHHH-
MH COHHAMH, TO YHCAO 3JeKTPOHOB, NPHXOAsIIeecs Ha eAUHHIHLIA
MHTEPBAJ SHEPerHd AJNA eAHHHYHOLO ofbeMa KpucTanna BOAMSH E
¢ vueToM GyHKOHH pacnpeieneuns ®epmu — Iupaxka u dopmyau
{(6.62) Oyper naBaTeCA BHpalKeHHEM:

2 ( 2m )31"2 EnRgE
(2m)* \ R? e(E_EFm"BTJ

dN=2 N(E)}(E)d E= (6.64)

Ias toro, uTo6n HafTh 3HeprHio PepMH, HYXKHO BHUHCIHTL CyM-

Pue. 6.12. TlaotHocte co-

cromak N(E) mas cgo- Mg} 73
OofHWE 3IeKTPOHOB B ﬂ
MeTane H IMIOTHOCTL 34- \ !
TIOMEEEEH X cocToARHl \[ M Gk
nby Tz oK
N(E)-[{E) B coorBerct- .
BAH ¢ saxoHoM Depmu— \-‘:-9« oo
Mupaxa {oazx T=0K H 0
T>O0K)} Er £

221


http://www.print-driver.ru/?demolabel-ru

MapHOE YHCAO 3MeKTPoHOB N HA BeeX YPOBHSX, STO MPHBEAET i
BHPAKEHUIO

T 2V [9m \(  EVdE
N= j 2VN(E)dE= __é'( =z ) .[ (E—E )/
Mpu T=0 K, f(E)~1 HurerpupoBanue Wago BpecTH OT O a0 E=

=Ez(0), Toraa
E

F
2V (2m VA o :
= ———— ——— E. 3
57 7 {E d (6.66)
Orcrona - N W R [3pm R :
B (2 - 2 e
Ez(0) 2m( 8xV / ~ 2m \8xa sm BT M,

(6.67)

rae n=~N/V -— KoHUeHTpAURA SJACXTPOHOB HJH UYHCAO 3AEKTPOHON
Ha eXBHHNY O0beMa KpHCTaAda., Bagp A=1,05.10-% [dx-c, mm
=9,1.10~8! kr, n==10% M-, nosayqIuM

Ep(0)=8-10-" Nx=>5 3B,
IIpy 7>-0 onpegenense ypoBua Pepmn CBOAHTCA K BHTHCAL
HHIO BHTEIpana

]‘° E\RdE

(BB )x,T)

(6.68)

0 g

HockoAbKY 9TOT HHTErpat BHYHCAMTL TPYAHO, TO HCNOJLIYIOT TO1
tpaxr, 9ro B6An3H E=Ep ¢yuxnuus PepMH ouenb KpyTo magaey
BHH3, H, IPOH3BEJS pasoKeHHe B PAl, NOAYTAIOT:

. . T
Eol(T)= {.__f.‘._ K8l N .
r(T)=Er(0) 11 12[ E2(0) T+ } (6.69)
Tak xak sweprus Pepma Er(0)=5 3B, a #zT mpu T=300 K co

crasizer npeMepso 0,03 3B, ro B Meraanax yposens PepMnm cia
G0 3aBHCHT OT TeMmeparypHl.

Monynennoe Bupaxenne (6.63) A% DAOTHOCTA 3/AeKTPOHHHX
COCTOSHKA B MeTajne MOSBOAACT BHUHCAHTb SHepruio U (T) saex

TPOHOB NPH KOomednoR teMneparype T W 3JeKTPOEHYI TemJIoeM-
xocrb Cyo1(T).

Oueprusn U, 371eKTPOHOB B eAHHHIE ofbeMa paBHa:

U.(T)= | Ef(E. T)N(E)ME. (6.70)
) _
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prrerpapys (6.58) no wacTaM, HaxoxuM
o ET
v.n=e@®iET) T — | oy 2LED 4p, (6.71),

0 0
rae

o(E)= | EN(E)ME.
]

Ouepnauo, uro p(E)=0 npu £=0, a j(E,T)=0, npn E-—> oo,
Torma NepBoe ciaraeMoe B npaBolt wacTd (6.71) mcuezaer m

U, (T) =— J u(E) —afa—wgﬂdf

[Mockoasky dyukuus & f(E,T)/0E npu TeMnepaTypax T{Em‘xs
6aH3Ka K 6-yuxuun ¢ uentpoM npu E=Ep, ocTabineecs HHTRIrpH-
poBaHHE MOXHO BHNOJHHTE, pasaoXup v(E) B pax nmo cremeHsaM
(E—Er):

O(E)HU(EF)+(E—EF)0’ (Er)+ 5 2 (E—Er)?v” (Ep)++-

MMoacraeue 31o pasnoxenue B (6.71), noayunm

Ep

we(T)=— | EN(E)dE J‘—‘a—f%l)-da
0

—Ez N(Ez) j (E—Ex) ﬂ%;l-ds

1

T2 dEg

Iaa pcex pasymunix Teunepa'ryp Epl(ka T) BeJIHKO H, MOCKOJBKY
NoANHTerpadbiHe BbElpameHna 8 (6.72) sameTHo OTAHYATCH OT
HyJsi JAmnb RGAHSH TO HEXHEE OpeAe]H y HHTErpajos, B KO-
Topue pxopar df(E,T)/dE, npaktuueckn Ges noTepd TOYHOCTH,
MOXXHO 3aMeHHTh Ha —oo,

Tar kax tbynxn.ﬂa Jf(E,TYIE qe’mas OTHOCHTeJILHO apryMeH-

[Er N(Er)] J (E-E,)s-j-(-'—-ldg (6.72)

ta (E—Ey), 10 j"”(E D yg=1, I (E—£7) 218D ypg,

ES.HH cHeaath sameHy HEPEMEHHHX (E—Ep)/ (k3 T) =%, To

.[ (E-—.Ep)z(ﬂ‘%ﬂ) d E cBOAHTCS K TaOJHYHOMY HHTErpany

o
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texdx o2

A CE N LR

TakuMm o6pasoM, dopmyaa (6.72) sanmuleTcd B BHAE
2 2
Ue(T)= 5~ N (Er) Er*+ T (xa T) N (En), (6.73)

rie sHeprus Pepmna £p=FEp(T) (cMm. (6.69)).
C nomowsio (6.69) dopmyay (6.73) Aasx sHeprEu s.nem-ponon
fpeofipasyeM K BRAAY

Us(T)=Us+ 5 (5 T)* N[E# (0)], (6.74)

rae U2 — sHeprus anexrponos mpu =D K.
Ha (6.74) nas TenaoeMKOCTH SJACKTPOHHOIO Tasa eaHHHIH
ofibeMa MeTaad MOJYIHM:

aU. 2 -
cp=| L]~ 2 NiEn0)17=

_ n? [ fCBT
=S ron| g2 =wr. (6.75)

Teneps cpaBHHM BHpaxenue (B6.75) ANg TENNOEMKOCTH 3JEKT-
POHHOTO Ta3a ¢ KJAZCCHYeCKHM pe3yJAbTaToM AJsA HAeaiabHOro rasa
Cl‘*’,ﬂm*‘jg n xg. Jaa aToro BO3bMEM OTHOIIEHHE

an
v o_m[ kT ] ;s “2[ (6.76)
Cer 2 VER(0) Bnn, EF{U') '

310 OTHOWEHHAE NPONOPHHOHANBHO TEMNEpaType, H JAaxe HPH
KoMHuaTHoH Temumepatype (300 K) paBro no mopaAKYy BEAHUAHH
Beero Ak 10-2. DruM. 1 o6bACHAETCA TOT (AKT, YTO CBOGOAHEE
9JEKTPOHDI IIPH KOMHAaTHOR TeMnepaType He BHOCAT BKjaafa B TeNl-
JIOBMKOCTb MeTajroB, {lps TeMmeparypax 3HauHTensHo Golee
HH3KHX, YeM KOMHATHAs, TEMJIOEMKOCTh, ofycioBJeHHas koxeba-
HHSMH pemieTKY, 13JaeT NpoloplHoHanbHo 72, a TeloeMKOCTb,
08yCNOBJCHR2S 3AEKTPOHHHM rasoM, wp3Mersercd JAnrHeRno. Tak
UTO APU HUBKUX TeMneparypax oﬁmee suipaxcerte drn ydeabrol
TenAGeEMKOCTR TBepdo20 Tead GydeT umers aud:

Cv=vo T-yp %, (6.77)

B6au3u aAGCOMIOTHOTO HYAsl TENAQEMKOCTb, CBA3aHHad ¢ Koaeba-
HUSMHA pelleTKH, najaer OLiCTpee 3JEKTPOHHOR TeNmI0EMKOCTH
{puc. 6.13). TlpupaBuuBan TennoeMROCTH Cpen==Con [cp. hopMyaHN
(6.37) u (6.75)], MoXHO onpeAeaHTs TeMNepaTypy, HagaHas € KO-
TOpOA, NPH NOHANERHH TEMITepaTYPH!, CTAHOBHTCA CYHNIECTBEHRHM
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Pae. 6.13. B6asss OK Temno- Cviamn K
EMKOCTL  S/IRKTPOHHOTO ra3a Cou ~ TS
BHINE TEMVIOEMKOCTH  PeLIeT: 16 L pew
T ¢ --Temnepatypa, npH KOTO- '
poBl Cpem =Cou L2 Cop™T
. f)
08t
g4\
|

1 !
1020 30 40 T X

BK.1dA B TellIOeMKOCTh 3IJIEXTpOHOB. 3ra TEMNEPATYPE DNPHMEPHO

pa2BHA
Tom100p. (6.78)

6.5, TERIOBOE PACIIHPEHME TBEPABIX TEJ

TIpn paccMoTpeHAH KOMEOAHHA ATOMOB KPHCTAJNIHYECKOR pe-
IIETKH, 2 TAKKe TENJOEMKOCTH TBePAHX TeJ, CBAIAEHOR C THMH
Ko/NeGaHHEMH, UPEANONarafoch, YT0 CHAH, NERCTBYIOLIHE MEXIY
ATOMAMH, YOPYTHE M 4TOMH COBEpINAIOT IapMoHHUECKHe Kodebanus
C MaJWMH AMIUIMTYAZMH OKOJO HX CPeAHHX NOJOXeHHH pasHOBe-
CHA. 3To NO3BOHJAO pasleliATh BECh CHEeKTp koyNebaunfi Ha Hesa-
BHCHMbBIC MOAB, DACCIHTATh B 3TOM NPHOMKEHHA TEILIOBYIC aHep-
TN KPHCTAJAA2 H NONYUHT: (GOpMyJy IAS TeNJ0EMKOCTH, XOpollo
ONACHBAOMYIC ¢¢ NOBEASHHe INpPH HH3IKHX H BEICOKHX TEMIepaTy-
pax. ORHaKO AJs OObACHEHHs psAfia ABJCHHM, TAKHX, HanpuMep,
Kak TeINIoBOe DACIIHpeHHe TBEePAHX TeJ M  TeMJONpPOBOAHOCTD,
CAe/aHHHX NMpPeAnoMOXeHHH yXKe HEJOCTATOYHO H HeoOXOAHMO NPH-
HHMaTb BO BHHUMaHHe TOT (PaKT, UTO CHJIH B3dHMOJeRCTBHA MexAy
aTOMaMH B pelllcTKe He COBCeM YHOPYFHe, T. €. OMH 3aBHCAT OT CMe-
OieHHA ATOMOB M3 fTOJOXEHHS PaBHOBECHS He JHHeflHO, 4 cofepXar
AHTapMOHHYeCKHe 4jeHW BTOpofi M Goslee BHCOKHX creneHef,
BJIMAHHE KOTODHX BO3PACTAeT C POCTOM TeMIepaTypPH.

Ipexge Bcero moKaXkeM, 4TO, eCAH OH CHAH, YAEPXHBAIOUIHe
a4TOM B COCTOAHMH PaBHOBECHS, JHHEHHO 33BHCEeJH OT ero cmelle-
HHS, TO TeNJOBOe DACUIApeHHe OTCYTCTBOBAJNO GH BOBCE, T. €. Das.
MepH TBeDJIOrO TeJla He 3aBHCesnH OH OT TEMIEPaTypHL ‘

PaccMoTpuM npocTylo MOZeNbs ABYX 4TOMOB, DaciloJIOMEHHHX
no coceacTRy. IlofryeTHM, ¥T0 MeXAy 3THMH aTOMaMH HMEeT Mecro
ynpyras cuja BaauMopefictBHA. Torpa JAuHefiHOR 3aBACHMOCTH
CHIB OT CMEIUEHHH X aTOMa H3 MOJIOXKEeHHA pAaBHOBeCHH NpH X=iy
Gyder cooTBercTBOBaTh napaloiHuecKHR X0J NOTEHKHAJBLEOH
speprun (puc, 6.14): -
U(x)=C x*/2=p x2, (6.79)
rae C=2p— kos(putiuenr xeasuynpyzoi cuasl,
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ue) ; Y, |
(x} -— W =—Cx (6.80)

xxp | Kak Buano Ha puc. 6.14, npn Temmne-

o h ¥ parype T; aTOMH KoaeGJoTcA T2K,
A VIR LN A UTO MEXATOMHOE pacCTOfHHe H3Me-
Tp LXz 4 HAeTca o1 A, 30 B; co cpeAHuM 3Ha-

A: ik B, YeHHeM < x;>>=Xp, OpH T, MexXarom-

1 5 HOE pPACCTOSHHE . MEHAETCA 0T Ay 2O

Uy By €O CpeMHM 3HAUCHHEM < Xg>==

=Xy A T. A. [JloCKONLKY KpHBAHA TO-
Prc, 6.14. 3asucemocTn moTeH-  TeyuMaNbHOR 3IHEPTHH CHMMETPHYHA
:l?:ﬁfmgég?m& c;‘;)";{i’;’;’f OTHOCHTE/IBHO MPAMOf <Cx>>=X0, TO
weckuht wnem: T,<Ta<Ts cpeHee MeXAaTOMHOE  DACCTOSAHHE
<CX> He 38BHCHT OT AMILIHTYIH Ko-

JleGaHAN aTOMOB M OCTaeTcd PaBHHM X, Np# Jwboil TeMnepaType.
ITOT Ka4eCTBEHHHA pe3yibTaT 3J€MEHTZPHO MOXKHO NOAYIHTH

H MaTeMaTHuecKH. B caMoM jgejne, RepOATHOCTb OTKJIOHEHHH ATOMA
OT [OJOXKEHHS PABHOBECHH Ha BeJHUHHY X, COTJAcHO DonblMany,

cocTasJader
—t{x)f (s T

P(x)=Ae B (6.81)
Torma, no onpegeneHno cpesHero, cpepHee cMemenHe

+o0 450 .
ij(x)dx j xe Pl gy

<X = =— . =0, (6.82)
[Pawaxr e lesm 4y
—0 —r
NOCKO/BKY NpPH di060M HedeTHOM 7
e 2
J xneg B o 57 d x=90.

TaxkuM oGpa3oM, PacCTOANME MEXAY aTOMaMH, COBEPUIAIOIIHMH
rapMOHHUecKHe KoNeGaHMA, NPH HATPEBAHMH HE HIMEHASTCH, Tak
KaK HX CpeiHee cMellieHHe <Ix>>==0, a ciefopaTeJbHO, H Telao-
Boe pacilApeHHe NOMNKHO OTCYTCTBORATD, UTO NPOTHBOPEYHT peaJb-
Hoft caryaund. Bece TBepaHe Teta or HarpeBaHMs pacWIHPSIOTCA.
OTHOCHTENbHA BEJHYHHA 3TOTO DACIIHPEHHS H2 OLHMH TPARYC LA
OobIIHHCTBA TBEPAMX Tea nopanka 10-5. B taGaune 6.1 npuBegens
sHauendd KoathGHIHEHTOB JNHHEAHOr0 pACIIHPEHNA AJNA HEKOTOPHIX
H30TpONHMX BemecTB. (*HaHHHe B3ATH H3 clipaBouHHKA «TaGiHIE
thrznveckux BesMuHH» NoA penakiunell akajzeMuka M. K. Kakonua,
Aromuspar, 1976.).

Tennoroe pacilliperHe pellieTKH HJH H3MEeHeHHe PABHOBECHOLO

226


http://www.print-driver.ru/?demolabel-ru

Ta6anua 61,

(mpa womBaTHOA ToMtCpaTYDE)

Tesmeparypatle xoohGHIHCRTH IUREAROTO paciNperna

Bemectso | «.10% K—! | Bewecrso -|x. 106, K1 Bemecrso o . 106, K-!
Li 56 Ge 58 Ag i5

B 2 Fe 12 Cd 32,5
Cu 16,8 Co 12 Au 14

Ga 18

ofbeMa Vo NpH H3IMEHEHHH TEeMHEDATYDH, XapaKTEepH3yeMoro TeM-
nepaTypHBM  KosthpmuHenToM  ofbeMHOro  pacirMpeHHA =
=dV[(VodT), ofycaosicHo acuMMeTpHel B3aHMOEHCTBHI MEXAY
aTOMaMHA, BH3BAHEOH TeM, UTO CHJ2 OTTRJKHBAaHAS BO3pPaCTaer
fbictpee NpH cOMMMKEHHH ATOMOB, UM CHJAZ NPHUTSIKECHHA OpH  HX
YAANCHHH APYT OT Apyra. JTo NPHBOAMT K HenapaboaHueckoMy
BHAY KPHBOI NMOTEHIHAJNLHOA SHEPTHH B3aHMOAelcTBHA (pmc. 6.15).
[lpu T, aToMH Kone6al0TCAd TAK, 9TO MEXKATOMHOE pACCTOAHHE H3-
MenseTcd ot Ay g0 B, co cpegHuM BHazeHneM <Zx;> {puc, 6.15).
IIpu Gosee BHCOKOH TeMuepaType I MeKaTOMHOE DACCTOSBHE
MeHsneTcT oT Ay A0 Bp, cO CPpeAHHM 3HAYEHHEM < Xy>> S>|<X| >
K T. 1. Tak Kag <X > << x9>'< < X3 2>, TO TBEpAOE TeJI0 C 7Q-
BHIICEHEM TeMNepaTyps pacHIMpseTcs.

B pacuerax KO3(dHIHEHTA TENNOBOrO PACIIHPEHHA (PAKT ACHM-
METpHH YIHTHBAETCS BBeJlcHHeM B (OPMYaY RAf NOTeHILHAJBHOH
. JHEPFHH B3aUMOJERACTBHA AHTAPMOHHYECKHX UJleHOB. 3T0 rnedaeTcd
TaK, ITockoABLKY NpH KoJeGaHHAX PEleTKH ee ATOMLl HCHHTHBAOT

HeGOJbINNE OTKJIOHEHHS OT NOJNOXEHHH DABHOBECHA, TO 3HEPIHIO
PAaCKAaAbIBAIOT B Dsfi, OTPAHHUHBAACH WNEHAMH [0 QETBEpPTOrO
NOpAAKa BKIIOUHTCIBHO:

U (x) =— U 52— 54+, (6.83)

rie ]
_l(dzU) B l(d3U)
S ) R S W P
JOasa pacuera <Za>> mpencTaBHM SKCOHeHTY B (opmyae (6.81) B
BHIE
tifx)

Puc. 6.15. 3apHcHMOCTh DOTeH-

UHAAEMOR SHeprHM B3aHMoOned-
CTBUA MEWAY ABYMA aTOMaMH ¢
V9eTOM AHTADMOMHUECKAX  wuje-
OB, T, < Tp<Ty 0 K=ty .
A T, Xs
H s
Ay T2 ¥2 -
Ai I A
PS5
Ua i
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—U/(uBT) _ (e Uﬂj(xﬂ’r)

2 > 3 .
Yo fix 1) ) [H— foT 'I (6.84)

B dopMyne (6.84) skcroHenTa, COOTBETCTBYIOL{as aHT2pMOHHYe-
CKOMY uJI€HY, Pa3/ioXeHa B Pk

3/ x3
gximp T) .r"‘-.!( g )
e 1+ % T/ "
Henmonbays gopmyas (6.82) u (6.74), HadijleM < x>
x> ==

o0 _ o0
{ xexp[—p 2/ (xoT) Jdx+[a/ (aT)] | xexp[—p ¥/ (xaT)]de

= e oo
| expi—p 22 (xsT)ldx+[eixaT)] | 5 exp[—p 1%/ (xaT) 1

B (6.85) - (6.85)
o0 .
j xexp[—B x2/(kpT)]dx=0 =u I exp[—B % (kp T)]dx=0

BBHIY HEYETHOCTH NMOJABIHTErpajgbHON (QYHKHHE, a

+oo oo
I e—ﬂxzfch T)dx=( Jﬂi‘ﬁs T )1,"2 . J‘ o e__p,ﬁ/(xBT]dxz
- 3 mif? -
LI

OxoHuareNbHO LIS CPeAHero paceTOAHHS MeXIY aToMaMH INoJdy-
YHM BHIPAXKeHHe: '
3
x> =B ks T (6.86)
4p2
Taxum obpa3om, npu yueTe OGH2OPMOHUYCCKUX 2AeH08 & dopmyare
A% NOTERYUAALNOL 3HEpaUYL NPU NOBBLILUEHIY TEMAEPATYDbE YBLAlL-
HUBOETCA He TOAGKO OMRAuTyOa KoaseOauwdl OTOMOB, HO Taiwe
npoucxoduT yseiuderue CpeOHux paccrosniuii mewmdy HuMy, 4TC
geder K pacuupeniio Teepdoeo Tead.
BocnoapsoBaBinch Gopmyaocit (6.86), nerko BuIMHCAHTE KO3¢-
(PHHHEHT AHHEAHOTO TENMOBOTQ PACUIHPEHHSs:
e I d<x> _3xsg (6.87)
X aT 452 xp ’
T. . TeMREepaTypHHA KoaddulHesT TenJoBoTo pPACHIXPEHHT AJS
R3HHOTO BellecTBA ®BJALTCH TOCTOSHHOR BEeJMUHHOH M NPONOPILAO-
HadeH Ko>pQHIREHTY aHrapMOHHYHOCTH g.
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8.7. TENAONPOBONHOCTL TBEPADIX TEA

Bece reepane tesa B Tol MM HHOH CTENMEHH CIOCOGHBI RPORBO-
AuTh Tensio. Ofid Tena NPOBOAST TEMAO Jydue, ApyTHE — XyikKe.
B H30TpPONHOM TBEPAOM TeNi¢ PACMPOCTPAHEHHEe TENJd MONYHURETCS
3axory Pypoc (1822 r.):

a=-K grad-T=-—K( %—i—) n (6.88)

-
rae ¢— BEKTOp, MOAYJb KOTODOrQ paBeH NoTOKY Tela uepes
-l

e AHHHYHOR CCHYcHAC, ﬂ&p]’lEHﬂHK}’J‘!HpHO@ q. T— Teunepa'rypa,
! 3

OT[0n — TpagHeHT TeMNEPATYPb BAOJb HOPMAJAH 11 K H30TEPMu-
ueCKOA MoBepXHOCTH, K — KO3(PPHUHEHT TENJIONPOBOAHOCTH. 3HAK
«MHHYC» B TIpaBOH wacTH sHipamenus (6.88) cBasan c teM, uTo
TeNJO TEYET B HANIPABJIEHHH NPOTHBONOJOMKHOM TPAXAEHTY TEMIle-
paTYpH, T. e. OT ropsAuel 06JacTy K XONOLHOML.

v
JL18 aHU3QTPONHLIX TBEPALIX TEA (, B OSMmEM caydae: He COBIa-
L4eT ¢ HanDaBJCeHHEM HODPMAJH K H30TepMH‘IECKOﬁ NOBEpXHOCTH H
ypaBHenune (6.88) saMeHAeTcH COeLVIOLIHM!

a7 .
hastamal 97 nremnd 6.89
& ¥ axj ( )
rae Koadpunyuente K; o8pasyior CHMMeTPHUHBIA TeH3op 2-ro panra:
Ku Kiz Kis
Kipg=| Kn Ko Koi, Kiy=Kj. (6.90)
Kz Kaa Kss

Ecnx Tenzop (6.90) npusectu x rnasubpiM ocaM (%, 4, z), TO OH
3anuieTcs B BHXe

Ko 0 0
0 K O (6.91)
0 0 K;
Torpa ypasnenns (6.89) mpuunMalor npocTyio hoMy:
ar aT ar
fi‘1=-—KId—;, ‘Q2=—Kzay i gy=—K3 EPRE (6.92}

AHH3OTpONHBIE KPHCTANNB OOBINHO XaDPAKTEPH3YIOTCs KO3(duLM-
eHTAMH TeIJIONPOBOJAHOCTH B HANDABMEHHAX DNJIABHBIX ocedl. B ¢ne-
TeMe CH kosafdrUHEHT TemJonpOBOAHOCTH HMEST pa3MePHOCTh

BT/ (u-K).

88. TEINIGIIPOBONHOCTD, OBYCAOBAEHHAS ATOMHLIMH
KOJEBAHHAMHA

B ofmeM caygag 8 TBEpPABIX TeNAX HMEIOT MECTO JBA OCHOBHLX
MeXaHH3Ma TiepeHoca Tela: fepeHoC TeNJIOBOH 3HeprHH CceobOA-
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HBIMH 3JIEKTPOHAMH H NEPEHOC TenJOBOH 3HEPIHH 2TOMHHIMH KoOJe-
GanuamMi. B Mertannax jpeficTeyior ofa MexaHH3Ma OIHOBPCMEHHO.

CHazana pacCMOTPAM MEXaHH3M PaCHpOCTPAHEHHS TEII2 ATOM-
HHIMH KOJNEDAHHAMH B KDHCTaANax, B KOTOPHX HeT CBOOOAHHX
3JMEKTPOHOB, T. €. B JM3JNeKTpHK2X, [loCcKoMbKy ATOMH B TRepJOM
Tese CBA3QHH MeXy coGOH, TO NpH HArpeBaHHH KaKoro-1ufo yua-
€TKa TeAa aMNAuTysa KonefaHuH 4TOMOB 3TOrO YUYacTKa YReNH-
HHBACTCH H ATOMEL NPH CBOEM JBIHKEHHH TOJKAKT COCeJHHE ATOMH,
KOTODHE, B CBOI0 OUepeAb, MepelaioT 2T0 ABHKEHHE CROHM CoCepdM
n 1. 1. KHHeTHuecKas sHeprus KoleOaHHI aTOMOB NIepeHOCHTCH,
TaKuM o06pa3oM, OT HarpeToro ydacTka K Oosee XOJONHOMY.
MagpocKonuuecKH MOTOK KHHETHYECKOH SHeprHH &TOMOB BHIISAHT
KdKk MOTOK Temja. JTOT npoliece OAHHAKOR C NPOLECCOM pacmpo-
CTpaHeHHs YNPYTHX 3BYKOBHX BOJIH B TREPJOM Tese,

py ofpAcHeHuH ABJEHHA TENJONPOBOJAHOCTH M yXe He
MOXKeM CYHT4Th, YTO aTOMBl COBeplIalOT CTPOro TrapMoOHHYECKHe
KoNeGaHH®, pacupocTpaHdiomdecs B KPHCTAIHIeCKOH pelleTke B
BHAe CHCTeMbl He B3auMojeficrayiomux Mexay coGoff ynpyrex
BOJMH. TaKHe BOJHM paclpOCTPaHANHChL GH B KpHcTaade CBoGOLHO
fe3 3aTYX2HHA A, CeA0BaTeNbHO, HMeNH Obl HeOorpaHHYCHHHHA CBO-
fSozumit npofer; NOTOK Tellna, KaxKe IPH MAaJBIX TpaJHEHTaX TeM-
DepaTypll, MOr OB CyIIeCTBOBATH HEONpPEAEJEHHO A0Jro, ODPEXAe
geM YCT4HORHJOCH OHl TelIOBOe paBHOBeCHE, a TEIJIONPOBOJAHOCTH
Omna Gu GeckoHeyHa. :

B peanstelx T8epOelx TeraX, xaxk NORA36IBAET IKCNEPUMEHT,
TenAONPo8OdHOCTE oKa3biadeTcs KoHeunol, KoweuHoe 3Hauerue
Ten onpoBOTHOCTY CBR3ANRO ¢ TeM OBCTOATCALCTEOM, YTC 8 peats-
HOM KpucTaiie KoreOONUR aTOMO8 KPUCTQAAUMECKOU pewieTKku e
RBAROTCR QUCTO 20PMOHULECKUMY 1183-3Q TO20, 4TO CUAbl  B83ALUMO-
delicToun mexdy QTOMOMU HEAUHEUHO 3QBUCAT OT CHewernd
aromos.

AHrapMOHHUECKHA xapaktep KodeGaHuil OOGHYHO YYHTHBAETCS
B pasjoXeHUn MNOTeHNHaabHOR 5Eeprum [em. (6.83)1 anrapmoun-
YeCKHMM YJeHOM g X3, BBoAdA B pasfoiKeHHe MOTEHUHANBHOH SHEPTHH
AHrapMoHHYeCKHe 9JNeHH, MH TeM CaMBM VUYHTHBaeM HaJHYHE B
peanbHOR CHTyaltHH BaammojleflcTBHS MeXAy MOLaMi kKoaeGanui,
KOTOpPOE Tpome BCCLO MOXHO ONHCATh Kak paccesHHe (IOHOHOR

- .
Apyr Ha iapyre. BepoarHocth pacceanun dononoB MogH (K, @),
-

XapaKTePH3yeMHX BOJHOBHIM BEKTOPOM K, M 9acToTofi »y, NPH
y9eTe B NOTEHUHANLHOA 5SHEPTHH AHTAPMOHHIECKOrO WIEHA g X3,
3aBHCHT OT NPONECCOB, KOTOPHE BK/W0YAIT B3AHMOAEHCTBHN TpeX

- -
mon. Hanpamep, sHeprus Mon (X, ©() # (Xg, we) MOXeT nepeiTH
-
34 cueT B3aHMoAcHCTBHA B MOAy (Ki, ®sz). 3TOT MpoIecc MOKer
-
NpoTeKaTh ¥ 8 08paTHOM HANDABAECHHH — 3HEPIHA MOAH (Ka, w3}
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ﬁw,, ‘h;;

h&)z,ﬁ?(-g
hwy,hK; hey, hk;
- b, ks
fﬂﬂg,ﬁk 2 303
2} -0
Puc. 6.16. Cxemarnieckoe H3oGpameRHe BOSMOMKHHX
THACB CTOAKHOBeHHR dwoHoHOB: a — ZBa OHoHA

npeBpallialoTes B OMH, 6 — OJHH (OHOR Dpacnafa-
ercA Ha JABa

MOKeT nepeﬁ'm B 3HePIHI0 MOJ (Kl, nu)l] H (Kz, -mg) HA4 3HepPTHA

MOABE (Kl, ®1) — B SHePTHI0 MOA (Kg, oz) H (xa, w3). TaxHM
obpasoM, paccesiHHe (HOHOHOB Ha (POHOHRX CONPOBOXKAAETCH pPOXK-
JleHEeM H HCYe3HOBeHHeM (oHOHOB — aufe ABa (oHOHa mpespa-
utaloTesl B OAHH, JAGO (oHOH pacnajaerca Ka Asa (puc. 6.16).

[Matiepac (1929 r.) moxa3zan, 4TO BePOATHOCTh YKa3aHHEIX llepe-
XON0B B Cayuae TPpeX(@OHOHHHX npoueccos SyfeT OTJHYHA OT HYJA,
€CJIH BHIIOIHAIOTCH ABA YCAOBHA!

B or-Fh 02T 05 (6.93)
% k(% Ko=F Ks+G, (6.94)

e - = - - -

rie G=2x H, H=h a*-}xb*}{c* — pekrop ofpaTHoR penterxu.
Bmpamenue (6. 93) npencrasader co6of 3aKOH COXPAHeHHH SHep-
THH AAs Tpex()OHOHHOTO Mpolecca, -

DOHOH ¢ BOJHOBHIM BEKTOPOM K H  £.4

1acToTOR @, Boobnie roBopH, He 06- el Bt
JagaeT MEXAHHJYECKHM HMIYJAbBCOM (E
xak oObUHas MaTepHalbHAR JACTH-
—
1a, OOHAKO BeAHYWHA R K, Ha3siage- , >
Mas KeABUUMNYAbCOM, BO MHOTOM . o 2, Py
cX0AHA ¢ HMOyJnbcoM. Boipaxenme 27 ,
- &+ & =& + &
{6.94) npr G=0 cooTBeTCTBYET 3aKO- FiB =T+l
HY COXPaHeHHR HMNYJbCa. B3aa#aMo- 1HRTRTA
- Puc. 6.17. Cxema npotec-
Zeitcreue, npu xotopoM G=0, Hazbi- ca B3aRMOAeHCrBHA OOWY-
aaercs HopMarsNuiM, uiun N-npoyec- HEX JacTHIl, A7A KOTOPHX
cosm. Haspanue HOpMaJbHBH mpouece BRNOATANICA SAROHB CO-
XDaHeHHA SHEPTHH H HM-
MPOACXOAUT OT TOrO, UTO OH aHANO-

o nyAeca, 2 TAKHME qHCAE
rgycH HPOHECCY ‘B3AHMOOEHCTBHA saa“MoﬂeﬂCTBym]ﬂKI qac-

OOHYHRHX yacrHll (HanpHMep, 3JEKT- THI
DPOHOB)}, B KOTOPOM BHINQJHAIOTCH 33-
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KOHH COXDAHEHRA SHEPrHE ¥ uMAyabca (puc. 6.17).

B oTaagne or OGWYHHX YACTHY NPH B3aHMONEHCTBHH (HOHOHOB,
KaK BUIEO W3 BHpaXewwh (6.93) w (6.94), a Tarxke u3 puc. 6.16,
yHCAO (POHOHOB HE COXPAHSETCH H, UTO caMoe CYHIECTBEHHOE, NPH
CTONKHOBeHHAX (POHOHOR MOXKET He COXPaHATbCH HMOYAbC HJH,
TouHee, HMNYJLC COXPAHAECTCS JHIIbL C TOUHOCTHI0 [0 BEJIHYHHH,
pasHO# BexTOpy ofpaTHoO#l pewrerkd [cM. (6.94)]. To ects B 3TOM
Cydae KpPACTAJIMYECKAs DEWIeTKa, B KOTOPOH ABHKYTCHA (QOHOHM,
TOXE NPHHHMAaeT VdYaCTHe B CTOJKHOBEHWAX, 3aGHDAH <«UacTh»

UMNYyJbCa, PABHYIO 6=2n H.

L
BaammogeiicTBHe, NpH KOTOpOM B sHpamenun (6.94) G+0.
TNatiepac Haspaa npoyeccor nepebpoca unn U-npoueccom. Tepmun
U-npodece NPOHCXOAWT Of Hemenxoro ciosa Umklapprozesse-
npouece nepepoca. B nponeccax nepefpoca 9HEpras JAONKEA
COXPAHATLCA TAK Ke, KaK U B HOPMAJbHHX Npoueccax.

74 TOro, 4yrofH NOHATH pasHuty Mexnay N u U-npoueccamw,
paccMoTpHM NOBeAeHAe (OHOHOE B MePBO# 30He BpHasosna npoc-
Tofl OpEMETHBHOM pemieTkH ¢ NapaMerpoM a (pmc. 6.18). Ilyers 8
pe3yJbrate CTOJKHOBeHHS B Touke O IBYX QOHOHOB ¢ BOJAHOBHIMH

-

-

e
BEKTOPAMH K; U Ky 06pasyercst (JOHOH ¢ BOJNHOBHIM BEKTOPOM Ka=
- -
=K;~Kp (puc. 6.18, a), Ecau BeIHyMHH HCXOAHBIX BEKTOpOB Ta-
. .

KOBH, UT0 CYMMapHH# BEeKTOp K; HEe BHIXOXHT 3a CPAaHHLL 0HH
Bpuanosna, o BCe TPH BEKTOpa HMEIOT NOJOXKHTEJIbHHE, OTHOCH-
TRJbHO Ky, HANPABJEGHUA W ANA HAX CNpaBefJuBHl yoaoBug (6.93) u

. -

(6.94) npm G=0. Onucannas KapTHHA cOOTBeTCTBYeT N-Npoleccy.

Hockorsry Tenaosassnepzus NepeHscUTCR 8 HARPAGACHUY 2pYNNC-

8ol cxopocTu Porora, To 8 caysae N-npoyecca manpasienue no-
-

TOKA aHepzull 8 mode ¢ BOMHOBLIM BEKTOPOM Ky, ouesudno, cosna-
daer ¢ HanpasienueM, 8 KOTOpOM 3(hEKTUBHO nepeHOCUTCR IHEp-

+7a Ky cafa e 6=27/2
el o - - L A e
Ky . ﬁ.;:k;"'kz k_, — = ﬂ‘,"_*}ff“'ﬁz
i i
2
_-'_"kx k_r
-nfa ] T " -Mfe 0 T
R/ -%/a
N-npoyecc U-npoyece
a) 8,
Pae. 6.18. CxeMathueckoe KHaolpamenHe TpexOROHRHX mpollec-
k] ™
cog B mepsoft 3some Bpumnwsua: — KK —
—nfagiy<Tla
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- -
eusl MOOGMU K, ¥ K. B Taxoli cuTyanms, xax noxasan Ilakepuc,
N-IpOLECCH caMH 1o cefe He NPHBOAAT K BOCCTAHOBJEHHIO pABHO-
BecHOTO pacnpelefeHHs (POHOHOB, 4 3TC 0O3HATAET, YTO KOHeUHHH
[ePeHOC IHEPTHH MOXeT COXPAaHATBCH W HpPH OTCYTCTBHH TpaiHeH-
Ta TEMOEPATYpPH, T. €. TENJONPOBOAHOCTL 6yAer GeCKOHeuHo GOMb-
OH.

Has daanocTpaunyd nponeccoB nepefipoca  TPeANOJNONKHM, UTO

- -

HCNXOJAHBIE BEKTODH K; H Ko HMEHT NOJQOXMHTENbHEEe OTHOCHTEJLHO

- " -

&, HaNpaBJEHHS, H UX MOLVJR TAKOBH, UTO BEKTOP Ki =K}+K, BH-

XOJNUT 33 rpaHdus 3onul Bpuanwessa (puc. 6.18, 6). Moxuo yr-
- R

BeDHAATE, MTO BEKTOp Kz* 3KBHBAJEHTEH BEKTOPY Kj, PACnoJOXeH-
HOMY B 30He BpuiosHa W HMelOIleMy OTpPULOATEJbHOR HATNpAaBJe-
R L

HHE OTHOCHTEJABHO Ky, B caMoM Jnese, BEKTOPH Ki* H K;, KaK Mbl

nOKA3AAN 8 24. 5, (UIULECKI HePA3AUNUMbL, XAPAKTepusyroT OOHC

¥ TO #e KonebaHMe H QTAMNAIOTCH LPYT OT APYra Ha HaWMeHLINHH,
kY g LY

OTAWYHBIA OT HYAst Bexrop ofparHoi pewerkr G, napajiesbHHi
OCH K, H B HalleM NMpHMepe paBHMA nn mMoaAyaw . 2 nfa. Jlerko su-
1eTh, uTo nocae U-npoyecca rensosas snepeus nepedaercs 8 Ha-
npABAEHUY, KOTOPOE HE COBRAOAET ¢ NANPABAEHUEM ZPYRNOSHIX

-

—_ -

cxopocrell 8 modax Ky u Ko. Tawxue cyufecTsexnbie U3MEHEHUR K
6ce20a 8edYyr K BOCCTAHOBACHUIO PABHVEECH020 pacnpedesenus o-
HOHOB, a ¢Aed0BATeABNO, I K KOMEUHOU BeAU4UNE TEnAONPOBOCGHO-
CTU.

Hpoanamsnpyem C TOYKH 3peHHA BHMIeOCNHCAHHBIX NpOUeCCOB
34BHCHAMOCTb KOSMODHIYEHTa TENJONPOBOIHOCTH OT TEMNEPaTypH.
Jlasg sToro. BocmoJdm3ayeMcs BuIpaxeHueM AJa4 Ko>(phumHeHTa Ten-
JIONPOBOAHOCTH, NOJYIEeHHHM B KHHETHUECKOH TeQDHH rasos, npel-
noJiarafl, 4To BMECTO IBHXKEHHA MOJeKysn HMeeT MeCTO JBHKEHHE
{hOHOHOB:

Kpem=1/3 Cy < v3a>> <hg > =3 Cy < vgs >, (6.95)

rae Cy — renasoeMxocTs edunuyst o06vema KpUCTARAR, CBAIARHASA
¢ KOrebaRuUsMY pellerky, < Vs> — CPeOHA CKOPOCTh (PONOHOS,
npubAUBUTEALNO PABHAS CKOPOCTU 38YKA 8 KPUCTOAAAE, KOTOPYI
MOXHO CUHTaTh ciabfo 3amucaued OT TeMmeparypH, .<lAg> —
cpednan dauna ¢80600K020 npobeza honono8, pasnas Cpedremy
Paccroaiuio, KOTOpoe OoHH NPOXOOAT MEeXAY JBYMH MOC/AefOBATE b-
HHIMH AKTAMH DACCedHBH, t=<hep>[/<Um>> — fheKTusHOe
spemMa peaarcayul, o6paTHAA BeJHTHHA KOTOPOTO T—' COOTBETCT-
BYeT 4acTOTe CTOJKHOBeHHH (oHoHOB., B (6.95) Cy M <Thgy>> nB-
JAAKTCH BeAHYHHEMH, KOTOpHeEe, B OCHOBHOM, ONpeAedHIOT 3aBHCH-
'MOCTh TelJIONPOBOIHOCTH OT rteMmepaTypH. Ilpu BHICOKHX TeMne-
patypax (T>»©p) yaeapHas TenaoeMkocrh NPRAGJIMKAETCHE K Mpe-
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JeJbHOMY 3HAYEHHN, onpefeiadeMoMy sakoHoM Hroaonra u Itk
(3N kp), T. e. CTAHOBUTCA He 3ABMCHIIEA OT TeMNEPaTYPHl, MO3ITO-
MY 3aBHCHMOCTb TEIJIOTPOBOAHOCTH OT TEeMIepaTypu GVaeT ompe-
AeJATECH l'lp_eHMY!I.lECTBEHHO TEMIIEDATYPHEIMH H3MEHEHHAMH IJK-
#B cBoGOLHOID npofera dononos, [lockonsky npu 3THX TeMnepa-
Typax uncio $OHOHOB OYEHb BEJHKO W M3MCHRAETCA ¢ TEMNEpaTy- |
pofi JauHe#HO
-
<1 (K, §) = ! = LX) , (6.96)

-

RO (K, s}/ {5 ,T) | ho (-;i, s)
e —

TO BEDOATHOCT: BOSHHKHOBEHHA mpoueccoB mepebpoca GymeT yee-
JHYHBATBHCH ¢ POCTOM TEMNEPAaTYPH H cCleAyeT OXHMATh, UTC TJACTO-
T4 CTONKHOBeHHWA t—! OyAeT PACTH HPONOPIHOHANBHO TeMIepaTy-
pe T, a clexosaresnsHo, andHa csofoanoro npobera ¢oHona Gyger
H3AMeHATbCR OOPATHO NPONOPUHOHANBHO TEMIIEPATYpE:

Ag~ 1T. (6.97)

- Kpem~ 1/T. (6.98}

ITpu nommxeHur TeMnepatypol (7T<8p) cpelHee WHCIO ($OHOHOB,
CNOCOGHHX NPHHATH yyacTHe B mpouHeccax nepefpoca, Kak 3To
caepyetr u3 (6.92), cnamaer no sKCHOHeHTe:
- 1 —8,/T
8K, §) 2> = m— =g . (6.99}
ha (g, 2){{x T}
e |

Torna npu T3»8p

Ortcrofa BepPOSTHOCTE Npollecca mepefpoca yMEHbIIAETCH TOKe 10
9KCIIOHEHTE, 4 ITO 03HAYaer, uTe B AAMHA cpoGoaHoro mpofera
(xax ® BpeMa penakcamur) GoHOHA OYAET 3KCHOHEHIHANBHO VBE-
JHYUBATHCSA C NOHHKEHHEM TeMIepaTyphl:
e,
L Zhpmi~e T (6.100)
YaespHas TEMIOEMKOCTh ¢ NOHHMEHHEM TEeMIEPATYDPH OYAET YMEHb-
marthes B cOOTBeTCTBHKE ¢ 3akonoM [lebGas kax T3, Ho pocr Tendo-
IIPOBORHOCTH NPEHMYLIECTBEHHO GyAeT MPOHCXOLHTH 33 CUET Pe3Ke
BO3PACTAIOIIErQ SKCINIOHEHIHAALHOTO uJeHa A <CAy>>, TOTAA
BD]T
Kpex~T2e . {6.101}
Ipu npuGas:KeHRH TeMneparyph! K ab6COMIOTHOMY HYJI0, KOTZS.
BepOATHOCTh Nponecca nepeSpoca CTAHOBHTCS MajoH, AJHHA CBO-
Gogsoro mpobera CTaHOBHTCA CPaBHuUMON C pasMepaMu obpasua H
HE 3aBHCHT OT Temileparyphl. lIpw faibnefiniem TOHHKEHHH TEM-
neparypH Ko3()(QHIHAEHT TeNJONPOBOAHOCTH BIMIOTh A0 HYJAdA Oyier
pPe3eko cmafaTh TAK XKe, KAK H TENJOEMKOCTb, T. €. KaKk 1°.
3aMmetuM, 9TO JAeeRTH KPHCTAMIMYECKON PEMIETKM TaKAS®
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BAHAIOT HA BelMURHY JUIRHH
cBOGOAHOrO Tpobera <Ay, peut
HO 3T0 BJHSHHE YMeHbIIaeTCH C

ir

|
NOHMKEHHEM TeMIePATypH, mo- /I Tt
CKOJIBKY B 9TOM cJiyyae HaHGO- R
Jee BAa)XHEIMH ABAFKOTCA AJHH- / l
I
!

HOBOAHOBHWe (POHOHH, AJHHH
sonx Koropux npH 1 K pocrw-
rajor sHaueHsfi nopapka 100 ¢ nK
MEXATOMHHX paccroguui. Ha

TaKHe BOJHH He BJAHFIOT Jledek- Pue. 6.19. Tunhuuan 33BHCHMOCTD
TH TNOPAAKA CPEAHHX MeEKATOM- Tﬂ:‘;"?g;;:é}f’;‘;‘;;‘:ﬁ I.F;ﬂé;’;g:ga%ﬂff
HEX DACCTORHHA, HO 3aTO OWH G, = TENNOMPOBOAHOCTE  ofpasua
pacceHBaloTCd HE IMOBEPXHOCTH  MEHBIUHX paaMepon, AAfA  KOTOPOTO
KpHCTaJI-ﬂa, HOSTOMY-TQ <7\.¢>‘, MAKCHMYM JBOCTHTAETCH npH fonee

BHCOKOR TeMneparype
B OCHOBHOM, H ONpemeflTcs
paamepamu ofpasna.

Onnrcannoe BHILE IOBEAGHHE TEMJOMNPOBOAHOCTA € TEMIEpaTy-
pO#H XOPOIZO MOATBEPHAAETCS MHOTOUHCJECHHBIMH SKCTIePHMEHTANb-
HEBHMH panHbiMH. Ha pxc, 6.19 npuBemeNa THNHYHARA 3aBUCHMOCTD
TENJOHPOBOAHOCTH OT TEMNEPATYPH.

6.9. TENJNOOPOBOKHOCTE METAJHIOB. YHET BKJIARA
CBOBOJHBIX 3JIEKTPOHORB

Metaans, B OTAN4He OT JAPYrdX TBEPAHX Tel, KaK INPaBRIO,
ABAAKTCH XOPOMIHMH IOPOBOMHHKAMH Tenna H 3JeKTPHUeCTEBa.
B 1853 r. BuaeMan u Ppanum ycraHOBHJIH, YTO OTHOHIEHHE TenJo-
IPOBOZHOCTH K 3JE€KTPONPOBONHOCTH AJ% GOJBLUIMHCTBA METAJJOB
NPAMO NpONOPIHOHAJILHO TeMIlepaType:

§=L T. (6.102)

ITa 3aBUCHMOCTE IOJYUMJA HA3BAHHE 3aKoHa Bujgemana — Ppau-
ua. Jlosgnee, 8 1881 r. JI. Jlopenu (L. Lorenz) aaMerud, uro or-
Howende K/oT uMeer O/IHHAKOBYXO BeJHUYHHY AJAH MHOTHX Meran-
JIOB, T. €. #IBJISETCA KOHCTAHTOH, moJyuHBlIefi BHOC/HeACTBHH Ha-
3pande yncaa Jloperua. [Tepeofi Teopuefi, 0OBscHABILEH MexaHHM
Nepefady Telja B MeTandax, 4 TarXke Aasluiell oGOCHOBAaHHe 3aKO-
Hy Bunemana — @panua, 6una reopus Hpyae (1900 r.). Hpyne
IPeANOJNOKKA, YTO NePenaya TEMJIOTH B MeTalJaxX OCYILeCTBIAeTCH
CBOGOAHBIMHE 3JIEKTPOHAMU, SBJISIOMAMUCH OJHOBPEMEHHO HOCHTE-
aaMy saexrpudecrsa. [To Jpyae meraiaa mpeictasisercss B BHAR
ANMKA, 3a00JHEHHOTO CBOGOAHBIMH SJEKTPOHAMH, JAAS KOTOPHX
CnpeBef/IHBE 33KOHBK KMHeTHuecKO#t teopuu rasos. Lad roro, 4To-
OH, MeTaal OHJ 3JMeKTPOHeHTPAJLHHIM, CUHTAJOCh, UTQ WIMHK 3a-
O0JHEH COOTBETCTBYIOUIAM KOJHYECTEOM INOJOKUTENBHO 3apsiKeH-
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HHX H fojce TAXeAbIX HACTHU (HOHOB), KOTOPHE HeNoIBUKHH.
Jpyne ucnonp30BAN elie OAHO VIPOUIEHHe, CUHTAS, UTO BCE 3JEKT-
POHBEl B NMEpPHON MEXJY CTOJKHOBEHHAMH HMEIOT OfHY H TY XKe
TenmoRyw ckopocTh, Or 3T0TO YynpomeHus orkazajcs X. JlopeHru
(H. Lorentz — 1905 r.} (He myrate c JI. Jloperuem), KoTopwE
BPeANDJQKH, UTO SJEKTPOHH pacnpelleeHH MO CKOPOCTH B COOT- -
BeTCTBUH ¢ dysxunelt pacopenelenns Makcselna — Boasumana:

f:_n( ggi_?‘— )3‘!2 e—7n*u2f(2"5}3 T). (6.103) )
I

Tle /1 — KOHMUEHTPAUMS 3/JeKTPOHOB, M — Macca 3JCKTPOHA,
U — CcKOpocTb. B cooTBeTCTBHH ¢ 3THM pacnpefiesesseM 3JeKTpo-
Hbl NMpH Temrepatype 7 064anaOT BCEMHM BO3MOMKHLIMH 3HAUCHHS-
mMu ckopocTeft or 0 Ko —-co, npHieM IDH OTCYTCTBHH BHELIHHX CHJ
Bce HAMpPaBJEHHR CKOpOcTedl paBHOBEPOATHH H HNOCTORHHO MH3Me-
HAIOTCA BCJAGACTBHE CTOJKHOBEHHH C NMOJOXKHTEJBHO 3apAKeHHbIMH
yacThnamMi, B mpoMexyTKax MexJy CTOSKHOBEHHSMH B3auMojefi-
CTHHE 3JEKTPOHA C APYTHMH 3JeKTDOHAMHM H HOHAMH He YYHTHIBA-
Ji0Ch.

Has solunciienws Ko3d@HIHEHTA >ACKTPONPOBOBHOCTH, CAeAys
Hpyne, Gyiem npemnmoaararb, 9TQ 34 €AMHHIY BPeMEHH 3JeKTPOH
HCTIBITHIBAET CTOJKHOBeHHR, T. €. H3MEHseT HampaBjleHde CKOPOCTH
¢ BepOAITHOCTBIO, PABHOR 1/1, rAe 17— BpeMs pejakcalldH WJH
BpeMf cBOGOAHOTO Mpofera 3/eKTpOHA. 3a BpeMs T 3JEKTPOH Npo-
XOOHUT pacCTOAHHe MeXIY CTOJKHOBEHHSIMH, paBHOe cpeilHef
DaAge cBOGONHOTO Npobera <l x>>=0T.

Ecay X ABYM NPOTHBOTIONOMNHMWM KOHUAM META/Ja NMPHIOKHTh
PA3HOCTE NOTEHIHAJOB, CO3AAIONNYI0 B KaxJAo# TOUKe Meraiaxna
3MeKTPHUCCKOE TIoJie HANPAKEHAOCTH £, TO MeXIY ABYMA CTOJKHO-

- -
BeHUAMY 3JeKTPOH Tloa AefictBueM cniabl F=¢ E (e — 3apax saekr-
poHa) OyReT ABHraTbCsi pasHOMepHO-yCKopeHHO. K KoHIY NpoMe- -
MYTKa BpEMEHH 1, CJATAICHIAA CKOPOCTH MO HAIpPAaBJEHHIO BEKTO-

e -

pa E wusMedurcs na sequunny, pasHyw (e Efm)t. Tlockoneky B

TeOpHH prne npegnoaaraercs, UTo nocae CTONKHOBEHHA CKOpPOCTD

2JIEKTPOHa MOMET HMETDH Awbnie HamnpapJeHHd, TO BKJAaa OT ¢ B

CPEAHIOIC CKOPOCTh 37eKTPOHOB OvAeT paBeH HyJI0, a CpPeaHsd
L

CKOpOCTh 3JEKTPOHOB B HanpaBaeHuu noas E Gyaer paBHa cpejHe-
-—
MY 3HaueHHI® Bequuune (e Efm)T, T. €.
— s
L vep>={e Efm)t. (6.104)
DT0 cpeauee 3HaueHHe CKOPOCTH B YCKODEHHOM IBHKEHHH MOJYYH-

- .
0 Ha3BaHWe JpeitdoBOH CROPOCTH (OTHOmMeHHe <CVo,>>/E=b
HA3LBAETCH NOGBUIMHOCTbI0 3AEKTPONOE, pasMepHocts MY/B, c}.
CymecTBoBaHye ¥ BcexX sJeKTPOHOB 3Toft caaraoomiefl CKODOCTH €
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nOCTOALHBM HANpaBJACHHEM BhIpa:KaeTCd B TOM, HTO B Hanpai.e-

-
uun, 0B6paTHoM Bekropy E, B Meraniae Hyler npoMCXORUTL mepeMme-
jlleHde OTPHUATEALHOTO 3JcKrpHyecTBa. [lpu 3ToM mAaoTHOCTH TOKA
MOYKHO BBHUHCIHTE, MOJb3YSICh H3BECTHLIM BHPAXKEHHEM

2 -
CrE (6.105)

j=n €< Vep>=

C Jpyrofi cTOpOHE, II0THOCTb TOKA, corJacHo 3akoHy Oma, pabBua

=0 E. (6.106)
Cpapuusas pupaxennsa (6.105) u (6.106). suauM, yro
g=netrfm=ne?< ),z >>f(mv). (6.107}

[lpu pacuere Ko3(hopuuHenTa TelIONPOBONHOCTH IPeANoJaraercH,
YTO NPH HAJIHYHH T'PAAHEHTA TeMIepaTypH 32JeKTPOHH OT CTOJIKHO-
BEHHA [0 CTOJKHOBEHHS NMpPOXOAAT TO Xe Camoe PacCTOAHHe, pas-
Hoe cpeifell paHHe cBobonHoro npofera '<A,p>>, OpexXile UeM
nepefagyT CBOI0 H3GHTOUHYIC TENIOBYIO sHepruio aroMaM. [Ipume-
i K 2JEKTPOHHOMY Ta3y OpeAcTaBieHHe KHHETHUECKON TeOPHH
ra3es, MOJVUHM NJf KO3GbQHULIMENTa TeNAOoNpOBONHOCTH Buipaie-
HHe, aUaJOrHuHOe HANJEHMOMY A7st (POHOHOB:

Kog=sls C31 <> <lhon >=0s CA<Tu>21,  (6.108)

rge C?% — TEMJOCMKOCTh 3JEKTPOHHOrQ rasa, <lhoy>>— IAHHA

ceobonHore upobera 3AeKIPOHOB, < U> — CPenHsds CKOpPOCTb
3JEeKTPOHOR. 3Has Bhpaxeuns (6.107) u (6.108) 11a K, n o.
HaiiieM WX OTHOLICHHE

Ko Cy®¥muo?

= ] ) 6.109
G ne ( )
Hanee Hpyae, BOCIO.NK30BABINMCHE De3VILTATAMH  KHHETHUECKOI
3 mv? 3
TEOPHH, NOJNOXKHE (o= ke 8 = ks T, nmoayuum us

{6.109) eeipaxkenhe

K:n :23 ( rc: )2 T (6.110)

3ro w ecth 3akoH BupeMasa m ®Pparua, rie nocrosHHas L=
3
=5 (ksfe)?=1,11.-10-8 Br-Om/K? HezaBucHMO OT copra Merad-

na. TloctosiHwas L Hocur Hassanue — uucio Jlopenna. Ecau
CpasHMTL yucao Jlopenna, moayuensoe B Teopny Hpyae — Jlopenrt-
a4, ¢ SKCIePUMEHTAJLHHM YHCIOM, YCPEIHEHHBIM [0 MHOTHM
meraniam, pasHeM 2,44.10-3 Bt-Om/K?, 10, kaKk BHA#M, coraacHe
noJIy9aeTcsl oueHb nJOX#M. 370 00CTOATEIbCTBO ABHJOCH BECHMA
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CepbesHbIM sSaTPYAHeHHEM AJS 3JEKTPOHHOH Teopud MeTasJoB.
Kak BHAHO W3 CKAZAHHOrO BHIUE, IJf OODACHEHHS 31eKTPONPOEOL-
HOCTH # TENJONPOBOAHOCTH HeOOXOAMMO CYUUTATL YHUCAC CBODOLHHR
3JIeKTPOHOB B eJHHMIe o0BeMa oueHb OOJBIMIHM, HC B TAKOM

: mop: 3
cllyyae TemJoBas 3SHeDIHA 3JEKTPOHHOrO rasa (T=?x37‘)

BOMKHA HMeTh 3HAUKTENbHYIO BeJHUHHY, a CAeJOBATENHHO, TENJQ-
eMKOCTE Cy®® TOJKHA NPUGJHMKATHCH K 3HAYCHHID 3/2nKp wero
B 3KCOeDHMeHTe HHKOrpa He Habmwopaercs. Bonee rtoro, mpnm
OOBACHEHHH TeNJOEeMKOCTH TBeDABIX Tesd B 06MacTH TeMmepaTyp
T>>8p NpUXOAUTCH NOUYCTHTh, YTO 3JEKTPOHE BOOOIIE HE BHOCAT
BKJaflda B TEIJOEMKOCTh H, KAK ML BHACJH, 3JMeKTPOHHEIH BKAaj B
TENJ0eMKOCT: NMPH KOMHATHRIX TeMneparypax npumepro B 100 pas
MeHblIe KAACCHUeCKOro 3HadeHHs 3/2nxz Takam o6paszoM, Kaac-
cugeckas rteopus Ipyre — Jlopentna npAXOAHT K NPOTHROPEYHIO,
T. K. OHa rpefyeT GOJBLIOrO yHC/la 3JEKTPOHOB A% OOBACHEHHS
3JIeKTPONPOBOAHOCTH ¥ MaAOro 4YHCJAA 3JEKTPOHOB — AJs 06DHC-
HEHHH BEJHIYHHH TeIJ0eMKQCTH.

B 1927 r. 3oMMepdenpx AJAA ycrpaHeHHs YKA3aHHOTO IPOTHBO-
peuHsi, COXPAHHE OCHOBHBI® HCXOAHBlE MOJOXKEHHA TEOpHH, NepeHec
B Hee NpHeMW HOBOR XBantosofi crarAcTHKH Pepmu — [lHpaka,
YKasap, 4TO AJA 3JEKTPOHOB, MOAYHHAOINMXCH [PUHILHIY 3anpera
ITaysu, pacnpeneneHHe Maxcsedaa— Boabimana JA0MXHO OHTD
3aMeHeHO pacnpedeteHneM Pepmu — fupaxa:

f LR) ! (6.111)

4 (mu’{E-EF) /(‘KBT) ‘
e

3aMeHHB BClopy pacnpeneaenue MaxcBenna — BoapuMaHa Ha pac-
npefenenne Pepmu — Hupaxa, JomMepbeds NOAYIHA Aas Koy H
¢ BBHIPAMEHHSA

2% ogksT { 3n )233
Km____g - ( =) (6.112)
9 e hon (3n )m |
— e P — - 13
= TR \dx/ (6.113)
Toraa us (6.112) u (6.113) natimem
Koxn a2 { Kp )2
. —4 e t— — - 4
: "“'3{.9 T=LT. (6.114)

rie L=n?{3(xple)?=2,45.10—-% Br.OM/K?, uro naxoaurcs B mpe-
BOCXOJHOM COTJIACHH ¢ 3KCIEPHMEHTAJbHHMH IAHHBIMH, JaMeTnM,
UTQ B peaJdbHO# CHTYanuu K,n/c OxasnlBaeTcsl MOCTOSTHHOW BeJIHYM-
HO#l, He 3aBHCHIIEH HH OT COPTA METAMJA, HH OT TEMIOeparyphl,
TOJBKO NpPH OGHYHHX (KOMHAaTHWX) H OoJee BbICOKHX TeMIepaTy-
pax. B npomexyrodsofi ofjacru TeMmneparyp (MeXAy HH3KHMH H
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Of)bl‘lHHMPI) YKA3aHHOE OTHOWEHHE 3&ABHCHT OT COPTA MeTanasa H
oT TeMNepaTypH, OOCKOJBKY TeIMIONPOBOIHOCTE B 3T0H  ofynactu
MeHseTcs ¢ TeMIepaTypoil He Tak OHICTPO, KAK 3T0 CJeAYer H3 3a-
xoHa Bunemana — ®paHma, eclIn ONPeAENATH TENIONPOBOAHOCT
METAMJ0B 10 HX 3JeKTPONpPOBCIHOCTH. JTO OTKJIOHEHHE oT 3aKOHA
BuaeMmana — Ppanua cesAzaHo ¢ TEM, UTO CpejHHe AJMHH CBOOOA-
EOrg npobera 3JeKTPOHOB, COOTBETCTBYIOIIME TEMJIO- H 3JeKTpoO-
IIPOBOAHOCTH, BooOHie ToBOPH, PA3JNHYHEL, A HE OAYHAKOBH, KaK 3TO
npennonaraercs B reopHd. OnHH ¢ goctaroino 60.b10% TOTHOCTHIO
PABHH TOJMbKO IPH BHICOKHX TEMIIEDATYPAX.

,HJ'ISI KaueCTBeHHOH ONEeHKH NOBefleHUA TEILACTIPOBOAHOCTA Me-
TaJ/I0OB B 2ABHCHMOCTH QT TeMNEpaTyYpbl CHOBa BOCHOJBIYEMCH
dopmyoit

sx=="[3 C%F vy <Than > . (6.115)

TONbKO 37ech MBI AOJNXEH NOACTABHTL BMeCTQ cpeaHell kiaccrue-
¢Kofl CKOPOCTH TEIJIOBOIC IBHIKEHMS CKOPOCTb, COOTBETCTBYIOULYIO
HeprHH PepMu:

vp=(R/m} (3 n*n)1%, (6.116)

a BMeCTO KJACCHUECKOH YAJIBHOH TENJOeMKOCTH Cy B3fATh TemJo-
€MKOCTb 3/eKTPOHIIOTO ra3a, NOJAYYEHHYK HaMH [cM. dopmyay
(6.75)], ucxonn M3 KBAHTOBHIX NMPeACTABNEHHUIL:

nt f kT
Cﬁg=—2-( gF )an. : (6.117)

Torga dopmyaa (6.1153) naa KospduuueHTa TENNONPOBOANOCTH
MePenyIIeTCR B BHIE

K _n* nkp
B 3 mip

B dopmyae (6.118) or reMnmepaTyphl 3aBHCHT TOJIbKO .<TAgy>>,
KOTOpas OmpejensiciCs pacCessHHEM 3MeKTPOHOB Ha (OHOHAX, NPH
3TOM OHA 6YIer TeM MeHpilie, 4eM nToTHee oHoHHH#A raz, [pouecc
PaccesiHU® COOTBeTCTBYET Ilepejaue WMMVJIhea H 3HEPTHH OT 3JeKT-
POHA KoJeGaHusM peilieTKH uaHd Hao0opoT, T, e, OpoUecc pacces-
HHUS CBOAHTCA X TOMY, UTO SJIEKTPOH HCIVCKAET HAM IOrJoImaer
dbononw.

" B cayuae BHCOKHX TeMmmeparyp (7:>hop) Hanbosee BepOSTHO
MCIYCKAHHE H MOINMOmeHHe (HOHOHOB ¢ HOJLHIMMH  3HEPrHAMH IO-
panka kop. Ho hop<€T, nostoMy us dopmyan (6.96) nonyuaem,
4TO KOHUEHTPAUus (pOHOHOB < hy>>~ T(hwp). Kak moxkasamo 8
KBAHTOBOH TEODHH TBEpUOro Tesa (CM., mHampumep, A. A, Abpuxo-
coB. DBpenenne B Teopuio HopMmanbHHX MmeTaasoB, M.. Hayka,
1972), B3aumoaeitcTBie (HOHOHOB € 5JEKTPOHAMH  ONHECHIBAGTCH
MATPHUHBIM 3JEMEHTOM raMuJIbTOHHAHA B3AMMOJAEHCTBHA, 3aBHCH-
IHM OT HMTYJBCA PACCesHHA, W NOJHas BeposTHOcTh W paccesHas

<hon> T (6.118)
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C HCNYCKAHUEM WJH, AHAJAOTHIHO, ¢ NOTJOMIEHHEM (POHOHA OKA3HI-
Baerca nponopumonansuon T/R. OTciofa BpeMst peaakcaudy (HaH

BCE DABHO 9T0 <ChAan>>) t~1/W~R(T. CaepoBareapho, K,.=
=const, 7. €. He 3aBHCUT OT TeMIOepaTypH.

Ilpa muaxux reMneparypax (7<hwp) HAHOOJBILYIO POJb B
paccesHyH IMEKTPOHOB Hrpaior GoHOHH ¢ »Heprue hAo~T. -
TlosToMy sHeprusi SJAeKTPOHOB CYUIECTBEHHO H3MEHSETCH B KaXKAOM
crosikHopeHHH, TaK KaK NpW KamxA0M CTOJKHOBEHWH 3Heprusl MeHd-
eTCH Ha BeJWUYHHY mopanxa T, 10 AAs TenJONPOBRCHHOCTH KaXAaoe
croskHOBeHHe 3PdexkrusHo, CoOTBeTCTBYIONIEE t HAXOZUTCR Kak
1/W. Pacyern nokaswisaior, yro W npH HH3KHX TeMieparvpax
nponopuuonanssa (7/h) (T/hwp)? Orcioxa

k ( hop )2 1
T~ < Aagg > T T, T

[TosroMy VIR MeTallsioB ¢ MOHHMKeHHeM TeMmnepartyp kKoadd#-
IHeHT Tendonposognocry (dopmyna 6.118), vaunHas ¢ nocrosHHOMA
BeJHUHHH, NpH §oJiee BHCOKHX Temneparypax 6ymer Bospacrath
OpoOnoOpHHOHAMBHO 1/TZ,

[Ipn camMbix HH3KHMX TeMnepaTypaXx BOJH3H aGCOMOTHOrO HYJA,
KOTfla KOHIEHTpauus (OHOHOB CTAaHOBHTICA MaJofl, mpelesbHaf
nayna ceoboaHoro mnpofera <Chsx=>> onpefeasercd gedeKTaMH H
IPAMECSIMH H HE 33aBUCHT OT TeMISPATYPH, TOTAA TEIJQIPOBOS-
HoCTh GYAeT MpONOPIHOHAABLHA TENJI0eMKOCTH SJeKTPOHHOTO rasa,
T. e T. '

B oTauune OT AusNeKTpWKOB, rie AJMHA cBoGopHoro npobera
(OHOHOB NpPH HH3KHX TeMIepParypax, B OCHOBHOM, OIpele/seTcs
pasMepaMu ofipasna, B Merajnrax AjHHEA c¢BobogHOore mpodera
SJeKTPOHOB IIPH 3THX TeMmepatypax Gymer ompefelsTbes Aedex-
Tamu H NpHMecAMH. JTo CBH3aHO C TeM, UTO 3HEPTHA 3IJEKTPOHOB
(sGyu3H 3Hepruu @epmy), MepeHoCHIHX TeNJO, c¢nal0 3aBHCHT OT
TeMnepatypu  (Popmyaa 6.69). JHauea Boanu Jle Dpofas
A=h/(Mmuyp) TAKHX 3JEKTPOHOB IOPH/IKA CPEAHHX MeXaTOMHHX
X paccrosignit. TlosroMy  smeKTpoHH
" CHIBHO patceuBaloTess Ha JAedekrax
) ATOMHHX DASMEPOB H CPefiHss ANHHA
172 cBOGOAIHOrO mpobera <lhap>> OyHer
OrpaHuueHa STHMH pasMepaMu.

OnuncanHoe NOBeleHHe TeNAONPO-
BOEZHOCTH, CBSIZaHHON ¢ UepeHOCOM
a = TenJa cBOGONHBIMH 3JeKPPOHAMH, XO-

’ pouiQo TONTBEPKAAETCA SKCNEPHMeH-

Pac. 620. T TaJAbHHIMM IDAHHBIMH. Tumuuwas 3a-

c::l;;)cn; ’N:J?::gc?;lon:g:;{p; BHCHMOCTD K9“=K33(T) B LIHPOKOM

OT TeMnepaTypH AAA Mera- HHTEpBAJe TeMNepaTryp HMMeeT BHE,
xon, noxkasaH#amii Ha puc, 6.20.

K=const
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B aaxkamodenye OTMETHEM, 4TO TENJAOHPOBOAHOCTL METAJVIOB, B
ofmeM cayyae, cKAaZLHBAETCA U3 TENJIONPOBOARHCOCTH, 00YCHORIEH-
ioft PoHORAMH, M TEIQMPOBOLECGCTH, 00yCjaoBAeHHOH CBOGOLHEIMH
3JeKTPORAMH:

K=Kpem+ Kon. (6.119)
'OJlH&KO MpHBEICHREOE RBHXE CpaBHEHHE TEI'IJIOI'IPQBO,:IHOCTH 1130J15-
TOPOE H MeTaJd0OB TOBOPHT O TOM, 970 B MeTaJaJix MEXaKH3IM Ten-
JONPORCAHOCTH, ofycnoBAeHHHA OHOHAMH, «3aTyUIEBaH» TOpPa3lo
Gonee »PeKTHBHHM 3IJIEKTDOHHHM MeXadH3MOM NepeHOCA TEenaa.
B usonarope I1NMHA choboiHoro npofera PoROHA IPH KOMHATHOM
teMaeparvpe Agp==3- 10~ cM, CKOPOCTh 3BYKZ v5s=105 cM/c 1 Temmo-
eMroctk Cy=3 R, Torza

ermzll(:i CV <Uan> <?L¢> =1/3 - 3 R - 105 3 - 10"‘6=03, R

B Merasie. €cJaR CUHTATh, 4TO TEIJIO HNEPEHOCHTCHA 3JEKTPORAMH.
TO AJS OAHOBAJGHTHEIX METAJIOB <TAay>>=10-3 cM, vp=108 cMm/c,
Cyar=0,1 R. Torna

Kaa=1/3-0,1 R-108. 10-5=0,3. 102 R.

Ecay NPRBATE, UTO QOHOHHHA BKJIAA B TeINIONPOBOAHOCTE MeTalTa
CPaBHHM C BeJHYHHOH TeNJNONPOBOLHOCTH B H30AATOPE, TO

Kaanpem= 102,

T. €. TeIMONPOBORHOCTL, ofycropaeHHas 3iaekrpoHamH, B 100 pas
BHIIE TENJONPOROAHOCTH, OOYCROBIEHHOH (OHOHAMH. 3adMETHM
TAXKE, 4TO I YHCTHX BEUIECTRE BEJHUHHH TeNAQMPOBOIHOCTH B
mMakcumyMme sasucumocTH K=K(T} pazinuanoTcs He CJIHIIKOM
caneno [or 1000 po 20000 Br/(M-K}] AanA MHOTHX MeTaiioB H
HEeMeTaJHYeCKHX KDHCTANJIOR, HO TEeLJONPOROZHOCTL Mo obe cro-
pounl or Makcumyma (cp. puc. 6.19 m 6.20) cmagaer ¢ rTemnepa-
TYpOH Ans HemeTa/noe Godee OHCTPO, ueM AJA  MeTAJNJOB.
IToaToMY npH ZOCTATOYHO EH3KHX H JOCTATOUHO BLICOKHX TeMAepa-
TYpax HeMeTaJJB NPOBOAAT TEHNO xyXe, yeM Meraansl. Ilpasna,
AMEIOTCH HCKJKYeHHs K3 3T0r0 npasunaa. Taxk, aaMas (Kpem=
=550 Br/(m-K)) nmpa koMHaTHOA TeMneparype NpPOBOAMT TEHJIO
JAyulle, weM caMuif Xopomrnfl BpoBOAHMK Tensa cepefpo (Kop=
=407 Br/(m-K). D1a anoMaans, KaKk NOKa3aj aHAJNH3, CBS3dHA C
KECTKOCTBI0 MEeXATOMHOM CBsi3M H ¢ Maccofl uacTHl, cOCTARIAK-
MHX KPHCTAM. YeM jKecTue ¢Bf3h H UeM MeHbIIE Macca YacTHI,
TeM Bhbilne x03ppHIEEHT TeNIONPOBOKHOCTH.

6.10 THO®®¥3HUA B TBEPABIX TEJAX

Tennoshle x0AeGAEHA ATOMOB B TBEDAHWX TeJAX CBOAATCA B OC-
HOBHOM K KojefanugM ¢ MaJof aMNJHTYAOK, KOTOpHeE OHH cOBep-
0T OKOJG CPeRHHX NoJoXeuuii paBHosecus. OZHEKO KHHETHYe-
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CKAf JHEPTHT AFOMOB, OJarogaps B3aWMOIGHCTBHi0 C COCETHHMH
aroMaMH, HE OCTdaeTcsl focTosHHoH. J[axke B ToM chay4ae, Korga
CPeIHAS KHHETHYECKAS PHEPTMA aTOMOB MaJja, COTIAcCHO MAaKCBeJ-
JNOBCKOMY 3aKOHY pacapejeieHus CKOPOCTeH, B KPHOTaJdle BLETAA
naffeTcd HeKOTOPOE YHCJIO aTOMOB, KHHETHUECKAS IHEPTHH KOTO-
PWX A0CTAaTOYHO BedWKa. Taxo#l aToM MOXKET COpBarbef CO CBOETO
PABHOBECHOIC [CJAOXKEHKH M, IpecAcJiep NOTeHUHaAbHEH Oaphep,
CO3MaHHLA OKPYIKAIOUIHMH €r0 aToMaMu, lepefitH B HeKOTOpoe EOo-
goe cBo0OjHOE NOJNOKEHHE DABHOBecH#. |Ipu 3TOM aTOM TepsieT
#30HTOUHYI0 BHEPTHIO, OTAABAA €€ ATOMAaM KPUCTAJLIHYECKOH pe-
weTkH, tepe3 HeKOTOpOe BPEMsi aTOM CHOBa MoXer HabpaTh a0-
CTATOYHYIO IHEPrilo, YroOBl BHPBATLCH H3 HOBOIO OKPYMKEHHS H
nepefiTH B cocegHee, TakHe hepeMelleRds aTOMOB, obYCAOBJeHHEE
TENJOBHM JBHXEHHEM, ¥ COCTABAANT OcHOBY Muddy3noHHEIX npo-
lecCOB B TBEPALIX TEJAAX.

Juthdpysns, oTpaAHYKBAOLIAACH AepeMeIeHHeM ATOMOB OmHO-
ro 37eMEHTAa B pellerKe ApDYroro, HasHBaercs aToMHOR padbY3E-
eit. dror BuA Audpy3HH Haudosee HpoCTo TOANAeTcH (H3IRUE-
CKOH HMHTEpIpeTalkH M N0ITOMY H3yued Haubodaee nojano. Ocobed-
HO IPOCTHM ClyuaeM aTOMROH AHGQGYIHH ABJsETCS CaMoaHpy-
3HH — OepeMelleHHe ATOMOB MeMEHTOB B CBoefl ke coOCTBeHHOH
KpHCTaJ/IKYecKoH pellletke.

B naealmpHON KpHCTANJIHYECKOHA peulerke, B KOTOpOH a2TOMH co-
BEepUIAKT JHLIE KoJefaTedbHEle IBHKEHRS OKOJO CBOMX IIOJOXKE-
Enft paBHOBecHsl, BOODMHIe TOBOP#, Dponecchl AnDOY3HH MaIoBepo-
atHH. Auddysnonroe nepeMmeltenne NPHMECHHX aTOMOB HIM cob-
CTBEHIIEIX aTOMOB peIleTKK Bcerja cBA3aHO C Ha/lWuMeM B Hel ge-
deKToR — BaKaHCkl, MemA0yselIbHEX aTOMOB, AMBAKaHCHHE — H
IpyrEX OoJee CJHOXMHHX Re(PeXTOB — AMCJIOKalull, rpaHmL pasie-
Jid, BAKAKCHOHHHYX H IPHAMECHHX KJIacrepos (CKOMJeHHH).

Ceftzac uMeercsi ofwHpHas jureparypa Ao auddysnn B TBEp-
AHX TelaX, B KOTOpOR MoxpoBHO H3jaralrcd pasfiHYHble ACTHEKTEl
COBpeMeHHOH TeopHH AndPy3nH, OCHOBAHROA Ha GbYHAAMEHTAlb-
HEIX NpeJCTaBNeHHAX QM3HUECKOR KHHETHKK W HEepaBHOBECHON Tep-
MOJHHAMEKH ¥ CBA3AHHQH C ydenmeM O gedexrax B xpHCTaaiax.

B HacrosileM paszaene MB OFPAHHYMMCA  JHUIL IIEKOTOPHIMH
BOIIPOCAMH, KOTOpHe, MO HAIUEMY MHEHHIO, AOJXKHE JaTk CcaMoe
obiiee NpeicTasseRHe 00 OJHOM H3 BaKHEAIHX NPOLECCOB mHepe-
HOCA B TBePAHX TeNax, 6&3 3HAHHA KOTOPHX HEBO3MOXKHO OHIO
6L nNOHATL Te W3IMEHeHHS WX CBOHCTB, KOTOPDHIE HMEIOT MECTO TpH
Pa3JHYHBIX TEMMOEpaTYPHBLIX Bo3felicTHAX. JlI06OH OTXHHT COUPO-
Boxknaercs aHd@ysued. Juddy3ug HaxoAuT WKHPOKOe NpHMEHEHHE
KaK METOA JeTHPOBAHHS TBEPIBIX Tel.

Huxe majgaraiorcs coofipaskeHHs, BHTeKawwliide H3 paspaforaH-
uoit . V. dperkereM KHHETHUECKOH TEOPHH DeaJibHHX KPHCTAT-
JIOB ¥ RBASIOUINECH OCHOBOH BOEpPBLIE NMPEAJOXEHHON HM TeopHH
nudpysan. Tennosoe ABmkenHe aTOMOB, 10 CpeHKeq0, NpeAcTas-
JSeT COBOKYITHOCTE CJIeNYIOIHX NIPOieccoR!
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1} xonefanus aTOMOB OKOJO pPErYASPHHX DOJOKEGHHA PaBHO-
BECHS;

2) aroM (Har noH), O6JMAAAIOMKA AOCTATOYHON sHeprueld, Mo-
JKeT IEePEeHOCHTLCH H3 CBOETO PEryJapHOro MOJOXKEHHS B V3le pe-
IeTKH B <HPPETYAADHOE» NOJOXKEHHe, T. €. MeXAOy3JHe. ITOT
npouecc Ppenxens Haspan <duccoyuayued’ cBAIAHHHX aTOMOB,

3) ANCCOUMHPOBAHHHA ATOM MOXET APOAGKHTEILHOE BpeMH
COBEpHIaTL KOJeSAHHY OKONO CBOero HPPEeryJapHOro NOJOXKeHH:,
npexJe yeM [EPECKOUHTh Uepe3s HOTEHUHANBLEHA 6apbep B Apyroe
ceobopnoe (peryJfpHOe H/IH WPPEryldspHOe) MOJNOXEHHE;

4} BO3MOXKEH BEepeCcKOK MOHA H3 HPPEryJspHOro NOJOXEHHS B
HpperyJsipHOe Xe, oTcTofllee HA pacToRHHe §;

5} AHCCONHMHDOBAHHHH aTOM MOXKeT TAKkKe nepeftd {¢ HEXOTO-
POl BEDOATHOCTLIO)} Ha BAKAHTHW# y3el pelleTKH (IHPKY). JTOT
npottecc PpeAkeNb Ha3BaN <ACCORUAWUOUY  IHCCOLHHPOBAHHHIX
ATOMOB;

6) BO3MOXHO fNepeMelleHHe BAKAHTHHX y3J0B (AEPOX) pe-
HIETKM, TaK KaK APH TeNJOBOM PaBHOBECHW HEXOTOpoe KOJHUECTBO
ATOMOB 3aHHMAaer MEXYy3JOBOe NPOCTPAHCTBC H, CJeLOBAaTENbHO,
HMEeTCR? H COOTBETCTBYIOM(ee KOJAHYECTBO AVCTHIX y3A0B (AHPOK)
B KDHCTAJJIHYecKol pelietke.

Ipotece mMepeckoKa aToM0B H3 OXHOrG pery.uﬁpﬂoro HosoKe-
HHfl paBHOBecH:a B Apyroe dpenkens nassal Jufdysued Ovipok,
uau ce06o0NsIx MecT 8 petuerxe. Oba npoyecca — nepemeujenue
gaxanTHbix MecT (Quipok) u Oaudcenie QTOMO8 8 MENATOMHOM
npocTpadcTee, T. e, dsuiterite GUCCOYUUPOBAHNLIX ATOMO8 — OCY-

wecTaAsoT Oughpyauo 8 Taepdom Teae.

TaknM ofpasom, 61arofaps ONHCARHOMY BHILE TEHJIOBOMY ABH-
MeHHI0 IIpH 000l TeMIepaType HPOHCXONHT HENpepHBHOE <€ne-
peMelllngaHHe» ATOMOE, COCTABASIOLIHX TBepioe Tteno. (CKopocTs
«IepeMelUMBaHEA», NPH HAJHYHM B pPelieTKe BAKAHTHHX Y3JOE, BH-
paxaeMas BEepOSTHOCThIO P, Nepexona aToMa M3 ORHOTO paanonec-
HOFO DoJOXeHHR (B y3ae pememﬂ) B ApYy-
roe (puc. 6.21}, BeaeacTBHe CraTHCTHYE-

CKOro XapaKTepa Npoulecca, H3MEHSeTCs C
TEeMIOepaTypofl N0 3KCIOHEeHHHAJILHOMY 3a-

KOHY:

Pp=voexp[—Em/ (x5 T}1, (6.120) 1
roe E;, — BHCOTa NOTEHNHAAbHOTO Baphbe- - 3
pa (3Hepaua muzpayuy saxaMculd), KOTO- g
PHEA ROMDKEH IPEOAoRerh ATOM, yToOH me- Amor BokaHous
pefiTH U3 OAHOTO NCJAOKEHHS PABHORECHH Pue. 6. 21, Morenuu-
B Apyroe, v~ 1013 ¢—1 — cofcerBeHHas uac- anpHEft Gaphep bhice-
ToTa KoNeGamnt atoma. Ilpm namnoi teM-  TOR  Ep, Koropuit

NepaType BepOATHOCTb P, oOnpeaensercs i?;‘,’}“";ouﬂ"e.?é};‘l’ﬁi?
BeJHUYHHON £, KOTOPAs 3a8HCHT OT NPOY-  po cpofomoe  Mecto
HOCTH CBA3H aTOMOB B DElISTKE. Takim copara
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ofipazoM, uroOW nmpoH3lowna AHDDYaHs, aTOM I00KEH NPEORoNeTh
TOTeHHHAJBHNA Oapbep BHICOTOR L, CO3JAHHHH €I0 COCETIIMH.

Paccmorpum, cneayn Ppesxean, 1uddys3npo aToMoB Mo BaxaH-
caaM. [lonycTuMm, yTo B KPHCTAaNIMUECKOM pelleTKe PAJOM 0Ka3a-
JHCh ATOM W BaKaHCHA, KakK [OKasa#o Ha pHC. 6.21. IIpu deobxo-
JAuMol GAYRTVAUMM 3HEPTEH aTOM CMOMKET IIepeCcKOuHThL B Cocel-
HIOIO BAaKaHCHIO, HaXoasulylocs crnpaea. [locje Takoro mepecxoka,
ABIKIOLIErOCH 2JeMEHTAPHEIM AKTOM CaMOAHDDY3HH, BaKaHcHA
DEPEMECTHTC! BJIEBO Ha OOHO 3JNeMeHTapHoe MEXKATOMHOE pac-
CToflHHe, pPaBHOe No BedHykHe §. BepoAaTHOCT: mepexona aroma M3
y3Ja B BaKapCHK OHpeaensterca Beipaxeduem (6.120), OvernaHo,
1T0 oHA LoJAXHA OHThL 06PaTHO NPONOPIHOKANbHE2 BpeMEHH «ocel-
Jofty KH3HW aTOMa (BaKaHCHH) ¢ B Y3jae, TOTZa

1:=T;~— =g exp{Fm/{xa )], (A.121)

TAE 1, — HMEpPHOA COOCTBeHHHX KoneballHii aToMa. COOTBETCTBYH-
mHE MaKCHMAJbROA YaCTOTE B aKYCTHUECKOM CIeKTpe, H Lo No-
pANKY BeauydHH paBHul [0-15 ¢, Kak Mu Buaum u3 (6.121). Bpe-
M# €OCENNON> XHM3HH 3aBHCHT OT TEMNepatyph. Uem Bhlllle TeMMe-
paTypa Tejla, TeM Medbile BPeMsl HAXOXKICHHS AdToMa B y3Jze.
Tak, 1% repManus sueprus Murpanuu En.=1 3B (16-10-" Ok},
TOrna Apy KoMHarHOA Temneparype (T==300 K):

1=10-13.e0=10-13.2. |0V7=2-10* c,
a npu 900 K

T=10"13.£127=](-13.3.10°=3- 102 c,
T. g. B MOCTeNHeM cavyae 3a | ¢ BAKaHWCHR B XPHCTAIHYECKOW pe-
nreTke cosepuraer okoso 108 cxauxos (1/r=108), npoxons nyTs 0o
JOMaHON it OYeHb 3aNYTAHHOHN JHHNH (B CHAY cayyaHHOCTH HAnpae-
Aenns NEpeckoXa), PaBHHA MpoH3BeldeHuwo uynucaa ckaykos (10°)
HA BeJMYHHY 3/JEMEHTAapHOT0 CKauka (6=3-10-% cM). Cpenuss
CKOPOCTh, ¢ KOTOpO# BAKAHCHS ABHKETCH MO KPHCTAINY, OUEBHEHO,
fivier paena: '

5 _5

T T

<y = exp[—Emf{xzT)1]. {8.122)

Ipr 7900 K 144 repManus cpeidss CKOPOCTL COCTABHT

Ly = § _3:107 cu =1 cM/fc
T 3-10-% ¢ o
B ra. 3, HCXOns H3 YCJOBHSA TEPMOAHHAMHTECKOTO DABHOBECHST,
fHA0 TOKA3aHO, YTO KOHIECHTPAaUKHd BAKZHCHH 34BHCHT OT TeMne-
paTypu
Vi=niN=exp[—Ey/(x5T)], (6.123)

rae Ep -— sHepina 06pazoBawus pakaHcu”. Ecau, Hampamep, Ep==
=] 3B u 7=1000 K, to nfN~10-% Kak nokazwBaioT OUEHKH, IIT
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MeT2J/JIOB ¢ INIOTHOYHAKOBAHHOA CTPYKTYPOH KOHLEHTPALMA BAKAH-
cHH Rame BOJR3H TEMIEpPATyphi MnaBleHAs HMeer nopsaok 10—3—
10-% Bce 3T0 rOBOPHT O TOM, YTO B TBEPAHX TeJax, faxe MpH
CTONL BHICOKKX TeMAeparypaX. KOHUSHTpallds TepMHYECKH pasHo-
BECHH X BAaKaHCHH OXa3hiBaerc# oueHb HH3KOH., 3T1oT dhakt no38o0-
JA%eT ynoAoOuTh COBOKYIHOCTh BAKAHCHH B KPHCTAJIE HALAILHOMY
ra3y, NOCKOJbKY HPH YKA3aHHBIX KOHIEHTPAlHAX BAKAHCHH HAXo-
AsiTcA APYD OF JOpPYra Ha 3HAUHTENbHBIX DACCTOAHURX H NO3TOMY
NPaKTHYECKH HE B3aHMoIeHcTBYIOT Mexay cofof. elicTBRTeAbHO,
ecld B eluyHue ofbeMa HAXOAWTCH 1 BAXaHCHA, TO cpejaHec pac-
cTosHHe MEXAY HuMp [=1/niB, Tag kax n=V| N, rae N=1]a?® (a —
napaMerp NPUMHTHEHOR KyGmuecxofi pelletsn), To [=af/V,f=
=af10-43=20a=6-10-7 cM. [IpuMepio Ma TAKOM 3Ke PACCTOAHHH
IPYr OT HpYra HAXOZATCS MOJeKYyJH BO3AYXa IIPH HOPMAaJbHHX
-ycaoeHaXx. [Ipn HopMmanpHEX yeaoBusx B | cM® mosgyxa copepixur-
ca okoio 2,7.-10% monekysn. ChefosaTelhHo, cpelHee PACCTOSHHE
MeRKAY MoJleKylaMp coctapasier 1/(2,7-108)13=3.10-7 oM.

Vz-3a ananoray xapakTepa NepeMenieHHs BaKaHCHE B TBEPAOM
tele H rase AJs onpeAeneHHs Koadouowerra arddysEn BakaH-
cull B KPHCTA/MNAX MOXKHO BOCIIOJIL30Barhcs (POPMYAOH KHHETHUE-
CKO¥ TEODHH ra30s:

D=1f<Co> <A> =y <A >0, (6.124)
rie <CAZ> -—— CpejHAs AJHHA cBoGOA¥oro mpofera wacTHUBLl rd3a.
T — 3peMg Mexny JABYMHA CTCJKHOBECRHSIIMH, <ZUT> — Ccpeinnas

CKOPOCTE YaCTHIEL.

Orauune or rasa OVAeT B TOM, 4TO 2JAeMeHTapHEE IepeMelie-
HHA B TBEPAOM Tele BYAYT HMETh OIHY M TY Xe Beanuusy O, ITo-
3TOMY yao0Hee mepeiiTH OF CpejiHHX 3HaYeHKE AJTHHH cBoGOAHOIO
npobera K cpegHeKBaApaTWuHEIM. O6o3nauuM vepe3 xr GaxTHYe-
CKVIO (mepeMeHHYW) AJHRY cBoGogHoro mpofiera 4acTHIL B Tase.
Torpa BepOATHOCTL TOTO, YTG YacTHIA OPOJETHT 3TOT NYTH X, He
HCHHTAB HH OJHOTO CTOJIKHOBEHHS, GYIeT NPOMOPIHOHaJbHA €/,
4 CpeAueKBALDATHUHOE 3RAYEHHE BEANYHHE X

I x2esihdx
o

<K= =2< A2 (6.125)

o

j-e“m dx

0
Orcwna <CAZ>=<Cx?>>/2. [las Kpucraana HOJOKHAM < ¥2>»=§,
Toraa AaA Kosddunuenta nuddysinn BAKAHCHE TOTYIRM!
& &
DB= = . _ . .
6o PN exp{—Enf{xaT)] (6.126)

Auvanoruysue paccyxaeHHsT OTHOCATCA H K IEPeMelUleHMIG ato-
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MOB No MexpaoyaausaM. IIpH sToM B0 BCex BHIE MPHBEACHHHX
thopMylax NoA T, H&XO NOJApPasyMeBATh NepHon KoaebaHHA aToMma
B MexXAoysanH, a mof E,, — BrcoTy 6aphepa, KOTOpW# HpeAsTCT-
Byer NlePexopy aToMa H3 OJHOTO MEeXAOY3JHd B cocexHee. OueBng-
HO, 4TO TaKOe llepeMellleHHe NPOHCXORUT ¢ BoMbllefi CKOPOCTBIO,
NOCKOABKY OapbepH MeXAY MeXIOy3aHAMH [IOHRXKeHH Mo CpaBHe-
HHio ¢ GapbepaMH MeXAY aTOMaMy, CHAALIAMH B Y3MaX, M BCerna
paaoM ¢ ANPOYHIMPYIOMIEM aTOMOM HMeercd TOTOBOe He3aHAToe
MeXR0y3aue, :

Ho ¢HX nop Mbl FOBOPHJH, B OCHOBHOM, O IBHXEHHH BakaHCHU
M0 KPHCTAANY, KOTOPOE CBA3aHO C ABHKEHHEM aTOMoOB. B orauwue
OT 8araHcuu, xKoTOpan gcezda padom uMeerT aromel, cudauue 8 yYa-
AQX, GTOM 1O KPUCTAAAY OBUIKETCR € Menbiied cKOpocTsio, 310
06YCADBACHO TeM, 4TO arom daa Tozo, 4Tobst cOeaaTs vieMenTap-
Houl cKa4oK, QoANCen euje HEKOTOpOE Bpems «xdares, xKo2da x He-
My nododder saxawncuf. BepostRocts Py Toro, 9T0 PAAOM C aTO-
MOM CKaXercs BaKaHCHs, QUEBMAHO, PaBHA OTHOIWIEHHI0 WHCAA Ba-
KaHcHH £ K oblleMy Y4HCTY aTOMOB B pellleTKe N, a 3T0 OTHOIUIEHHe,
KakK MEl BHI€JH, DABHO KOHUEHTPALKH BAKaHCHA

niN=exp[—Es/(xa T)].

Mostomy nonuag BeposTHOCTb P Torg, YTo OAHOBPEMEHHO pRAOM C
ATOMOM OKaXKeTcs BaXaHCHS H 4TOM COBepUIMT fepPecKoK B 3Ty Ba-
KaHCHIO, SyaeT paBHA NPOH3BEACHHIO BEPOSTHOCTEH:

P=Po: Py= = exp[—Fn (xa T) lexp[—Es/ (k3 T) 1=

= exp[—QI(x3 )], (6.127)

The Q=Em-+E4 — oauepeus axrusayuu npoyecca camoduddysuu.
OueBHARO, YTO HACTOTA MEPECKOKOB MPAMO MPONOPIHOHANbHA Be-
POSITHOCTH MepeckoXa

1/0==P, (6.128)
rie B=woexp [Q/(£aT)}] — sdbdexruBHOe BpeMa «ocendoll» XH3HA
aToMa. CpelHs#A cKOpOCTh, € KOTOpofi aTtoM GyHer NepelBHIarbefl
no KpHCTANNy, B CIyYyae BaXaHCHOHHOTQ MeXaHH3Ma OyHneT paBHa:

5§ & ,
<-vc>=F==—;m—exp[-—-:Q/(nB T)]. (5129)

OuenKa <Z0,>> nas Ge, nas Koropore Q=E.-1+E;=3 3B, npueo-
aur apr 900 K & seauuune 10~" cm/c.
Henonbays (6.126) u (6.128), nalineMm BrpameHHe Aasi ko3d-
dunrenra 1upOY3AE aTOMa 10 BAKAHCHAM:
2

D=V Dy= ——exp[—Q/ (x5 T)] =Daexp[—Q/(xa )], (6.130)

roe NPeASKCIOHEHUHANGHHE MHOKHTENL Do=058% (6 10).
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dopmyaa (6.130) noamocThi coBmafaer ¢ sakonoM Appenuyca
ana HaGmonaomefic’ Ha ONMTE TEMIEPATYPHON 3ABMCHMOCTH KO-
sdppuunenta AnGYHYy3HH B TBEPRLIX Tenaax.

Teopua Ppenkena npaBrAbHO OOOCHOBANZ TEMAEPaTypHYIO 3a-
BHCHMOCTb KO3(Oruuenta ArpY3HH B TBEPAHX TeaaX, OLHAKO B
nell He YAAJIOCHL HNOJHOCTBIO PACKPHTL (DH3WHECKHHA CMEICA Dapa-
metpoB auddysun Dy w Q. TIpensxcnoneHUHATbHNHA MHOXHTENL
D, BooGue nuined Kagoro-nw0o cMEICTA, 2 JHEPTRA AKTHBANWH Q,
Mo-BHTHMOMY, 0 CMHCNy AOJMXHA OHTHL CBS3aHa € MEXATOMHBIMH
CHJIAMH CBA3H B KpuCrajne. Ilas Toro, 4ToOH CBA3aTh BeJHUHHY
Q c ApyraMH CBOHCTBaMHM KPHCTA/1a M ONPENedHTh BO3IMOXKHOCTDL
ee BHUHC/JIeHHdA, HeOOXONHMO HalTH Oojee oMpefeNeHHOE COOTHO-
HIEHHE MEXAY HPYTHMH BO3MOKHHMH THHAMH HNepeMeHISHHst aTo-
MOB B pelleTKe (fepeMenieHHe N0 MeXKOY3nHaM, OOMeH MecT H
#p.). Takue NONKTKH JenalHch MHOTHMH ABTOPAMH, OAHAKO HO.IY-
yeHRbIe HMH (QOpMYJH clpaBeAnEBH JHLIL AJ% KAKODO-TO QNpejge-
NeHHOro MexaHH3Ma nuddysnu. B pealbHofl CHTYammy IpoleceH
nrdOY3HE IPOTEK2I0T MEOTO CAOKHEee U ONHOBPEMEHHO MOTYT fefl-
CTBOBAThr HE OJHH, @ cPa3y HecKodbKo MeXanuamos, [lostomy mo-
nyueHHble ABTOPaMH (OPMYNH, Kax IDaBHAO, OPHrOLHH JIHIIL
1% IPYOHX OU@HOK NP BHIOMHEHHH NAHPOYIHOHHHEX HKCNepHMeH-
to8. [Ipr BHEBOge gopmyan (6.130) m}(( Hc}nonbaosann thopmyy

—E, {tx T
ANA KOHIEHTDAUWH BakaHucmi nfN—e ¢ % | KOTOpaAd He YiH-
THBAET H3MeHeHHH 4acTOT wojebaHuH aroMoB BOJHSE BAKAHCHH
TpH ee 06pa3oBaHUR. YueT 3Tor0o (GaKTOpa NPRBONHT K cClefyrollie-
My BHPaXeHHIO AJA KOHLEHTPAILHH BRKAHCHA:

n/N=exp[Sq¢/(xzT)]exp]—Fs/ (2 T)1, (6.131)

rie Sy — @HTponms obpaszoBannr Aetpekra, C yueroM aroro of-
CTOATeNbCTBA BHPAXEHHE AAN CKOPOCTH CKAYKOB (YaCTOTa HPHIXK-
Ka)} OOHIYHO 32{IHCHIBAETCH B BHje

v=vy exp[Sm/ {(kn T} exp[—Em/(k5T)], (6.132)

rae  ve=KkpOp/h, Op — temneparypa JebGana; Rk — nocrosHHas
Ilnanka; S, — »HTPOMHS AKTHBANUHE TPH MUTPAIHA,

Ecan atoM anddyHaupyer 3a Cyer nepeMeilieHHs BAKAHCHH, TO
BEPOATHOCTh TOFO, UTO OH IEPeMECTHTCH Ha OJHO MEXaToMHOE pacs
CTOsIHHE, P2aBHA BEPOATHOCTH HAXQXKAeHHA NO COCEACTBY C HHM Ba-
KaHCHM, YMHOXEHHOH Ha BePOSTHOCTL TOFO, U4TO 4TOM 3afMET 3TY
BakKaHCHIO. TOra CKOpOCTh NepeMellleHHs aToMa

I=v =0 exp[Sm/ (5 T) Jexp[—Enf (x5 T) 1exp[Sa/ (3 T) IX

N
m+S { EmtE
Xexp[—Es (ks T)]=voexp (220 Jeaxp (— EbZe )
=lexp[—Q/ (xz T)]. (6.133)
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Moxno mokazarb, uro koaddunuent auddysnn D ceasan ¢ T sut-
paxeHHeM _
D= 621, (6.134)

rae g — TFeoMeTPHYEeCKHNH (GaKrop, 3aBHCRUIHA OT THiTa CTPYKTYPH.
Taxum obpasom,

D=Doexp[—Q/ (58 T}], Do—a 6%exp[S/{xsT)]. (6.135)

rae S=S,,+Sp —— uTpOnHs akTuBayuH, OTMETHM, 4TO EHIle NPH-
BeleHHEle (OPMYIH CHpaBeiJUBH He TOMLKO A/ BAKaHCHOHHOTO
MeXaHH3Ma, HO H AJs J060ro MexaHu3Ma, cBfsaHHOro ¢ aedexTa-
MH TePMHUECKOTO IpPOHCXOXKaenud,

Hnaa Toro uToGH MOCTPOHTh TEMIEPATYPHYI0 3aBHCHMOCTEL KO-
stpdunuerros nuddysun (popmyaa 6.130), Mcxoam n3 Skcnepu-
MeHTaJbHHX AAHHEHX H TeM CaMHM ONpefe]dTh napaMerpn aHo-
dy3uu Dy 1 Q, neoSxoauMo yMerh olpenenars Kozdduuygear nud-
tysun D npu 3apnanHol Temmepartype, IIpH aKcNepHMEHTAIbHOM
- oupeseseHny KoadPumuentos authdyaun oOHUHO B KauecTBe MoJe-
JH ANs pacyeTa HCMOML3VIOTCHA pellleEHS YPaBHeHHA AHDGY3HH.
Koshduunenty aupdy3ud OPHIMCHBAIOT TaKyio BeJHYHHY, IpH
KOTOPOH 3KCIEPHMEHTAJbHHE Pe3yALTATH HAXOATCH B COTIaCHM
¢ STHMH peIHeHHIMH.

- Mpumenenue reopu caywadnorx 6aymdanull & Oupdysuu aro-
MO8 8 T3epObix TeAax NpusoOuT K YPABHEHUSM, GHAAOZUYHLIM nep-
oMYy u sTopomy saxorasm Puxa. Puk AN KauecTBEHHOTO MeTOHA
pacuera nuddysHn nprcnocobUN YpaBHERMS  TERAONPOBOAHOCTH,
pupejennse ©ypve, [Ipu a3ToM OH uMcXoAWHn H3 THOOTE3H, UTO B
H30TPOMHOA cpese KoJuuecTRO audPyHaupyiowero Belllecrsa J,
APOXoAsfliee 3a efHHHUIY BPeMeHH uepes eAHHHUY IVIOUlau mofme-
pedHOro ceueHHs, NPONOPUHOHANLHO IpajHeHTY KoHueHrpamun C,
A3MEpREeMOMY 110 HOPMAJH K 3TOMY CEeueHHIO:

=—Dgrad C=—DV C. (6.136)

3peck J -—— RAOTHOCTH NOTOKa AHPQYHAHpyOUIHX aTOMOB, ( —-
HX KOHHeHTpauusi, V — oneparop rpagvedra. DB ofmem cnyyae
nudpdyans annsorponHa U Kospouuwent Anddysun D — rensop
BTOPOro PaHra, OnpexeafeMH Kak

Dy Dy Dy
D= Dg; Dgg D23 . (6 137)
Dy Dy Dy

Ypapsenne (6.136) masnBaercss mepsbiM 3axoHoM OHKa Ausa cTa-
NHOHAPHOIO fMoTOKa, Jnaa ognomepHoll anddysuH ¥ H3OTPONHOH
cpensl ypaBHeHHe PHKa OYAET HMETb BHA:

—.pft 138
Ji=—D =" (6.138)

Tak kag C XapaxTepH3yer KOJHYECTBO BeHleCTBa B eAHHANE o0b-
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ema, To 13 (6.138) caenyer, uro Koapduunent ardbysnn D umeer
pasMepnocrs L27-', rme L — pnuna, a T — mpema. Ofsiuno D
BHPaXawT B cM2/c wau m%fc.

Jng vecraunonapHoro noroka 3 (6.138) Jerko noAyuuTh BTO-
poil 3akoH ®HEa, HCXOAA H3 CAeNyIOUIHX NPOCTHX coolpaeHHi.
CropocTh HakonaeHHs AHGOYHIHPYIOMErO BelleCTBa B KAHHOM
aneMenTe o0beMa SIBAAETCA Pa3HOCTBIO MEXJIY APHXORAMHMH H
BHXONSIIHME [IOTOKAMH 32 eIHHHLY BpeMeHH. PaccMoTpHM jBe na-
paJenbHue INIOCKOCTH, INIOMAAb KAXKIOA H3 KOTODHWX paBHa enH-
HALE, pacTosiHHe Mexiay HUME dx. TIoToK uepes mepeyio nJoc-
kocTh, B cootBercTBHM ¢ (6.138), pasen J=—D(dC/dx), a norok
uepes BTOPYI MJOCKOCTb

ol gC ad ( ocC
'H-ax Dd‘x_ax Ddx)'
Torna pasHOCTh NOTOKOB GYeT paBHA
al a ( 6‘6‘)
Fy” P D 3 /- {6.139)

Ho dJ/dx paBHo B3ATOH ¢ 0OpATHHIM 3HZKOM CKOPOCTH H3MeHe-

HHA KoHueHTpawmu, T. ¢. —0 C/d¢ TaxuM o6pasoMm, NORyYHM
ac d ( D ac )
gt  dx dx /-’

ITpu ycaoerH, 4ro Ko?@dunHeHT THOPY3AH He 3AaBHCHT QT KOH-
WeHTpallud, T. €. ABJANETCA HOCTOSHHON BENTHYHHOR, TOJYUHM 870-
poii saxon @ura daa oOnomeprol Oupgysuu e Jupdepenyuuns-

{6.140)

noil gopme: ac .
ac
_ at =D g’ (6.141)
rge C=C(x,{} — 3aBucut ot EpeMenu { W ray6uabl audgysnn x.
dns aabdyssr B Tpex H3MEpEHHAX B H3OTPONHOR cpeje
aCc (6‘30 aaCc , d#C
ar P\gz T ay T2 ) (6.142)

OcHOBHEIM HMCTOYHHKOM HHGOpPMAUHKH © fapamerpax Axpoysnu B
TBEPAHX TeaaX ABAAETCH SKCHOePHMEHT.

OGHUHO B NpaKTHKE IKCIEPHMEHTANLHOTO HCCAeNOBAHHA IIPO-
uzeccoB AHGGYINN npuMecell B TBepIHX TelaX HCHOAb3YIOT pellle-
HAR BTOPOFO yparHeHHs Pura AAA OJHOMEDHOTO cJayyas IPH ON-
peleeHHHX AJN4 KOHKPETHOH (H3HuecKoM 3ajaud HATaJbHHX H
rpaHHYHBIX ycraoBusx. PaccMoTrpuM ABa M3 HamBodee pacnpocrpa-
- HEHHEIX THIA I'PAHHYHHX YCJIOBHE H COOTBETCTBYIOUIHE HM pellle-
HUS.

Hunddyana wa nocrossroro HerousHka. [Huddyninpywoliee Be-
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HIeCTBO AOCTYNAET B nonyfecKoneyHoe Teno uepes MIOCKocTh x=0,
T3aK 4T0 NOBEPXHOCTHAHA RKOMIEHTpAIlHA Cf, Nognep¥NBaeTCs NOCTO-
sHHOH. I'pannunKe yeaopus 3afauk (¢ — BpeMsi):

C(x,t)=Cy mnpum x=00 nns Bcex ¢,
C{x,)y=0 npu x>0 u (=0,
C(x, t)y=C 1upn x>0 un {>0.
Pemennem ypasHenus (6.137) npH 3THX yci0BHSX OyAeT:
x{2¥Dt )

exp (—z22)d z]. (6.143)

C{x, ) =Co[l———

V= °
rie z — NOCTOAHHA® HATErprpoBaHHda. MHterpaa B (6.143) naan-
BalotT hyuryued owubox (rayccoBCKHR uHTErpas), o603HATAOT

erf[x/(ZY_D_?)] u ypaeHeHRe (6.143) sanvcHBaKT B BHAE

Cix,)=Co '(l—erf-—x;—- ) =C erfc—x_;— (6.144)
2YDt 2YyD¢

rae erfe — cokpamensas dopMa 3aNuUcH HOMOJHHTENbHOH (QYHK-
uuu ownGox. Pacnpenenende koHuentpauud C(x,!), KaK BHIHO H3
(6.144), onpenensercs TpeMs BennuHHaMH: Co, D n ppeMeHeM
anddyznr ¢, Pemenpe (6.144) xopolo omicHBaeT pacnpeacdcHHe
npuMecH no rayonne npu ar@dy3HH A3 ra3oBofl HIH NapoBofl cpe-
AH. Ha puc, 6.22 npuBejeHn pacnpeieseHHs DpUMeced A8 Tpex
PA3NHUHHX 3HaTeHMi BpeMeHn Audpdysuu L.

M3 skcnmeprMerTa (HampHMep, ¢ NpPHMEHEHHEM MeTOAA Meue-
AEIX 4TOMOB) ONpejensercl BUL KOHUEHTPALHOHHOH 3aBHCHMOCTH
C{Co=Ff(x}, U3 Koropodt aAns ompeaenenHoro x Haxoautca CfCo, a

sareM Ho ¢opmyne (6.144) ompenenserca erfe[x/(2YD¢)], a

cnenosBatenbho, etf[x/(2Y D ¢)}=erfy. 3nas erfy, mo rabmu-
uaM (cM. TalAuHIH BepOsSTHOCTHHX ¢yHEumk, T. 1, Buuacantendb-

awit nenrp AH CCCP, M., 1970) naxonst y=x/(2YD{). orkyza

Pue, 6.22. 3apHCHMOCTE OTHOCHTEND-
P S SN HHX RoHUedTpauHlt AHGdYHIHpYOWER
g 1 2 J 4 5 6 7 & x . npHMecE ot raAySunmt  An(bysHK
(>t >t)
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npH H3BECTHHIX X W { onpejensercs xosdhdunuent andoyszua D
AJS ZAHHOM TEMIIepaTypPhL

AuddysHa U3 HEROCTOAHHOr¢ WCTOYHHKA. HMCTOUHHK TOAMMKOA
h pacuojoXen Ha nosepXnocTH x=0 noay6eckoHeunoro Tesa. Cy-
UIeCTBEHHOE OTJIHYHE OT NIEPBOTO Cydasi COCTOMT B TOM, UT0 HC-
TOYHHK AUDOYHIHPYIOMIErO BElUleCTBA COCTOHT U3 KOHEUHOTO KOJH-
yecTBa TPHMECH, a He H3 GECKOHEUHOro, Kax 3TO HMEET MECTO B
nepBoOM CJAyuae, T. € HayaJbHOE paclpeleficHHe NPHMECH 34JaHo

B BHJle
Co ann D=x=h
0 ans h=Zx=<oo *

C(x0)= {

Ecan i yeTpeMHTB K HYJO M yuecTh, uTo (o h~=Q, — HAYaNBHOR
KOJHYeCTBO BEUIECTBA B CJI0€, OTHeceHHOe K eAHHHIE IJIoWAaxn
Cllof, TO petieH#e BTOporo ypaBHenus Puxa (6.141} raxoso:

Qe i*
Cix,ty=———exp| — . (6.145)
YnD? (~5r)

Ha puc. 6.23 npeacrasaen pan 3aprcumocrefi (6.145) mas pas-
JMYHLIX 3HaueHufl BpeMeHH Audpysuu. IIpy cpaBHeHHH XPHBHX
puc. 6.22 u puc. 6.23 nerxo 3aMeTHTb, YTO B MEPBOM CjAydae pac-
npele/ieHHe KOHOEHTPaldk BOJMH3H TIOBEPXHOCTH He 3aBRACHT  OT
BpeMenn puddy3HH, TOTAA KAK BO BTOPOM paClpeclieHHe Xapak-
TepH3yeTCs HEMpepHBHo YGHBalonlell NOBEPXHOCTHOH KOHIEHTpa-
nuelt.

Ecau nocrpours, HCXoAd K3 SKCIEPHMEHTAILHEIX = AaHHHIX,
rpaduk sapucuMoct InC(x, ) ot #%, To, comacno (6.145), no-
Ayuaercs npaMas (pec. 6.24):

2
InC(x, #)=In @ _4J::Dt'; tg“ﬂ_?}“ﬂ'
YnDt

3uan {ga ¥ Bpems Auddysnu f naxofum Kosthdanuenr Luddy-
suy D. Onpegenur kosppuuuesTet IARGDDY3HE NPH HECKOABKHX
TEMIepaTypax, CTPOEM TEMIEPATYPHYIO 3aBHCHMOCTh KO3(QHIH-
eHnra auddysau D [qmpmyﬂa (6. 130)} H (puc. 6.25):

In D=In De—Q/(RT). (6.146)

Ce

Pre. 623, 3aeucuMoOCTS
KOHIEHTIpaukH  ZH{pOYA-
gupyomel npuMecH  oT
FRYOHHE (£33 6>1) g
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e (nD

x B
N )
N A
PHc, 6.24. Tpadux 3aBHCEMOCTH Puc, 6.25, 3aBHCHMOCTR RO3O-
InC{x, #)=f(x%), coorsercrByIO- (AHECHTa ITHPOYIHH OT TOMTE-
welt GopMyne {(6.145) PaTYpH

[To Tamrency yraa zaxiona tgp=--QfR HAXOIHM 3IHEPTHIO
akrupanuu npouecca auddysnn, a satem u3 (6.146) Do,

Koadhdunnents AHPOY3HK B TBEPABIX TeNaX 0YeHb MaJjk, MHO-
ro MeHbllle, YeM B razax. Tak, koshdunuedr camopuddysuu zo-
70TA NPH KOMHATHOH TeMneparype oxodo 10-% m?/c, a Ans Kucsao-
pona B arMocthepe GH pased npuMepHo 10-5 MEfc.

BenuuHHa 3HEDIUH AKTHBALHH CaMOXHQOY3HH PA3IHYHBIX 5.€-
MEHTOB H3MGHAIETCA B LIMPOKHX npeienax. CTATHCTHHECKHH allaH3
JaHHHX JJsi GONBIIOrO YWCAa 2AeMeHTOBR MOKAa3hiBaer, uTo AJIR
SHEPTHH aKTHBAURH caMoAH(dy3HK CNpaBeAJIEBO NPOCTOE COOTHO-
enue:

Q=18RTyy, (6.147)

rae R=8314 xk-K-!-moap~!, Ty, -— Temneparypa naaBleHHs B
rpaiycax KeabBuna. Tak, AJ1 30J0Ta BBHYACAECHHAA no Gopmyie
(6.147) sueprua axrtuBamuy Q=2.105 Hx/moab—! (Tn;=1336 K).
uro JOCTATOYHO  XOpOUIO COBHAjaeT c¢o 3HaueHHeM Q=
=1,9-10% JIx/M0ADb~!, NOAYYEHHEIM H3 DKCMICPUMEHTOR ¢ MpHMEHE-
HHEM MeTOAa MeueHEX aTOMOB.

[Ipepskcnonennuansuii MuoKuTENE Dy B GOJXBLIUHHCTRE cayya-
eB H3IMeHseTCA B CPaBHATEIRHO Y3XoM wnTepBane or 10 ac
10— m2/c.

[Mapamerpu anppysun, onpelendeMule OOHYHG OPH BHCOKO-
TEMNepaTypHBIX H3MepeHHsiX, HMEIOT BAaXKHOE 3HAUEHHe AJAf NOHH-
MaHHfl pas’sHooGpa3HBiX NDOLECCOB, TPOTEKAIOUIHX B TBEPAWX Te-
J1ax, NOCKONBKY OHH NMO3BOJAIOT CYIHTE O NOJABHXKHOCTH ATOMOB H
ZLetheKToB KPHCTANAKYECKOH PeLIeTKH.

JAaq ycneinHoro pellieHWs BCe BO3PACTAIOLLEro YHCIA Hepeilew-
HHX BONPOCOB, CBA3AHHHIX C NOJIBHMHOCTBIO ATOMOB, HeoGXOARMO
Gosee MHPOKOE H3YueHHe npoueccor pHPDY3HR He TOABKO B oObiu-
HHX YCAOBHSX, HO TAKXE H B YCJIOBHAX, CBASAHHEIX ¢ Pa3iNuBHMH
BHEITHHMH BO3#EHCTBHAMH — 007yueHHe NOTOKAMH 3aPsKeBHBIX
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qaCTdl, HANHUHE BHEWIHMX 3JIEKTPHYECKHX M MACHHTHBIX HoOJieH
u ap. TloAyueHHas B MpoHecCe TaKoro M3yueHHA HoBas HHGpopMa-
pHA OKaXeT HEOUSHHMYW NOMOWE Hpk paspaboTKe MHOIHX Mpof-
JeM (PH3EKH TBEpAOTo Tena.

FJAABA7

OCHOBbl 30HHOHA TEOPHH TBEPADLIX TEN

7.1. KIACCH®HKAL MY TBEPABIX TEJ MO BEAHYHHE
INEKTPONPOBOAHOCTH

B rnaBe 2 MH OTMeHANH, YTO B OCHOBY KaacCH(HKaluH TBEp-
ABIX Tel MQLYT OWTb TONOXKEHH pasimuHHe NpH3HAKH. Ilo Besiu-
YHIC YIEAbHO# 3/IEKTPONPOBOAHOCTH BCE TBepAHE Teld MOXKHO
pa3ienuTh Ha TPH Oosblllue TPYANH: METAAAbL, OUIAKTPUKY K NO-
Aynposodruky, MeTaank SBIFIOTCA NPeKpacHHMH NpPOBOAHHKAMH
51EKTPHUECKOrO ToKa. Hx yAedpnas 3JeKTPONpOBOAHOCTb NpH
KOMHAaTHOR Temnmepatype KoJsebaerca ot 104 go 10° Om—l.em—l,
I rafeKTpuKH, Ha0G0POT, MPAKTHUECKH HE NPOBOAAT TOK H HCIOAb-
3YIOTCH KAK H30JAATOPH., DAEKTPONPOBOAHOCTE (G) ITOH rpyinM Be-
nects Metiblie, yeMm 10~ Om—l.cm—'. Teepane Tesa, HMeIlHe
MPOMEKYTOUHEHE 3HAUeHHA o, T. €. 104--10-% Om~l.cM~!, oTHOCHT-
€8 K KjacCy moaynpoBoanukoB. Mz pue. 7.1 pHAHO, 9To 3MEXKTPO-
NPOBOAHOCTL PA3AMYHBIX BEINECTB KOJAeGAeTCA B OMEHD UIHPOKHX
npepenax. Bojee TOro, OAHO UM TO Ke TBepJoe TEIO B 3ABHCHMO-
CTH OT COAEPIKAHHs! npuMecell MK AeDEKTOB B HEM MOXKeET HMeTh
DAsJIHYHAYIO ITIDOBOAEMOCTb. TaK, HAalNpHMep, 3JEKTPONMPOBOIHOCTH
KPHCTAJAHYECKOTo KPEMHHS H3-

Medsercs or 1028 go 105 5. OM™ o™

Om~! em~!, a o moaynpoBogHH- Tr
ka CdS sakioueHa B uHTEpBa- E e Ag, Gu lmsrafu‘ru
ae 108=10-12 Om~! cx—t. Io- © @ i e
cnefuuii MpHMep, B YACTHOCTH, < E tn. 8bfcaborsenmui)
NOKA3HBAET, UTO TpPH TNepexoie e Go (coforsenmait) {ony-
oT o,qj{oﬁ IPYNnEl BeHIECTE X 1 F=Si {ooscraenmsai) [7POSOA-
ADYTOH 3HAUEHHS 3JEKTponpo- &
BOJHOCTH MOTYT MepeKpHBaThCH,
MO3TOMY KJIACCHQHKANHSA TBEp- 10
AWX TeJ IO BeNHUHHE 3JeKTPO- HaneK -
NPOBOJHOCTH He SBASETCA C€O- Cruana TP
BepUIEHHO OCJIHO3Ha9HOA. Pas- w""’:*mm

JHqHe MEXAY METaJIaMH, ¢ ol-

i Puac. 7.1. Hureppan #A3MeHenHs
HOf CTODOHD!, K AHSJeKTPHKAMH VASTSEON  SAEKIPONPOROAHOCTH
H HoAympoBOXHYKAMH — C JApY- OpH KOMEATHOR  Temmeparype

roi: MposBIgeTcsd HOCTATOTHO IAf PAsAWYAHX TEEPIHX Ted

—ia

107
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Y€TKO B XOe TEeMIEepPaTYPHHX 3aBHCHMOCTEH 3JeKTPOUPOBOLHOCTH.
Jns oAynpoBOAHYKOB M AHSJACKTPHKOB 3TAa 3aBHCHMOCTh (B He-
KOTOpOM HHTepBajle TEeMIePaTyp) ONACHBACTCH BHPAMeHHeM BHAZ

c=ouexp(——:T§,—), (7.1)

T. €. Bospacraer C TEMNEPaTypoOH Mo 3KCMOHEHHHAJbHOMY 3aKOHY.
B 1o Xe BpeMd B MeranJaXx 3JEKTPONPOBOAHOCTh YMeHbINAercH C
pOCTOM TEMMepPaTYpH:

o=00| %—- . (7.2)

B pupaxennsax (7.1) u( 7.2) oo, 6o, Tp — HeKOTOPHE KOHCTAHTH,
Ilpu TepMoAHHAMHYECKHX TeMIepaTypax, SAH3KHX K aBCOMOTHOMY
HYMO, SJACKTPONPOBONHOCTE MHOTHX METaadoB Iepectaer Hame-
HATBCH M HMEET HeKOTOPOE KOHeuHoe 3HaueH#e. ¥ HeKoTOpHX Me-
T2JAJI0B BO3HHKAET CBEPXMpoBOAfimlee coctTodHHe. JIHIJNeKTPHKH
NONYNPOBOAHHKH XAPAKTEPHIYIOTCA TEM, YTO HX 3JeKTPONpPOBOJ-
nocth npH T -»0 K ofpamaercd B Hyab.

PaceMoTpennas HaMu B peAHAYINeR riase MoAesb CBOGOXHEX
3NEeKTPoHOB, mpeanoxenHasa [pyne u ycoeeplueHcTBomaHHas Jlo-
peHTUEeM, ¥, B 0COOEHHOCTH, Moaeap 3oMMmepdepia, YURTHBAWOMIAA
KBAHTOBHI XapaKTep 3JIEKTPOHHOTO rasa, JO0CTATOYHO XOPOLIO
o8bACHAIOT paX cBolicTB Meraanoe. OAHaKO HH Tta, HH Apyras He
JAl0T OTBETA Ha BOJIPOC: NOYEMY IPOBOAHMOCTH PasJHYHHX TBep-
AHX Ten H3IMeHdeTcd B CTOAb IIHPOKHX npedenax? Ilogemy oank
BEHIECTBa ABJASAIOTCS XOPOINEMH HPOBOAHHKAMH 3JEKTPHYECKOrD
TOKAa, a Jpyrse — Auddextpukamur? IToueMy B HeKOTOpBIX TBEp-
ABIX TeNax NPH HH3KHX TepMOAMHAMHYECKHX TeMNepaTypax BO3HH-
Kaer CBepXIpoBOJHMOCTD?

OrcyrcTsBRe oTBeTa HA HOCTABJCHHMNE BONPOCH CBR3aHO, Oue-
BHIHO, C TEMH UPeSMEepHHMH YNDoOIeHHAMHE, KOTophlé NOJOXEHH B
OCHOBY MOJlesi CBOGOAHBIX 3n€KTpoHOB. OCHOBHHMHE 13 HHX ABJSA-
1orea:

1) npubnuxeHne cBOGOAHHX 3JIEKTPOHOB, COCTOfMIee B TOM,
UTO He VUHTHBAETCA BJHAHHE TIOJOXHTEJbHO 32pPSKEHHBX HOHOB
Ha RBHUXEHHe 3INCKTPOHOB B TIPOMEKYTKAX  MEXAY CTOJKHOBe-
HUSAMH;

2) mpuOGIHIKeHKe He3aBHCHMHX 3/A¢KTPOHOB, Npeino/araiollee,
YTO OTCYTCTBYET B3aHMOZeficTBHE 3JIEKTPOHOB MEeXAY colod,

OcHoBHOA HCTOUHYK TPyAHOCTel, C KOTOPHMH CTaJKHBaOTCA
teopun Hpyne — Jlopedtna u 3ommepdensaa, csasad ¢ HpHOMH-
XEeHHEM CBOGOXHBIX 3JEKTPOHOB. YUeT B3aHMOAEACTBHA 3IJNEKTPO-
HOB C KDHCTaAAHYECKOHX pelleTKOli W MeXAY cofoR Jenaercd B
30HHOA TEOPHH TBEPANX TEJ, OCHOBH KOTOPOH OYAYT paccMOTDEHH
HHXKE, :

254


http://www.print-driver.ru/?demolabel-ru

7.2. YPABHEHHE WPEAHHTEPA ANS TBEPIOI'O TEJA

JMio6oe TBeploe TEN0 COCTOMT H3 ATOMOB, T, €. NpeACTaBAasieT
co60fd COBOKYIMHOCTHE fAgep M 3JCKTPOHOB. B KpHCTaanHuecKux
TBEPAHX TeNax SAPA ATOMOB PACHOJAraloTCs B Y3/JaX KPHCTaJdNH-
gyecKofi pemerkd, ofnagarmomefi NPOCTPAHCTBEHHOA HepHOAWY-
HOCTHIO. B aMmopdHHX TenaX pacnosoXeHHe sfgep GoJlee HAR Me-
yee chayuafHo.

CrannonapHoe CoCTOAHEE BCeX UACTHIL ONHCHBACTCA YPAGHEHU-
ex Lipedunzepa

Aw—gw, (7.3)
A

rie H — raMeabTOHHaH BceH COBOKYNHOCTH YACTHI, T. €. TaAMHJIb-
TOHKAH TBeploro Tela, W — coficreesHas BoOJAHoOBag (YHKLHSA,
[

E — 3Heprua rBepaoro tena. O6o03PayuM uepe3 ry, T2, ... — pa-
- -
NRYCH-BEKTOPH 3AeKTPOHOB, 2 ¥epe3d Ry, Ry, ... — panRuycH-BEKTO-
pot Agep. Hyets M,, — Macca sgpa aroMa BHAa K, M -— Macca
3JA¢KTPOHA.
TaMHABTOHHAH CHCTEMH 9acTHI
A
=K-U, © (T.4)

A
rae K — omneparop KHMHeTHuecKoH 3Hepruu stofi cucreMH, U —
¢e NoTeHHKHA/bHAA SHEPTHA.
Oneparop KuHeTHYeCKORA 3HEpPruE [Jsf  pPacCMAaTPHBaeMoro
TBEPIOrO TeNa
K —( s ﬁ\+2 B A) (7.5)
: e 2M, '
i G? 02
— Jla n i-%
3necs A= Tx2 + 552 ag EF3) oneparop Jlanraca nas i

yacrunsl. [TepBHi# unen B (7.5) npeacrasaser coboil onepamp KH-
HeTHUecKOR 3HEpTHH 3JeKTpPOHOB, BTOpOA — fAZep.

TlorenuuanbHas 3HEPTHA COBOKYIHOCTH YACTHL, COCTABJASIONIHX
TBEpPAOEC TeJo, cKAaJNBaercs H3 3Heprufi NonapHoro B3aHMoAercr-
BHA SACKTPOHOB ¢ SAEKTPOHAMH H AAEP C AAPaMH U SJEKTPOHOB C

SAPAMHU: . 7 7.2
P 4nesrer, * R 4 me eg| Re—RY
! Zye?

—_—— o
1
* 4see|r—Ral
Ileppue aBa unenaz B (7.6) npeACTABAAIOT 3HEPTHIO KYJOHOBCKOTO

OTTANKHBAHMS 3IJACKTPOHOB M SAEP, COOTBETCTBEHHO, & TPeTHH
YIeH — IHEPrHI0 NPUTAXKECHHA SNCKTPOHOR K AKPAM.

(7.6)
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Takum ofipasom, ypasuenre lHpenuurepa sannmercd B sHAe

[z a3 o)+

i 2m
2 2
$a-% X d FRE DD B Q.2 La—
2 0 g - - 2 % 1#n

daeeafr—r 4:l‘t8£n|-Rx—§f|
1

Z,e?

LT

431380|ri_Rn|

— 33 ]t[f=£qr. (1.7)
2 75

BosnnoBan QyHKuus, BXoadnlas B ypasHenHe (7.7). 3aBHCHT oT KO-
OpAHHAT BCEX YAaCTHL, T. €.

‘y&qr(rb I, T3, ..., I'm, Rl! R2| 'RS! asry RN)' (?'8)

Ecnn Ha sty BoJHOBYW hyHKHHEIO HANOKHTE OrpPaAHHUEHMS, BHITE-
‘Kawome u3 eée du3ugecKoro cMucja (KOHEYHOCTh, 0JHO3HAYHOCTE,
HenpepHIBHOCTB), To ypaBHenne Ilpenunrepa (7.7} 6ymer uMerb
pelleHHe HE NPH NOGHX 3HayeHuaX aHeprax F, a TOABKO NPH He-
KOTOPHIX. 3TH 3HaueHHst E, ABAMOIIHECH pelleHHEM YpaBHEHHA
(7.7), onpeaendioT YpoBHH SHEPrHH (3HEpPreTHYECKHH cCIeKTp)
TBEpIOTO Tena.

OIlH&KO H3-34 OTPOMHOTO YHHCAA HE3ABHCHMHIX TEPEMEHHBIX
ypasaenue (7.7) B nHacroflllee BpeMA He MoxeT OHITH pellieHo B
obmien saie. Jlad oThHcKaHuA NMPHONEKEHHOrO petueHus npubera-
10T K PARY YHPOHIAIOIHX NPEATONOKEHHN.

Bo-nepenx, ofparTHM BHHMAHHE Ha TO, WUTO H3-3a O0JbIIOTO
pasnA9HA Macc sisep M sJaekrpoHoB (Mxl»>m) xapakrep ABHXKeHHS
3THX YaCTHI CYllleCTBeHHO oTiHdeH. SIApa B Kpucraanax coBepilla-
0T KoJeGaHus OTHOCHTEJIPHO HEKOTOPDHX HoJloxeHnnf PaBHOBECHA.
OneKTpoHH e YUaCTBYIOT B MNOCTYNareJbHO-BpAaHIaTeJbHOM MBH-
weHun. Ilpe stom uX ckopocte MHOrc Sojblie CKOPOCTH AAEP.
Kaxnaoe uaMeHeHue nonoXeHHs fAJep NPHBOAHT K NPAKTHUECKH
MPHOBEHHOMY YCTaHOBACHHID HOBOTO MpOCTRAHCTBEHHOFO paciipe-
JleNleHHs 3MeKTPpoHoB. [IpH Med/leHHOM JBHMEHHH fapa 3JEKTPOHH
YBJEKAIOTCA 34 SAPOM, B peavysibTaTe Hero coxpansercA UHeM0CT-
HOCTb aToMa. B To Xe BpeMA, B CHJIY KHBEDINHOHHOCTH, SIAPO He
CAENVET 3da NBHXKCHHEM KaXJoro 3JEKTPOHA. QOuo ABHMXETCA B
YCPEAHEHHOM T10JI€ BCeX 3JICKTPOHOB.

[pubanKeHne, YYHTHBAIONICE Pa3JHYHHB XapaKrep ABHKeHHA
ANEP M INEKTPOHOB, NOJNYYHIO HazBaHHe aduabaruieckozo npubau-
HERUS WA npubauscerun bopua — Onnenzedmepa, Camoe Tpy-
Goe HONVIEHHe AOJIKHO COCTOSITh B TOM, YT siApa MOKOATCA. B

- e —

3TOM CaVdde pajHyCH-BeKTopH Anep Ry, Ra, ... Ry vixe He aBaA-
I0TcA TIGPEeMEHHBIMH, a mpejAcTarffioT cofoll dHKCHpOBaHHLIE KO-
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-

-
OPAHMHATH Y3J10B peweTku: R, Rog, ... Rox. C yderom storo npea-
nonoxenHa ypaeHenue llpeauurepa cymectBeHHo ynpouaercd.
JeficTBHTENIbHO, €CAH fAPA ATOMOB NOKOATCS, TO KHHETHYECKas
IHEPrHA fAnep obpawiaerca B Hyab. IToTeHUHaNbEAA 3HEepTHA B3ad-
MONeACTBHA ANEpP CTAHOBUTCA HEKOTODPOf KOHCTanTON, T. €.

1 ZyZye?
53 = ——————— =const. 7.9)
4
T 4 e e Re—R)
Bufopom Hawasa oTcueTra SHEPTHH e€¢ MOXHO ofpatuth B Hyab, C
yuetom SToro ypamuenue Illpeamurepa mpuHuMaer BuI:

k2 1 p2
[—amsa gz 32—
4 e eo|r—r;]
_Llyss Zne? ]‘PE=E,APP. (7.10)
2

4ne Eol ri_"*-Rﬂxl

OHO OlIECHIBAET IBHHEHHE JJICKTPOHOB B NOJA€ TOKOSHIHXCH H.uep.
3aech SHepTHA sJcKrpoHoB E, W X Bosanopas Gyxuuma ¥, 3as-
CHT OT KOODAMHAT TNOKOSAHIHXCR A7ep Ko, JHIIB nNapaMerpHuecKH,
Koopaunathi Rox Y&e BX0AAT B ypaBHeHHe (7.10) He B Kauecrse
NMepeMeHHHX, a B BH/€ NapamerpoB, BbO6OD KOTOPHX BAHAET HA
3HAYEHHE IHEPTHH TBepnoro teaa E, W Ha soauosylw dyakuuioW,:

W,=W,(I1, T2 ., Tn Rots Roa. ... Row). (7.11)

Hecumorps na smaumtenpHule ympomenus, ypasHenne Ilpexumurepa
(7.10) pemmth HeBO3MONKHO. IIOYTOMY HCMOAB3YIOTCA JONOJMHH-
TeNbHHE MpAGAuKenua. OgHUM K3 BHX ABJAACTCHA TAK HazHBaeMas
saAsenTHAA annPoKcumayus, CYHTAeTCA, YTO BCE 3JEKTPOHH BHYT-
peHHHX ofojodex atoMa ofpaayior BMecre C SpoM NoKoammuiica
ATOMHMA ocraTok (r. €. Wou) H ypasHeBue (7.10) aanmmcmBaercs
MHIb ANA BaJEHTHHX 3JEKTPOHOB, KOTODHIE ABMKYTCH B HEKOTO-
POM De3IYABTHPYIOIIEM HoJe HeNoABHKHHX HoHoR, .Ho u B 3TOM
cnyuae TpeSyercs pELUMThH 3a1auy MHOIHMX UACTHI, 4TO HE YIAETCH
clenarb.

7.3. OZHOINEKTPOHHOE RPHUBAHXEHHWE

B pamkax aamaffiaTHvecKoro NPHOIMMKEHHS H BaJeHTHOH anm-
NMDOKCHMALKH BOJHOBAA (PYHKIHEA CHCTEMEI OCTaeTcH 3aBHCAMEHd OT
KOOp/AHHAT BCEX BaJEHTHHIX 3J€KTPoHOB. IIoCKOABKY mocnepHne
B3aHMOJEHCTBYIOT Mezy cofioil, nepemenuble B ypasHeHuu lpe-
nunrepa (7.10) He pasaensorca. [losTomy Ajia pellleHHd 3agadu
TpebSyTca AadbHeliiude npHOIHKEHUS.
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MHoroa/exTpoHHaA 3akaua MoOXeT OHTbh CBeleHAa K OXHO3JIEK-
tpouBoli, Q6u4He AJA STOTO HCHOJAb3ayercsl Merod Xaprpu—Posa,
OCHOBHAA HIAEA KOTOpOro 3aKAHaeTCa B 3aMcHe IIOTEHH.Ha.ﬂhHOI:I
| e?

—_—3 3
2 0 g

SHEDPI'HA B3anMOAeHCTBHA 3NEeKTPOHOB

[ —

4 meee| 11
B ypasuenun (7.10) noreHuranpHodl sueprueir Bupa L U.({r),
1

npeAcrapidiieli cofofi IHEPTHIO B3aHMOIEHCTBHA i-T0 3JEKTPOHA
¢ HeKOTOPHM 3({eKTABHHM ToJeM, B KOTOpOM KaXAbf 3JeKTpoH
OBHKETCA He3aBHCHMO. 310 sddexTHBHOe noje XapaxTepHaver
JeHCTBEE BCeX OCTAAbHHX 3JEKTPOHOB Ha i-8 3JEeKTpOH.

KocBeHHO OHO 3aBHCHT M OT HABHAKEHHS [-r0 3JCKTpOHA, T. K.
3TOT 3J€KTPOH OKA3HBAET RO3ACHCTBHE Ha IRHXEHNHe BCEX OCTAMbL-
HBIX 3JIEKTPOHOB.
~ [lpepmonaras, gro Taxkoe noje HafJeHo, NEPENHLIEM YpaBHEHHE
(7.10) B BHRE

2 — e
[ _'"‘2%%6('{__20((“)"_ 2 Ui(ry) ]q‘rezEcq‘re {(7.12)
HJH

{ z [ B A (R U (1) ]} W,=E, ¥, (7.13)

T 9m

3sech yepes U, (r;) ofo3HaueHa NoTeHIlHANbHAS 3HEPTHs {-1'0 dJAeK-

Zge?
TPOHA B DOJE BeeX fA8p — — 2 . Tlox 3ma-

- -
x

4 g epd 1,—Rox |

KOM cyMMH B (7.13) cToMT raMuJbTOHHAH {-ro JEKTPOHa:

jm B A m LU 7.14
H¢==—"'2—'}—n—ﬁs+ i(ri)+Ui(ri)' (7.14)

Taxum ofpasom, ypasucHie Llpefunrepa MOXHo 3alHCATh

A A
H‘q‘reﬁ(EH{)lpgﬁEe‘P‘e. (7.15]
]

ITockonbKy tenepn FaMuJALTOHHAH He COAEDKHT 3HEprHH B3aHMO-
AeficTBEA JIEKTPOHOB H NpelcTaBiaser CofOH CyMMY TaMHJIbTOHHA-
HOB OTJENBHHX 3/IEKTPOHOB, pellleHueM ypaBHeuua (7.15) aBaser-
CH NpOHU3BEAEHNAES OJHOIAEKTPOHHLIX DYHKIMA

Wt T =B (Tl =Tk (7.16)

-
Kaxpaa pyskuns ¥:(r;) vaoBaeTBopser 0JHO3JEKTPOHHOMY Ypas-
Heruo Ulpeaunrepa

A
Hef’ll?i=Ei 1]Jt, (717)
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B KOTOPOM B3aHMOJeficTBHE i-r0 S/JEKTPOHA C OCTAJbHBMH ONHCH-

-
saerca morennuanoM U,(r).
Taxnam ofpazoM, BBejenne 3(pGEKTHBHOrO Nnoas UO3BOJRET CBe-
CTH MHOTO3JIEKTPOHHOE YPaBHeHHE K CHCTEME OJHO3JEKTPOHHHX,
Ilpu 27TOM HEPrHA CECTEME

E~ZE. (7.18)

Xora BoJIHOBag Gyuxuns (7.16) u ABAAeTCA pellleHHeM ypaBHEHUA
Hlpeaunrepa AnA KpHCTahna, OHA He YAOBJETBODSeT JIPHHIHNY
[Tayan,

Cornacuo nmpunuumy Ilayns, B OHOM KBAHTOBOM COCTOSIHHH,
XapaKTepHasyeMoM BONHOBOA dyHKuuefl i, He MOXEeTr HAXOZHTbCA
fonee NABYX 9NEKTPOHOB ¢ Pa3Hof OpHEHTAIHeH CNHKOB. YJIoBJer-
BOPAIOUIAA 3TOMY YCJAOBHIO IIOJHAS BOJMHOBAS GYHKUHS CHCTEME
A0MKHA OHTh AHTHCHMMETPHIHOHA, T. €. IpH NepeMeHe MecTaMH
ABYX 9JEKTPOHOR (nepecTaHoBKe HX KODJAMHAT H NPOEGKHHK CIHHA)

-

OHA J0JKHA MeHATH 3HaK. @ymxkuus I[:(r) sToMy yCTOBHIO He
YHOBAETBOPAET. AHTHCHMMETPHUHYIO BOJHOBYIO (YHKNKEIO 3ailHCH-
BRIOT B BHAE onpedeaureas Casrepa:

ﬂJi(gl:z)v 1?1(;]_}), IPI(EM
. . | Y2(qi), P2(q2), -, P2(qn)
Yelqr, g s qn)=—— (7.19)
2l
1IJN'(EI’1), 1|:N'(_t;2), w;(ﬁwl .

rie N -— Yucio 9JeKTpPOHOB, a uwepes @, oGosHaueH Halop Tpex
HpO_CTpaHCTBEHHHK RKOoOpIOHHAT K 1POCKHHH cnuHa. MHoXHTED

obecnegdsaer HOPMHEPOBKY byHKuME W, AHTHCHMMeTpHY-
¥ Nt
Hue cpofictea byukunx (7.19) BHTEKalOT K3 CBOACTB ONpENE.TH-
Tenq.

Bepuemca Teneph K Boupocy o BHGope adpeKTHBHOrO TONA

-l
OU:(r). 1o noje noaxHO BHOHpATbCA TaK, ITOGH - HAHAYYIIHM 00-
PasoM ONHCHWBATH YCPEAHEHHOe JeficTBRE HA KaXAWA 3JeKTPOH

BCEX OCTaNBHHX anextponop. HroGwm onpezeants U [':.-), Hago
3HATb BCE BOJHOBBlE QYHKIUHH 1 (-1:), HAATH KOTOpHE MOMXHO, TOJb-
KO 3Haf U‘,—(-l:f). Takum o6pa3oM, pacueT pojixkeH OHTh camocozia-
oe . 258
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-
cogaunbim, Tlostomy sddexrusuoe node T.(r} uacro HazHBAWOT
CaAMOCO2AALOBANNOIM nOAEM. Jlnd €ro HAaXOMAeHHS HCHOALIYIOT
BapHAZHOHHEIE MeToAH. OfRaKe pelicHHe foaydaiolnefics npu
ITOM CHCTeéMH KHTerpoauddepeanna pbubx  vpasueHu#t Xaprpy—
(Poxa upe3BbLIYAHHO CJOMKHO.

O0o3HauM NOTeHEHAABHYIO SHEPTHIO 3IMEKTPOHA B KDHCTAANE

yepes PYHKIHIO V(?):
V(D)=L (r)+U(r). (7.20)

C yuerom 3TOro 3anumeM ypasuetue Ulpenunrepa
Ei -+ 1 - —
e at V(O ¥ O =E 4. (7.21)

HOCKO.TII:KY B KDHCTAJAE€ ATOMEI pacHofIOKEHBH B NPOCTPAHCTBE
- -

CTPOroc NEPHOAHYECKH, TIOAHLIA ROTEHUHAJ Kpucrasiia V(r) Oyaer
0061414Tb TPeXMepHOH NepHOAHYHOCTHIO. [OUHHil BHA NeproAHYe-
-

CKOTO NoTeruHana V (r) HeH3BECTEH, XOTA AJst HEKOTODHX JHIJIEKT-

i
PHKOB H MeTanioB V(r) MoXeT GbITh BHUYHC/JIEH LOCTATOYHO HA-
nexuo, K cyacrbio, oKasasnock, 4T0 A8 NMoJAyYeHHs (QYHIAMeHTa/b-

HLIX PEe3VALTATOB TEOPHH MOXHO H HE& 3HATL TOYHOTO BHAA f10TEH-
—~

—
udasa V(r}. Baxno nmus 3daTth, 4T0 V(r) sBASIETCH RepHOXHBYE-
ckoH yHKLKel # ee NEPHOI COBNAJAET ¢ [ePHOAOM KDHcTananue-
CKOR pelieTKH.

7.4, $YHKIHH BJOXA

®. BaroxoMm 6GRI0 JOKA33HO, YTO BONHOBHe (YHKIHH, SABISKIO-
mEecs pellenufAMHE OaHO3eKTpoHHOro ypabBHenHs Lllpeaunrepa ¢
NepROANYECKHM NOTEHIHAJIOM, HMEIODINM IlepHON PpeIleTKH, Iped-
CTABAAIT co00l TMJOCKHE BOJHH, MOLV/JI#POBAHHHE HeKoTOpoH
dyHxnpeH ¢ NepHOANYHOCTRIO PEIIETKH, T. €.

v (O=U, (r)ei ™. (7.22)

—
3aech U-» (r) HeKoTOpan mepuojgudecKas QVHKIOHA ¢ NEPHONOM pe-
I
-
MeTKH, 3ABHCANIAR OT BEAHUMHB 80HOG020 8eKTOPA K.
3anHIeM ycAOBUA [MepHOQHUHOCTH iIOTEHIHAJABHOR  SHEpPTHH
3JEKTPOHA B KpHCTAJNE:

V() =V (r4n). (7.23)
rje BeKTop I

ti==tt; 2y b na €. (7.24)
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e

B (7.24) a, b, ¢ — BeKTOPH EAHHHUHWX TPAHCNALHA; 71y, 7y, 1y —

NpOH3BOALHBE gucHa. TlpH CMEIIEeHMH KPHCTAANA Ha BEKTOp N OH
coBMeniaeTcsl caM ¢ coboit. M3 yeaosHs TPaHCNAUHOHHOR CHMMET-

-
pHH CAEIYeT, YTO BOJHOBAA QYHKUHA ajaeKTpoHa 1 (r} orandaercs

L
OT BOJIHOBOH OVHKUMH p(r--1n) HEKOTOPHM MOCTORHHHEIM MIIO/K K-
TEJEM, T, €,

P{r+n}=Cyp(r). (7.25)
H3 yecroBHA HOpMHpPOBKH CAEAYET, 4TO
|C|2=1 (7.26)
YeaoBaio (7.26) MOXKHO YHOBJETBOPHTL, ECAM IOJOKHTD
C=¢i®n, (7.27%

He#cTBHTEABHO,
[ S
{C|2=]eixn |2=]cos £ n-tisin & n|2=cos? k n+-sin® K n=1.
e

B eupaxenun (7.27) Kk mpeactaBasier coboifl BOJNHOBOR BexTOp,
XapaKTepH3YIOIHA KBaHTOBOE COCTOAHHE SACKTPOHA B KpHCTaJIe.
ECTGCTBQHHO, UTo [OKa3aTedb CTENEHH 3JKCNOHeHTH! JA0MICH OLiTh

-
GespasmepHofl BeanunHOA. IlocKoabky n HMeeT pasMepHOCTh HAH-
L
HH, K RBOJNeH MMETh PasMepHOCTb, OGpaTHyW NAHHe, T. €. M~
-l

Mojayny BekTOpa X HA3HBAeTCA BONHOBHM uHcaoM., Ero dusnue-
cKkuf CMHCH ~~ YHCJIO ANHH BOJH, YEAdIWBAWIIHXCA Ha OTpes-
xe 2m

HEr=y (7.28)
C yueroMm (7.27) nepenxmem (7.25) B BHAE
P (rn) =ei %0 (1) (7.29)
HIH
() et K (rn) = U ()i, (7.30)

3necy uepes U_;; (r) oboznaveHa Qyuruun

- —

U (1) =gy (t4n), (7.31)

ABNAINARCA TEPHOAHUECKOH ¢ TMeproaoM pemerka. B cuny (7.29)
r (7.31) umeem
— -t e e

-
U (r4n')y=e—xetndnting (r4-n4n') =
—_ - -: —_ e % -

e g—t K(PHD40Y) gi 8 n’.llj (I’+l'l) =g~ HEl‘+ﬁ)1b (r+n) =[i. (r} .
3
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Takum oGpasoM, HeHCTBHTENBHO, BoAHOBAA (YHKLHA SJEKTPO.
L
Ha B KPHCTAJUI€ OpPeACTaBAAeT CODOH Oerymylo BORHY e'XTf, Mo-
e
JYAHPOBAHHYIO HEPHOAKYECKOR (yHRIkeH U;{, (r), mmeromedt me-

-
PHOA PelleTKH H 32BHCHHIEH OT BOJHOBOIC BEKTOpa K. OYHKLHA
—

q;; (r), onpenenseMan sHpaxenneM (7.22), moayuuna HaszsaHue
i

pynxyun broxa. Ot BOMHOBOrC BEKTOpa K 3aBHCHT TAKKE N SHep-

rrA anextpora. KoukperAuf BuX 3TOH 3aRHCHMOCTH MoOxer GHTHL

Ha¥jeH Nper pemenyn ypasnenns Hlpenmnrepa:

Hyp. O=E(9. (). (7.32)

-
Haxoxperwe 3asucuMocTH E(K) sBAseTCs OKHOR H3 BANHEANIHX
Sanav (H3KKM TBEpPAOTo Tela,

7.5. CBORCTBA BOJIHOBOTI'O BEKTOPA 3JIEKTPOHA
B KPHCTAJIE, 30HH EPHIITIOZHA

Bpeneunnfi mpu obcyxnenun dysxkuufi Baoxa sonHOBOA BEKTOD
HrpaeT B 3afade O JABHXKEHHH 3JICKTPOHZ B NEPHOAMYECKOM HOJE
KPHCTaJia TAKyIo e PoJb, KaKyl0 HrpaeT BOJHOBOW BEKTOp B 3a-
Aaye O jABHIKeHHH cBofGoxHorg snekrpoda. Cocrosrue cwmofonuo
ABHXXYIETOCs 3JEKTPOHa XapakKTepusyerca sseprHeR E w uMnyns-

L

coM p. Ilpn sTom

__P -
E= o (7.33)
STOMY 3JEKTPOHY COOTBETCTBYET BOJHa fAe Dpofina ¢ AauHOH
1=f’-=-"—, (7.34)
p mo
- 2x
TRe vy — CKOPOCTb SNEKTPOHA. YuuTHEAA, UTO IKI=T, nepe-
niziieM (7.34) B BHRE
P=Fh-K, (7.35)
rae E=-—£—. BeauM, uTO BONHOBOA BEKTOpP MPONHOPHHOHAJEH

2n
HMITYJIBCY SJIEKTPOHA.

-

SHeprusi cBoGOHOTO 3ACKTPOHA CBA3AHA C K COOTHONISHHEM
R2ex?

E= 2m

) (7.36)

262


http://www.print-driver.ru/?demolabel-ru

Ecau Ha 3JEKTPOH HHKAKHE CRAL HE REACTBYIOT, TO €ro aHepris
-
ocraetca mocroannoii (E(k)=const). 310 o3nayaer, uTo He Me-
- -

HAETCH K M OCTaercd NOCTOSHHEM uMIyibc p. [lo cymectsy, ato
eCTb 3aKOHH COXpaHeH#Hs SHEPruH # BMIYJBCA.

Ha 3JeKTpoH, IBHXYIIHACH B KDHCTaJie, BCErKA fAeACTBYET ne-
PHORHYECKOE TIOJie PelleTKH, JHeprst STOro B32uMoaefiCTBHA HB-
AseTcs MEpHORKMYeCKOR yakumed koopausar. C/eNOBATEJNBHO,
SHEprHS W MMNYJBC SJEKTPOHA B KPHCTAJJE H3MEHAIOTCH CO Bpe-
MeReM nod AeficTBHEM 5TOTO NMOJRs, T. €. He COXpaHsATCA.

" —

Onnako, MOJB3YSCHE ROHATHEM BOAHOBOIO BEKTOpPa K, BBEACH-
HOTO AJ% SJCKTPOHA B KPHCTAJE, T. €. BXOMAILErc B (YHKIHIO
Baoxa (7.22), MoxHO BBECTH XapaKTepPHCTHKY, aHAJIOTHUHYI0 HM-
NyJbCy, HO COXpaHSAILIYIOCH BO BpEMEHH:

(= -
P=#x. (7.37)
Yro6H NOAYEpPKHYTh CXOACTBO H OAHOBPEMEHHO OTMETUTH OTJIHTHE
P :

¢urypupyiowmesi B (7.37) senpusEH hK OT HCTHHHONO HMIYJhCa,
31y BeJHYHHY HA3HBAIOT KBaSHHMIIYJLCOM 37EKTPOHA.
Eeau kakasa-au6o ¢u3pueckasl BEIHYWHA COXpaHAe€Tcd, TO OIle-
paTop 5Toli BeAWYMHH KOMMYTHDYET C ONepaTopoM I'aMunwTOHA.
.

TakaM 06pasoM, KBasHHMIyahcy P JioskeH COGTBETCTBOBATHL HE-
A

KOTOpH# oneparop P, KoMMyTHpYoI#fi ¢ IaMu/ibTOHHAHOM KpHC-
TaNJHYECKOH peIleTKH:

PH_H P—o. (7.38)

CrepoBaTe/ibHO, MOXKHO YTBEpXAaTh, YTO NpH NBHXEHHH JICKTPO-

Ha B HEPHOLHYECKOM MoOJe PEIIeTKH cobcrrennse QyHKIRM onepa-
3 A

Topos P v H JONKHH OHTE OKHHAKOBH, a MEXAY HX cOBCTBEHHEL-

MH 3HAYCHHSMH JIOJDKHZ OHTh onpeaeieHHas (YHKHIHOHAJIbHAA

CBA3E:

E=E(P). (7.39)

D10 03HAYAET, YTC SHEPIUS JIEKTPOHA AOMKHA OHITE QYHRumed

KBasHHMNYJbCA.
. A
Slcuo, uwto onepaTop P He Moxer HMeTb BHA OCHWHOIO onepa-

h
Topa HMItyisca p——ik 'V, NOCKOJbKY OH He KOMMYTHPYET ¢ Ia-

R!
5 A+-V(r):

) A
M#aNLTOHHAHOM pelleTKH H=—
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_ 1 3 n '\-— 1 L Tl2 s
7= P Pl=1 ”’V(?;?TV‘“V)”P
+(- 3 v2+v)'ﬁv1=—(vw (7.40)
2m i . .

C znpyrofi CTOpPOHH, ACHO M TO, YTO MEXAY OAEPATOPOM KBAZUHM-

A
nyabca P u onepaTopoM EMIysabca HoaHA OGHTH cBAsb. [lpes-
NONOKHM, UTO DOTCHUHANbHAS JHEPrHS pelleTKH CTAHOBHTCH He-
KoTopol xoHcTaHTof, T. e, 'V V-0, B s10oM cayyae xpasmuMnynbc
TOXKJECTBEHHO NePEXORUT B HMOYJIbC.
IIpeacraruM onepaTop KBaIHKEMIyAbca B BHAE

Pe— i EViT g (D), (74D

A=
rae g(r} — nexoropH# oneparop, ofecHeYHBANLIAH KOMMYT2UNIO
* _

A A A
H un P. OueBnmio, uro g(r) >0 npr VV-0.
Ao

Has oThickanus oneparopa g(r) samulieM ypaBHeHwe:
A - = ) )
P (1) =P (1), (7.42)

A
B KoTopoe noacraeuM P B Buae (7.41), a poaxoBylo QYHKUHK B
Bige ¢oyHkuas Baoxa.

- — A

31{;.; {?)=-i}ii;qa_l, (r)tein {—iEV Us (1) +ikig g (r)=

=ik (D HE[E—VIn U, (D] O =P (). (7.43)
O1cioas MOKHO 3a0HCATD:

=

A LA -
P=hg; g=(Vln U: (r)). {7.44)
Ecmm VV(r)—0, To U;, (r) B dyskunu Booxa (7.22) Gyner

A
CTPEMHTBCS K HeRortopoil xoncrante. Llpu 3toM g—0 u xBaguum-
NYALC TOXJAECTBEHHO obpamniaeTcs B o0WUHKIA HMAYJLC.

O6paTnM Teneph BHHMAHUE HA TO, YTO BOJHOBOR BEKTOD 3JEKT-
poHa B KpHCTaJje, B OTJIMUHE OT BOJHOBOTO BeKropa cBofioHoro
3A€KTPOHA, HEOAHO3HaueH, HrofiW NOKa3aTh 3T0, PacCMOTPHM
TPaHCAANEOHHOe Yycaoene (7.29), HaxknanHBaeMoe Ha BOJHOBYRD
GYHKIOHIO 3JeKTpOHA, ABHNKYLIEIocA B NCPHOAHYECKOM MOJge -pe-
METKH:

Ty et B (r).
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-

270 yc.rmsue He HapyWKTCH, ec.m ao.nnmsoii BEKTOp K SaMenuts

HA BEKTOp K+2:r|‘.H rae H-——h a*+xb*+£c* — BeKTOp ofpar-
ncit pemrerkn. JefcTBuTEAbHO,

e —r

ei(ﬂ-]-EuH)n etmn) ei?(HEn) —gfnn (745)

- -
B CHAY Toto, uTo (Hn)=m u e??™m=|] Takum 06paszoM, M& npu-
XOAMM K BEIBOLY, 91O COCTORHHA, xapamepusyemue BOJIHOBLIM Bex-

TOPOM K K BOJIHOBHM BeKTOpOM K-I- 2nH cbﬂanqecxn 9KBHBAAEHT-
B, CJefoBaTe bHO, SHePrHA SMEKTPCHOB, HAXOARMMHXCA B 3THX
ABYX COCTOSIHHAX, ORXHHAKOBa. JIpyruMu cloBaMu, H BOJHOBAS
GYHKUHS, H HEPrHA 3JeKTpoHa B xpnc*ra.me ABASIOTCH NEPHOMK-

TeCKEMH (pyHKuuﬂMH BOJHOBOTO Bexmpa K ¢ DIepHOJIOM 2::H

{MM KBaaHHMITyJbca P c nepnonorﬂ 2nh H}
E(K}=E(K+2nH), (7.46)
E(P)= F(P+2nhH) (7.47)

Ecaun B K nIpOCTpaHCTRE (HJIH B P -NpOCTPaHCTBE} NOCTPOHTHL 00-
PaTHYIO pememy, pacmﬂy’rylo B 245 pas, I e. pemeTKy c BeKTO-

paMu 2"13& 2:|tb* 2 mo (womm .‘Zuﬁa* .‘Znﬁb* .‘Z:rt?ic*)

TO BCe K {nau P) -NPOCTPAHCTBO MOXKHO Das3fle/inTh Ha objacrd, B
KOTOpHX uMelTcd QH3WUeCKH SKBHBANEHTHHE COCTOSHEA. D1H 06-
JIACTH HA3IBDIBAWOTCHE JOHAMIL Bpu.mroana. MHOI‘OI‘p&H‘HHK MHHHMAAh-

L
Horo o6LeMa, DOCTPOSHHLIA BOKPYr Hayalla KOODAHHAT B K (MAH

-
P)-npocrpancTBe, coflepxallufi BCe BO3MOXHBE Da3AHYHBIE CO-
CTORHHA, HA3WBaercd nepsolfl, HIAH OCHOBHOU, 30H0L Bpuaswsna.

-
C noMompio BeKTOpoB oGpPATHOA pewleTKH MOOYI TOYKY K (HAH

-

P)-npocTpaHCTBa MOXHO MepeBecTH B IEPBYIO 30HY Bpuamoesna,
IlepBas soHa Bpramosra npencraBiser co6ofi 3AEMEHTAPHYIO

staefky Buruepa — 3efitua naa obparHof peurerku, pacTinyTo# B

21 pas. Jlaa onpeneseHHs BuAa nepsoi 30K Bpaamosua HYXHO

I!OCTPOHTI: oﬁpamym peIIeTKy ¢ napaMerpamu syeiiky .‘Zna*.

an 2:rrc* H TOCTPOHTb B Hell syefdiky Burxepa --— 3eirtua,
l'fo.ﬂhs}"ﬂcb NpABHAAMH, OMHCAHHHIMH B rnaee 1.

Bropas soma DBpunmosna cTpodTCH amamorsaHHM ofpaszoM. B
00paTHOfi pellerkKe, TNapaMeTpsl XKOTOPOH YpeJMuenH B 2g pas,
BHODAHHHE OpH MOCTPOEHMH NEpBOA 30HH BpuamosHa 3a w#awano
OTCYeTa Y3eN COeAMNAKT NPAMBMH JHHHAMA ¢ GAHXKAAINEMH 35K-
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BMBAJEGHTHBMH Y3JAMH, HO yXe JeXAaI{HMH HAa HOBEPXHOCTH BTO-
po#l KoQpAMEanmOHHOR cepr. 3areM, KakK H NPH - HOCTPOSHHH
nepBofi 30HLI, CTPOAT INIOCKOCTH, NepNeHAHKYJNAPHHE STHM DOpR-
MHIM M NpOXORAINHE uepes HX cepexausy. B pesynbrarte nonysawor
BTOpPYIo 30HY DBpHAJio3Ha B BHAe 3aMKHYTOIO MHOrOrpaHHHKA.
Tpetb® H nocaelNyiolHe 30HH CTPOATCA TAKHM e 0Opa3oM, He-
Noab3ys OJuixafimiue SKBHBaJICHTHHE Y3AHW oOpaTHON pelllerkH,
Jdexanipe Ha TperbeR, wersepTof W T. . KOODAHHANMOHHHX cde-
pax.

PaccMoTpiM B KauecTBe IpHMeDa WPOCTYIO XKyOHUECKYW) pe-
WIeTKY ¢ MapaMeTpoM sdefikH, papnnM a. B raase 1 Guiao noka-
3aHO, 970 IJIA Hee ofpaTHad pemmeTka TaxxKe Oyder apocrofi KyOu-

—

1 .
ueckofi, npuueM a*=-—. $ugefixa Burdepa — 3efiTua B K-mpo-
_ P P p P

CTPAHCTEE, T. €. MepBafg 30Ha DpHAAIOINA, npelcTaBiaseT cofoft B
sToM caydae Ky6 ofbeMoMm 8mPfad. HeficTButenpHo, Ky6, mocrpo-
eHHHA Ha 3-X B3aHMHO NEpNeHAHKYASPHHX BeKTOpax LJIHHOH
2nx/a, coxepHUT BCe HESKBHBAJNCHTHHE TOUKH, NOCKOAbKY OHH HE
MOIYT OHTB MOJYYeHBl oAHA H3 EPYroH ¢ DOMOIBK Kagoro-apbo

i
BexTopa H. Bee TouyxH, sexamue BHe 3Toro Kyba, MOXHO NOJAV-
YNTh A3 TOYEK, PACMOAONEHHHx BHYTpH Kyba. [ns nocrpoeams
nepBoll 30HH DPHANIOIAA AYKHO CMECTHTb BCE TOYKH Ha BEKTOH

n n o

(—_Tf‘ — -—--a—}. Tpu 3TOM menTp Ky6a COBMECTHTCH £
sy

HayYa, oM QTCYeTa }(——=0. TaKHM 06p330M, BCE NeSKBHBAJNCHTHRES

-

3HaUeHHA KOMIIOHEHTOB BEKTOPA K JICKAT B HHTCPBAJaX!

n n n n n n
'—TQK,;Q‘—'; “T@Kygﬁé"; —?émzé?. {7.48)
‘/ % ’ Ha puc. 7.2 gas npocrolt Ky-
fﬁ GHUECKOA PEILISTKH NOCTPOeHH He-
| : CKOAbKO 30H Dpunaiosua. _
1 3 Hepene zous Bpuaaiossa aas
3
{ = npocroli ky6rueckofi, OLIK u THK

o
ray

pemleTOK nokasaHHW ua phe, 7.3,
OJKBUBAJIEHTHOCTE (PUIAUECKHX CO-
CTOAHAA, NPHRAIERKAWAX pasany-

\
™
{
HH
o~
"\

/ HEM 3o0HaM DBpuamoasa, nossons-
~ \yﬂ' eT Op# ABRMEHHH SAEKTPOHA B K-
[ s nPOCTPAHCTRE paccMaTpHBATh €ro
LA TPALKTOPHIO TOAbDKO B TIpeAerax

Puc. 7.2. 3ogu  Bpuamosua neprofl 30HR BPUAKIOSHA. )
Aas npocroft kKyGHseckolt pe- JhioGoli  peasbAMH  KpHeTadn
1 — nepm;‘fe“‘g; sTOpas, ABASETCH OTPAHMUEHHEIM. DTa or-
3 — rpetsa zoua Bpuamosia DAHHYEHHOCTL IPHBOAHUT K TOMY,
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6)
Puc. 7.3. [lepsas 3oHa Bpkamossa #nA npocToft Ry-
Guveckoit (z), OLIK () u TLIK (8) pemerok

YTO B0AHOB0LE BeKTOp 3AEKTPOHE 8 KPUCTRAAE MONET NDURUMATO
T046K0 JuckpeTrbli pad anquenutl, A Toro 4tobH NOACYHTATH
-

UHCA0 AONYCTHMHX 3HaueHHA K B 30He DpHiaioana, HeolXoAuMo
ya9ecTb IPaHHYFEe YCJOBHA, AnanoTHIHO TOMY, KaK 3T0 GHAO che-
A4HO B ThaBe D, NDH pacuere gHCNIA COOCTBEHHHX KojeGauHd on-
HOMepHOH (ENOUKH AaTOMOB, BOCNOAb3YEMCH IMMKAHYECKHMH rpa-
HEYHBIMH yciaoBhaMr Bopna — Kapmana.

IIpennoroXkuM, Wro KPpHCTAJJA HMeeT (QOpMY napaniejennnena
C pasMeDaMH 10 OCAM X, ¥ H 2, cooTBercTBeHHO, Ly, Ly, L. TlycTs
pemeTKa npocTas xyOmueckas ¢ napaMerpoM a. Torna

Lxﬁﬁx a, LymNy a, L2=N1 a, (7.49)

rae uepes Ny, Ny N, ofo3HageHo yncAo aTOMOB, pacloJaraloliuX-
cR Ha pebpax L., L, L, coorsercrBenno. IlorpebGyeM, uto6H B0OJ-
Hopan (QYHRUHX YAORJeTBOpAja YclosusM Dopra—Kapmanua:

lp(x, y,z)=1[3 (x"{_L-'ﬁ’ y+Ly| Z+Lz)' (750]

YUHTHBAA, 4TO BOJHOBax QYHKIHA 37eKTPoHA B KpHETAJAe HMeer
BHa ¢yrKknnu Baoxa, yenosse (7.50) MoxHo nepenHcarb B BHAE

11)“-' (x+Lx| y+L'§v Z+Lz) =

R (L (gL )b (4L )]

=g X-UE—; (x~+La, YLy, 2+4-L;) =
1 xL x-l-‘KyLy-l-tng e )
==-U_l.‘.(x, g, 2)e -e‘“fmp;(x, ¥, 2). {7.51)

3ech YuTEHO, 9TO YCAOBHE U.!: (x+Le, y+Ly 2+L;}=Uﬁ, (x, 4. 2)
BHIIDJAHACTCA BCAEGACTBHe NEPHOAHYHOCTR GYHKUHR U}.{, (r). Oue-

B#AHO, 4TO0 Ly, Ly, L, cofepixar leA0e 9HCAO NEPHOAOR peHIETKH.
TaxuM oGpazom, AJd BHINOJAHeHHA YycaoshR (7.51) meofxomnMo
NpHEATDL

o i (xx.Lx+xyLy+szz)

iII

1 (7.52)
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H.TH

in in L ix L .
& a:‘t‘x = !Jy:e zzil. (753)
Hocaegnee PaBeHCTBO BLIMOJAHACTCH, €CJIH
K =2 iy, Ky L,,.=2:’In2; K L;=2:nn3, (754)

rne ny, Ry, 7y — mMobHe Heawe uncaa (0, =1, %2, ...). Orcloga
HoJyqaeMm paapememme 3gayenysT EKOMOQHEHITOB BOJMHOBOID Bei-
TOpa:

2 N .3
Lx LU nz! I Lz

TaxnM o6pasoM, NeHCTBHTE/ABHO, BOJHOBOH BeKTOp =2JEKTPOHA

Ka= ny; Ky 3. {7.586)

H3MEHAESTCA HE HenPepHBHO, a AHCKPeTHo. B CHIY CBA3H MeXAY K

e
¥ sHeprrefi E=E (k) nociemHas ToXe OKa3blBaeTcs KRAHTOBAHHOIM.
Mepennwem (7.65) ¢ vaerom (7.49):

2 m 2n N 2n  ng
o= = K= — ) K= —
a W, & W, s W,
HJITH
2 n o
K= —— — =2 g* 7.56
a N, N, ( )

— - -
YauTHBAA, 4TG COCTOAHHA ¢ BOJHOBRIMH BexTopaMH XK k K-+2mH
SKBHBAJIEHTHH, Mbl MOXeM paccMaTpPHBATL He OeCcKOHEUHHI psa
3HAqeHHH #;, 2 OrpaAHHYHTL €0 YCJIOBHEM:

k=2xa" n=N.
Hu:xuec snauenne #,~0.
Taxkm 06pasoM, uuCHQ paspelieHHHEIX 3Ha4eHHl KOMNOHEHTOB
—

14 i LI
BEKTOPA X, 32KJI0UEHHHX B HATEPBajaax — éxxs;?, - =
7 14 11
SKySS —,  —-— K, ——, COCTaBJASIeT ANR Ky — Ny AN Ky —
a a a .
M, ana &; — N, Beero » 3ome Bpranosna uMeercs
u P
Lel,L:
N=NxNny=‘""‘—‘é?"—— (7-5?)

paspeittedHBIX cocrosuufi. s (7.57) Buaxo, uro N paBHO uHCaY
3JEMEHTAPHHX 5ueexk B KpHcraade, Jlas xpucTanasa HOCTATOUHO
—

GOIBUINX Pa3MEpOB 3Ta AHCKPETHOCTb BOJHOBOIO BEXTOPA K B pHA-
-

L€ coyuaeB HECYLUIECTBEHHA W TNO3TOMY YacTo K CUHTANOT XKBa3HHe-
npepuBaaiM. J[leficteuTeasno, ecan a=4-10-8 cM, T. e. a’=
=64.10-% cM8, 1o i Epucranaa obbemom 1 cM3 HMmeeM

14 1

= = o 0%
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Hrak, daa noanozo onucauus 6cel CosoKynyocTH  cOCTOARHUL
I2CKTPOHA 8 Kpucraase JoCTATOMNO paccMarpusars TOALKO 06-
-

AGCTb 3Raverull X, oepanudennyc nepsotl 3onoid bpusrwoana. Tem
pe MeHee, MHOrAa MOJe3HO CYHTATR, UTO BOJHOBOH BEKTOD MOXKEeT

-

H3MEHSITbeS RO BeeMy K-TpocTpaHceTtBy, Ilockoabky a5 niOGHX
i

-

ABYX 3HaveHUH X, OTJHUaOMHXCH Ha Bektop 2aH, Bce posdoBmHe

(PYHEROHH B YpPOBHR 3HEPTHH OAWHAKOBH. 3HEPTeTHIECKHM YPOBHAM

MOXKHO NPHIHCATh HHAEKCH £ TaX, 4ToOB NPH 3aMaHHOM n cobeT-

peHHEle QYHKIHM K cobcTBeHHHle 3Hagends vpasmeuns lLpeaun-
->

repa GHJN NEePHOINYECKHMH QYHEIHSMH BexTopa K B obparHoil
peleTke:
- —
2 - (r)=% . (1},
nut2n H K

(7.58)
E -t -4=E -

nk+2n H #
COBDK}'HHOCTB BCEX SHepPreTHYeCcKux }'pOBIIE‘.I.:I BJ'IGKTPOHH, aOmuH-
—

cupaeMux (dynxnuit £ . (#ar E,(K)) npu dukcuporauHoM 3Ha-
n,k .

9eHHH f, HA3LIBAOT 3HepreTHaeckKod 3ouofl. Tak kak rKaxkpaa QyHK-

-
uus En(xX) nepHogM9Ha W KBA3NIENPepHIBHA, V IHEEe CVIIeCTBYET
BepXHUNl 1 HUXuHA npeaeadl. Bee ypoBHu sHepruit pandoft saepre-
THYECKON 30HB 3aKJIOUEHBl B HHTEpPBAse MemKIy ITHMH ABYMS IDE-
denamu. Ilpr mHpure soam ~1 3B cpeanee paccronanHe mexay
JHEpPTETHYECKHMH YPOBHAMHM cocTasasier ~ 1022 3B, T. e. muoro
meHblle Xp 1. MMenno s7or $akr n nossonser B psle cAyyacs He

-
VYHTBIBATL AMCKpPeTHOCTb Ey(K) B Npenenax 30HHL

-

ITockonbKy KaXKioOMy paspeuieHHOMY 3HaYeHHI0 K COOTBETCT-
BYeT paspelieddlil YPOBeHb SHEPTHW H HA KAXKAOM YPORHe B CHITV
TMPHHANHNG I'Iayam MOMET pacmonaratrbCsf iBa 3ACKTPOHA ¢ TOPOTH-
BOMNOAOXHO HaANPpaBJAeHHEIMH CIOHHaMHU, YHCAQ 3IJCKTPOHOB B pas-
pelueron 30He He MoKeT GHTbh Goablde, yeM 2 N.

7.6. NOBEPXHOCThH ®EPMH

IMpu obcyxneHnn cBOfiCTB CBOGOAHBIX 9JIEXTPOHOB B MeTatae
{rji. 6) GbiNio BBENEHO MOHATHE nodepxHocTu Depymu, KAK NOBePX-
—

HOCTH NocToAHHOM sHeprwy Ep B k-mpocTpancrBe, [loBepxrocTth
BepMA OTACJNSET HESANOIHEHHEIE COCTOSHHA OT 3aNOAHEHHHX ODH
T=0 K wu nna crereMu H3 N cBOGOIHHX 3J€KTPOHOB  ABJACTCA
ctheprueckoit. Panuye xp chepn Pepmn, rak caeayer us {6.57),
onpeaensercs 3JAeKTPOHHOR mAOTHOCTBIO Kp=(3n2n)l8,
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Buwe muf nokazaam, uro yuerT B3anMoAeHCTBHA 3JEKTPOHOB C
NepHOAHYECKEM [fOJIeM KpHCTANJIMYecKOH peHIeTKH NPHBORHT K TO-
MY, 9T0 3JEKTPOH ONMHCHBACTCA YKe He IJIockoff BomHo#, a QyHK-
naefi Baoxa. Tak xe xak ¥ cBoboAHBIS 37EKTPOMEH, OJAOXOBCKHE
3JEKTPOHH 3AMOJHAIOT B COOTBETCTBHH ¢ npuHuuaoM Ilaynu paa-

pelleHHHEe SHePTeTHUSCKHe YPOBHH HJIH pa3pellieHHEe COCTOAHHA B

4 :

K-npocTpancTee. B oTaHyne oT CBOGOANBIX 3JIEKTPOHOB 3HEPreTH-
—

YeCcKHe YPORHH 3aJaX0TCH TENepb KBaHTOBEIME qHCAAMH N1 H K, 2
-~y

3aBHCHMOCTD E,(K) yXKe He onpejaenserca TaKHM NPpoCTHIM BHpa-
KenneM, kKax (6.54) nas ceoGomHEX anexTpoHoB. [locae zamnonaHe-
HHR HH3DIAX ypoaﬂeﬁ MOXET OK&3aThbed, 4TO HEKOTOpEIE 30HBL 3a-
MOAHEHH MOAHOCTBIO, 4 BCe OCTadbHbie — nycTH. Ilpn sTOM Mex-
Ay BepilHHOfl caMoil IocielHedl 3aNoaHeHHOH 30HW H JHOM caMmokl
HH3KOH HYCTOﬁ 3OHB HMeeTCdA IHepreTHYeCKasn UIeJE, Ha3npaeMas
TakiKe aanpemierRnoll 3oHof. Haxe Muf YBRAIMM, 9TO TakHe TBep-
Oble TeAa MPEACTABJASIOT cO00H NH3MCKTPHKH HAM MOAYIPOBOLHH-
KB (B 32aBHCHMOCTH OT UIMPHHH 3aNpelieHHOH AOHM).

Bosmoxen Takxke # Apyrofi xapaktep sanoanedmsa. Herotopre
SHEpreTHUECKHEe 30HHI MOTYT OBITb 3aMoAHEHH 9acTHYHO. B sT1oM
caydae 3Heprusl NOCAEAHEI0 3aNOJHEBHOTO YPOBHS, T. €. 3HEpras
Pepmu, AeKHT BHYTpH 06AACTH pa3pelUeHHEX SHEPrHi OfAHON HAH

e

Gonee 308. B k-npocTpancTBe XaXJofi wacTHUHO 3aMOAHEHHOR s0-
HEe COOTBETCTBYET NOBEPXHOCTb, OTASASIOMAN 3aHATHE COCTOSHHS
OT He3auaTHX. Bce BMecTe 5TH NMOBEPXHOCTH HA3HBAWTCHA NOBEpX-
HocThi) Pepmu. Tawkm o06pasoM, nosepxrocTh Pepmu ana Gao-
XOBCKHMX 3JIEKTPOHOB MCIKET HMeThb 3HauuTeAbHo OoJee cJ0KHYIO
thopMy, geM coepa @epMA i cBOGONHRIX SAekTpouoB. Hacrtn
nosepxyocty @epMH, COOTBETCTEYIOINME OTAENLHHM YaCTHYHO 3a-
NOJHEHAMM 30HAM, HA3HBalOTCA MOAOCTAMU nogepxnocTu Leprmu.
TsepRoe Teno, y Kotoporo cyllectTByeT NOBepXHOCTh PepMnu, mpea-
ctanpiger coGofi Merana,

-
HanoMuuM, 4TO BOAHOBOH BekTOp X CBOGORHOr0 3/AEKTpOHA
-

OOHOIHAYEH H MOXKer NPHHEMATE BCC 3Ha2HEFHA B K-NIPOCTRAHCTHE,
YAOBNETBOPSIONINE NEPHOLHIECKHM rPAHHIRKM YCIOBRSM BopHa—

Kapmaua. BonsoBofi BexTop K 6 A0XOBCKOTO SJeKTpona HEO}IHO?IHa-

4eH, TAK 470 COCTORHHA, XapAKTEPHIYEMHEE BEKTOPOM K R K+2:‘EH
GUIMIECKY SKBHRAMEHTHH, 3Ta SKBHBAJNEHTHOCTL COCTOSHEA B
pPasJHIEHX 30naX BpHaa03HAE, KAK OTMEUAJOCh BHMIE, HO3BOJRET

-
Npu NBHXKeHUW OJIOXOBCKOro 3JEKTPOHA B K-NPOCTpaHCTBE pac-
CMaTPHBaTh erQ TPACKTOPHIO TONLKO B NpeAcAax NHepRof 30HH
Bpramosna,

TTpuGamkenao MOXHO TOCTPOHTH DOBepxHOcTe DepMu, HCXoAS
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n3 TnoBepxHocTH {epMH pAar CBOSOAHHEIX SAEKTPOHOB. BHauaje
-
NOCTPOHM B K-TIPOCTPAHCTBE NOBEPXHOCTE PepMH man cBOGOAHEX
-
sAekrporos — cohepy Pepmu ¢ paguycom K=(3a?n)® # ¢ uenr-
i

poM B touke K=0. 3arem BOKpPYr 3TOH TOUKH OOCTPOHM HEPBYIO,
BTOPYI0, TPerblo H T. A. 30HH Bpunmosna. Ha puc. 7.4 rakoe mno-
CTPOERHE BHIOJHEHO AJAA ABYMEepHOH KBajpaTHOH pelieTkH. Bu-
IHM, 9T0 B AaHHOM KOHKDETHOM CJayuae NlepBas 30Ha DBpHIIIOSHA
NOJHOCTHK) NeXHUT BHYTPH cdepnl depmn. Cdepa mepecekaeT rpa-
HHLL BTOPOH, TPETHEH M YETBEPTOH 30H U He NPOCTHpaercs JZa/b-
ire gerseprod 3oHW DBpuaamwana, Tawxum ofpazoM. HOBEpXHOCTD
PepMH B jAaHHOM chaydae H300paxaercss pacy/eHeHHOH rIpaHHUA-
MH 30H BpaamosHa cdepoli. Hactn noBepxuocTH Pepmu, oTHoCA-
IHeCs Naxe K OfHOH H Tolt e 30He, OKA3HBAKTCA OTAEJNeHHBIMH
Apyr ot apyra. Takoe mpeacrapjaeHHe He oueHb yaobHo, [lostomy
yacTo NoBepxHOCTL PepMH CTpOAT OO cXeMe OPHBEZEHHHX  30H.
Jas store uwacTtH pacuneHeHHOH cdepH uz BTOpoH (a TakKe
Tperbell, qerBeprofl M T. A.) 30HH DpuaiosHa nepexocsT, HCNMOJb-
-

3yq TpaHcnanHMH Ha Berrop Z2xl B nepeyio 3ouy BpuaamsHa.
PesyaeraT Takoro mepeHoca w3 BTopoH H TpeTheii 30H B HepBYIO
30HY DpRraMosHa, 10 HCXOAHEM AAHHKWM pHC. 7.4, NpeacTaBleH Ha
pHc. 7.5

Tipu TaKOM NOCTPOSHHH JNONMOJAHHTENBLHO HeoOXOJHMO YUeCTb,
YTO YYacTKd IOBepXHOCTH DepMH, OTHOCHIIMECs KO BTODPOH.
TpeTheH W T. A, 30HaM BpuHI/OsHA, nox BAHAHHEM BHYTPHKpHCTAJ-"
JHYECKOT0 HOAA RCOHTHBAKT H3MEHEHHSH, T. €. NPEACTaBAAKT CO-
Goit yactn RedopmuposaHHoi cpepH. B pesyabraTe OMUCAHHOrO
MOCTPOEHHS HO cXeMe NPHBEJEHHHX

30H YaCTO NOAYHAIOT O4eHb CJOX- _ NE B
BHe Gurypu. Ha puc. 7.6 B xave- b 3 6
cTBe npuMepa H3ofpameHa Io- / &
RepXHOCTE DepMp aATOMRHUA. ;

HauGosnee npoctofi BHA HMeeT ¥ / 3
nopepxHocTy PepMn  AAH WEEJ0Y- NV orw o 3. );\
HHX MEeTANJIOB, JTH METAAJIK HME- 4
10T nouTH cepruecKHe TOBEPXKO- 3 3l
¢t DepMu, LEIHKOM Jexauine N 7
BHYTPH OAHOH 30HH DBpHIMO3HA. 2d /

B menounbix Merasaaax xaxael# & 6
aTtoM oTaaer B ofliee NOJAL3CBAHHE )
e oaxoMy snekrpody, (QceradbhEe

JIEKTPOHHE HAXOAATCH B CBA3aH- Pae. 7.4. 3onn Bpuiios#a mad
HOM COCTOSIHRH Ha ATOMHHRX Oc-  ABYXMEpHOH KBajpavHOH pewler-

- . k., OKPYXKHOCTh NPECTABIAET
raTKax (WoHAX), pacno.rm}};]eHHbm S0l Momeprnoets Depyh 113
B y3Jax KPHCTAJIHYECKOM P paxoroporo wacthoro smaueHus
HEeTKH. BHIIE YXe OTMEYaJoch, KOHUEHTDAUAH  BIEKTPOHOB
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Q

a) ), &)

Puc. 7.5. Hopepxuoctn Qepuy, noKalaHHaA Ha puc.

7.4, B CcxeMé NPHBEZCHHHX 30H, 3alITPRXOBZHHEE

Y9aCTRH u300pakKal0T 3aHATHE SAEKTPOHAMH coc-

TOAHHA: @ — nepeas, 6 — propad, & — TPeThN
30HHE

uro paxuyc cdepu  DepMH CcBOGOAHEIX 3/GKTPOHOB OOpele-
ASeTCH TOJABKO KOHueHTpaumell ajextponos  (cM Gopmyiny 6.57).
B csow odepedb, KOHUSHTPAIUA 3JEKTPOHOB B OLHOBAJEHTHOM

wesoyHoM Meraate ¢ OLIK crpykrypolt n=—= 53 TEe a4~ A

Ha CTOpOHH 3JeMehTapHoll xySuueckodl suefikn (8 OLK pemerke
NpHXOAXTCA N0 ABa aroMa Ha auefikv). Takum obpazom,

LA (1.59)

3a? as

ITockoaBKY 30HH BpPHIJIOSHA CTPOATCH B NPOCTPAHCTBE 0GpaTHOR
pEIIeTKH, pacTAHyTo# B 2g pas, ynoOHO BHpPA3HTh PapHyc cephr
depMmH Ky B earHHIAX 2a/a

3 )”3 2a 2
Kp=1 — - — =0,62 — 7.60

F (4:5 a a ( )-
M CPABHHTH €ro C KpaTyallIHM pPACCTOAHEEM OT LEHTpa 30HW
Bpuaaosna no ee rpawell. Takoe paccrosnne nas OLIK pemerkm

2m
PaBRO ~07-=2~, 1. e. Goabliie, 4eM Kp. DTO 3HaYHT, 9TO cthepa
&

dhepmr neNHKOM Pacmoad-
raercqd B TIpeaenax ool
3oHW DBprAanoana. baaro-
14psa STOMY cBOACTBA AJIEK-
TPOHHOTO Ta3a B INEIOY-
HHX MeTaJax XOpollo
ONHCHBAIOTCA B pamkax
Mogedau cBOOOJHEIX JJIeKT-

{ aoma 2 aona JF aona poroB 3omMephenbaa.
B macrofulee ppems
_Pac. 7.6. Mopepxuocts TepMH aloMuEEs xopowo pa3zpaborad  pPSX
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3KCMEPHMEHTANBHEX METOROB HCCJeflOBaBHA NOBEPXHOCTH Depmu,
D7 METOAH HCMOJAB3YIOT TAKMEe SBJEHHS, KAK AHOMAJBHBI CKHH-
adipekT, NUKAOTPOHHKN pe3oHane, adderT ne aasa-Ban AnndeHa,
pacnpoCTPareHH: B MeTajLle YALTPAIBYKOBOH BOJHLI NMPH HAJIHIHY
MArHUTHOTO TOAS H IP.

7.7. SHEPTETHYECKHHA CNEKTP 3NEKTPOHOB B XPHCTAJLJE.
MOJIEJNL KPOHUTA—NEHHH

Anfl HAXOMAGHHS SHEPTeTHYECKOTO CIEKTPA JIEKTPOHOB B
KpECTa/se HeoOXOAHMO pelHTh OAHO3JACKTPOHHOE YpaBHeHHe
Hlpeaunrepa (7.21) ¢ NepHOXUYECKHM [OTEHUKAJNOM  PEMIETKH

- -
V(r). CobcrBennnle GyHKUHH b (r} # cofcrBenunle 3nayeHHA

— .

E- {r) 3Toro YpaBHeHHs B 3HAUMTESbHON Mepe 3aBHCAT OT BHAA
K .

NepHOAHYECKOTO MOTEHIRaXa. B T0 e BpeMs, Kak O0TMenaloch

L
Bhillle, TOYHHH BHA V(r) onpeme/uTh OPAKTHUECKH HeBO3MONKHO.
B oTHX ycnoBMAX M8 HaXPKAEHHA pemieHHs ypaBienud [llpeans-
repa UPHXONHTCH DPHMEHATL Pa3fiHyHBEE NPUGAHKEHHHE MeTOAH,
Aenag oupejedeHHHE NOPEANOJOXEHHS OTHOCHTEAbHO BHAa QYHK-

unn YV (?} .

-

[lo cnocody onpepeneHus noreHumaia V(r}, aexaniero B oc-
HOBE BCEX METOJIOB PACUSTA 3IHEPTeTHyYecKorQ CNeKTpd, 3TH MeTo-
Dbl MOXHO Pa3iednTh Ha TPH TPYNOH:

1) camocoriacoBaHHHE pacyeTHl, B KOTOPHX B KaUeCTBe Mapa-
MeTPOB HCNOJABL3YIOTCA TOMBKO ATOMEbBIE KOHCTAHTBL, OJwuM M3
TAKHX METOJIOB HBJSETCH MeTOd OpPTOZGHAAUIUDOBERMBIY NAOCKUX
soar (OTIB}; '

2) SMIHpHYECKHE MeTOAbl, B KOTOPHX A/S HaHAVUIIETo COTJa-
COBaHHA TEOPHI 11 YKCHEPHMEHTA NPH pacueTe HCMOABL3VIOTCH SKC-
MepHMeHTAAbHEE JaHAMe. K 3THM METoiaM OTHOCHTCH pa3zAuuHsle
UHTePROASUUORABLE CXeMbl B ME-

700 nceafonoTenyuna; v

3) MeTOMH, B OCHOBE KOTODBIX
JAEXHT BHIOOp MNOTERUHANla HEKOo- Ve
Toporo creygnaasHoro Braa. Cwopa : |—| ‘ ‘
OTHOCHTCA MeTO0st hynryuil Tpuna
H npucoedinerrolx NAOCKUX BOAH
(TITIB), a takme metod auxetinsix ) ] /
KoMburayui erommusiy opburaiei be o owb *
(JIKAO). Pue. 7.7. 3amHcuMOCTE  NOTEH-

OtMeruM, 970 ¢ BOMOUIBIO yKa- UHAAbHON SHEPruw  3JIEeKTpOHA
SaHHHIX  METOQOB HE  YAaeTCA OT MEXKaTOMMOTO DPACCTOSHNH B
NpOBeCTH BECE PACYET AHAJHTHYE- Mozesn Kponura—Ilenun
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-
ck. Jlaa noxyueHws 3aBHCHMOCTell E(X) HPHXOAATCS HCHOMBL3O-
BaTh OucrpofeficTBylomue IBM,

HeKoTophle XapakTepHhe OCOOEHHOCTH SHEPreTHUECKOro CIEKT-
Pa MOXHO y3HaTh, paccMaTpPHBAs NMPOCTYIO OAHOMEPHYIO MoJelb
HepuofHYecKoro NOTEHNHAJa, npefaoxkennyio Kpouurom n [leHw.
3aBacHMOCTE NOTEHIHAJALHOH SHePrAH 3JIeKTPOHA OT pacCTOAHAN
AN OQHOMepHOR pemerkd B Moaenn Kpoxmra—Ilemnn noxazaHa
Ha pHC. 7.7. 3Jece NPAMOYTOJbHHE HOTEHHHAJbHBE AMB INHDHHOH
4 yepenyiores © NpAMOYIoJbHBIMH Gapbepamu mupHHOH b. [lepron
Takol pewetkH paBeH c—a-+b. TakuMm ofpasoM, noTeHIHaabHAasA
3Heprus upencrasafer cobolt HYBKIHIO

V{x)=0; ne<<x<<nc+ta;
: (7.61)
Vix)=Vs; necta<<x<<(n41)c

3necs n — awboe yucao (0, =1, £2, ...).
3annweM oxHO3JMEKTpoHHOe ypasien#e [lIpeawzrepa aas oa-
HOMEPHOTO CayHad.:
B A

T 2m dx? -

Pemende aroro ypaBHeHHS 6yaeM HCKaTb B BHAe QyHKuuM Bioxa:

P (x) =U (x) e, (7.63)

rae U(x) — nepruojnyeckad GQYHKLUHS C HNePHOAOM pPeLUETKH, T. €.
Ux)=U(st-c)=U(x12c)="--.

Haifizem ypaBHeHHe, KOTOPOMY XOJXHA YAOBJETBOPHATE (QYHKIUHA
U(x). TloxcraBasa (7.63) B (7.62), nonyunm nas obnacra Qsx<g
<<a (a TarkKe nJsd Jwo60H AMH):

V()y=Ev. (7.62)

d? u
y L: +2i -d—x—-—i—(uag-—ﬁ) U=0 | {7.64)
U a5 obnacTd a=ix<ca-l-b (uam JAOOGOro ApYroroe NoTeHOHAJAbHO-
ro Gapbepa): U U
d2 ———12ix d -—(ﬁi+rc2) U=0. {7.65)
3pecs 4Yepes g H ﬁ oﬁosuaqeﬂo
. =—;I—V2m£:'; (7.66)
i — -
p=—=V2m(Ve—E). (7.67)
Pemennsa ypasHeHu#t {7.64) H (7.65) uMelotT Bujg
U=A gile—ma | B g—llmx 0= x=0; (7.68)
Up=C e®=imx ) e—B+imie  g=Zx<la+b. (7.69)
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[Mocaeauue BHpPAaKEHHS CofepXarT Yernpe HemapecTHHx: A, B, C
n D, HMx MOXBO HCKIIOUHTb, NOJb3YACH YCAOBHAMH HeEIpepHBHO-

et GyHKuMH (¥) n ee HepBofi HPOH3BOLHOM % (man U m

day
"ﬁ")' TpeGoBalHe HempepHIBHOCTH O3HAYaeT, UTO

qU,  dU, _{ a0 (270)

dx dx

3anucwBaa (7.70) c yuerom (7.68) u (7.69), noayumm cHCTEMY
yeTHpeX AHRedHbBX ONHOPOAHHX YpaBHEHHH C YeTHPhMS HEH3BECT-
uemMH A, B, C a D. ¥YcnopueM CymiecTBOBaHHA HeTPEBHaILHOrQ
pellleHHsl CHCTEMH WRASETCA PABEHCTBO HYJAID NETEPMHHAHTA, CO-
CTaBJeHHOrO ¥3 Ko3hGHUHEHTOB NPH HEeW3BECTHHX. DTO NPHUBOAHT
X YpaBHEHHIO

ﬁz_qg

2B

cos k{a+b)— sh (B b)sin{e a)—ch (p &)cos (& a) =0,

(7.71)
CBA3HBAKMEMY BelHUHHH o # P, collepxalliHe coGcTPEeHHHeE 3Ha-
-l

YeHHs IHEPTHH 3JEKTpoHa £ ¢ BOMHOBHM BexkTopoM K. TakHm 06-
pasom, paseHcrso (7.71) MexKHO paccMaTpHBaTh KaK COOTHOUIEHHE
L

mexny £ u k. :

Pemutr ypaBHenme (7.71)} ouens caoxido. [loaromy ssoasr
AONONHATEAbUBE YupolmammHue npelnonoxennua. Crenys Kporury
i TleHHR, paccMOTpHM BHCOKHe TOHKHe Oapbepn. Hycts b0, a
Vo—» 00, HO TaK, 4ToGH NpousBefeHHe WUPHHE Gapbepa Ha BhICO-
Ty b-V, ocraBanoch KOHeUHHM. 310 o3Hauaer, wto p2H  KoHeq-
Ho, HO Ppb—0. Tipg b6—0 chPb—1, shPpb—+pb. Taxum
obpasom, BMecto (7.71)} sannmem

22
ﬁ?ai?- Bbsinaa-cosea=coska {7.72)
HAR
. 2 * -
B gb . S“::a Fcosaa=cosKa. (7.73)
O6o3nauum
2
lim -2 ";’ =P. (7.74)
b1
B>
3amerum, aro P B {7.74) — s10 He kBazHUMnyJbc. [lapamerp P

npeacTaBafser coGoii mepy sdhderTHBHOH niaomanm KaxAoro 6apb-
epa. OB xapakTepH3syeT CTeneHb Npo3pavnocTH Gapbepa AJf 3JEKT-
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V722077

Pac. 7.8. 3apucumoctd JNEBOH waCTH Pac. 1.9. Dmepremane-
ypanrenrs (7.75) or 2g. Hnrep- cxHlt CHEKTP INEETPO-
Bans JOMYCTHMBIX 3HAMEHHHA od : Aa B kpacranne. Pas-
3aITPUXOBAHN PeINCHANG 30HH 34-

IOTPHXOBAHA, 33Ipe-
IEHHBIE—HE 30TPH-
AOBAHB

poHna, HJK, APYTHMH CJAOBAMH, CTENCIE CBA3AHHOCTH 3JIEKTDOHA B
HOTeiNalLHOH SMe, C YyUeToM 3TCrn

P mzza --C0S & A=COS K fL. {7.75}

Tipexne ueM naxoguth pemienue ypaBHerus (7.75), o6paThM BHE-
MaHHe Ha Caelyiollee ofcroATeancTo. [IOCKOARKY cos@@ -—
(DOYHKLHA 4eTHad, 3aMeHa K Ha —K He MeHsier ypasHeHHs (7.?'__5];
STo 0sHAayaeT, UTO HEPruf 3JEKTPOha TaKXKe ABeTCH Y€THOH
pyHKiNeH K, T. e,

F(—K)=E (k). (7.76)

Ha puc, 7.8 nsobpasxena 3aBHCHMOCT: J€BON 9WACTH YpabHeHHA
{7.75) or napamerpa o a. IlocKONBKY COs o a, CTOSIIKA B NpasoH
yactd ypaBHeHRs (7.7D), MoKer NpPHHHMATL 3HaUeHHA TOJBKO B
HHTepBaJe or 41 po —1, To AonycTUMMWMH 3naveHusMu aa Oy-
AYT Takde, J1J8 KOTOPHX JeBafd 4acTh YPaBHeHHs He BHIXOZHT H3
YKasaHHHX npeaesoB. Ha pue. 7.8 unrepBaniu paspelleHHMX 3Ha-
gyeHuit ¢ 3aliTpHXoBaHH, [IlHpuHa THX BHTEPBAJIOB 323BUCUT OT
napamerpa P. Uem menswe P, tem oum mmpe, Kpome Toro. HX
UIHPHHA 33BHCHT B oT o 4. [lpx Jwo6oM (PUKCHPOBAHHOM 3HadeHdH
P sTH HHTepBaJBl paclUHPAIOTCS ¢ YBeJHUCHHeM aa. B cnay co-
_OTHoweHnst (7.66) Mexzy o M sRepriefdt 3JeKkrpoHa F crasannoe
OTHOCHTCS M K 3Heprad. Taxum o6pa3oM, 3Heprud s/eKTpoHa B
KPHCT2/1e He MOXeT NpuHaMarh Jo6oro anauedns. Ecoth 3o
paspelIeHsibiX SHepruli M 30HBl 3anpellleHHLHX 3HeprHi. Yepepona-
HEE Pa3pelieHHBX H 3aDpelIeHHHX 30H WJJIIOCTpHpyercss pHe. 7.9.

PaccMoTpHM, KaK H3MEHSieICsl YHEPreTHUeCKHH CHeRTp B ABYX
npeleabHux cayuagy P->0 u P-»co. Cayyain P-+0 coorpercr-
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pyer ycaosuo Vo—0, T, e. Nouru cBoGofHOMY 3JEKTPORY (npu-
bauwenue caafiod cessu). W3 (7.75) noayyaem aa=xa, 1. e.
a=X, H Ha ocHOBaHuu (7.66}
R? R? K2
E= =
2m 2m

Kak 1 clefoBano OXHAATe, NOCJAESJHEEe BHpaXeHHe COBNIRAET C
3aBACHMOCTEI0 E(x) mas ceobopHoro saekrpoHa (7.36). Tlockoan-
KY Ha K B 3TOM CJyYae [HKAKHAX OTPaHHYeHHN He HAKJIaAbIBAETCH,
kpupas E(x) npeacraBaser cofoli HelpepHBHYI napabony.

B apyroM npeneasHoM cayyae P—o00 B cHAY TOTO, 4TO
Vo—oc. 370 o3nauaeT, 4ro 3JeKTPOH JOKANH30BAH B {eCKOHEUHO
ravboKoll AMe, T, €. CHAbHO CBR3aH (npubauxcente CUALHOL C8A-
su). Ilpu P -+ 0o ua ypasHenns (7.75) HaxonaHM, 4TO

sinaa

=0, 1.e. aa=nM, (7.77)
oa
rne M=2-1, 42, .., aus (7.65)
_ A e 7.78
=~ Sma (7.78)

TakuM ofpaszoM, npH P—» 0o cucTeMa 3HEpPreTHYECKHX 30H BHPOK-
LaeTcsl B JHCKPETHHE YPOBHH.

[TonsiTaeMmcs Telepb HaliTH ABHBIA BHX 3aKoHa aumciepcun £ (x)
JIA 3JeKTPOHA, IBHKYILEroCHd B NepHOIHYECKOM [OJe pelueTKH.
Ias sToro Hajo pewHTh OTHOCHTEAbHO E ypaBHeHHe (7.75). Dro
MOKHO CleaTh TOAbKo Npubawxendo. Jouyeruau, uro P> 1. Do
COOTBETCTBYeT NpHOAMNEHHIO cHABHOA cBsan. Jas Soswmax P,
coraacuo (7.77), MOXHO 3anHCAThb

aa=gM+A(aa), {7.79)
e '
Alaa) <aa.

Passaras 2aesyio yacth ypaBHeHHs {7.75) B DAL W OrPaHHMH-
Basich JHHeAHHMH OTHOCHTENBHO A(o@) ujleHaMH, HOAYIHM

P
(~—1)M[ 1+A(aa) oy ]=c05xa
HaH
aM

Alea)= 2 [(—1)Mcos ka—1]. (7.80)
[opctasaas (7.80) B (7.79), naxoanm

. 1 cosKQ

oaaw-:r:M[l——p—-{—(—l)M—;)—-—-]. (7.81)
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Yuursigas cBAzb MEXIY g H 3Hepraefl saekTpoua E (7.66) n or-

PAHHYABAACE JAHHEHHHMH OTHOCHTEJbLHO "ﬁ"‘ qJCHAMH NpH BO3BEC- .

aeaud (7.81) B ksagpar, nojlyanM BHpaxXeHHe, CBf3HBaiouee E
H K

. REa?M? [ 2 2 2COSKQ :
HIH
E=Eo—Cu-+{—1)¥Apcos xa. (7.83)
3aeck ofo3HayeHo
E hZ a2 M2 R n? M2
M= Tomer 0 M Tmap

Ay, — Kosbdunuent nepea (—1)Mcoska, B ofmeM cayyae He
paBHHA Cy.

Hepeotit anen 8 (7.83) npeacrasnser coGoft suepraic M-ro
SHEPTeTHYECKOro YPOBHA 3JMeKTpOHaA B H30AUpOBaHHOA OeCKOHeYHO
raySokof noreHnmaAbHOH Ame, onpepeasiemyio Hopmysaoi (7.78).
Bropofi 4 rperHil wieHH cBS3aHH ¢ ACACTBHEM NEPHOJHUECKOIs I10-
JA PEHIETKH.

Bunuo, 4To B NEpHOJHTIECKOM HOJNE peLIETKA 3HEepPreTHUecKHe
ypoBHEHM onyckaiorcs Ha seauwauHy Cp (nepex Cp CTOHT 3HAK
«—31). BT0 cBAZETEALCTBYET © TOM, 4TO OObEAHHEHHE ATOMOB B
IEeNOYKY IHEPTeTHYECKH BHroxHO. TperTuit wien B (7.83) ompeie-
JAfeT 30HHHE XAPAKTep 3HEPTeTHUECKOIC CHEKTPa, HOCKDJABKY
COS K@ OTpaHHuUHBAeT Hpemedl ero uaMenemws. Ha pue. 7.10 po-
Kasada 3aBHCAMOCTh £ (X) AAA 3JeKTpOHA, HAXOAAILIErocs B OAHO-
MepHOA pemleTke. 3/ece HarAsiHo BHAHO, UTO AJA BCEX X, OTJH-

2%
YAIOLIUXCH Ha —E-n, 3Heprud oiHa K T4 Xe, HMurepsaa smaueHuH

n n ' .
X or —— B0 - npexcraBasier coGoii mepsyio 30Hy Bpranosna,

2z i 13 2n
ABa 0OTpesKa oT — —— JO ——-BOT— EO —— — BTOPYIO 30HY
Bpuaaiosna u T. 4. Bee BOBMOXHHEE 3HAYEHHA SHEPTHH B KaXAOM
SHepreTHUECKOR 30He MOXKEC DOJAYYHTh IYTEM H3MEHeHHS K B Ipe-
Aenax mnepeof 3zouu Bpuamosma. I[loaromy 3asucuMocts E(%)
YaeTo CTPOAT TOABKO AJst Hepsoft 3omn Bpuaawsra, Bee ocrade-
HHeE 3HaveHus £ Moryt OHTb NPHBEACHH B 3Ty 30HY. Takol cnoceb
naobpaxenus E(x), wuamocTpupyeMbldi pucyuxoM 7.11, moayyuna
Ha3BaHHe CXeMol npusedennulx 530, B ornudue OT Hero 3aBHCH-
MOCTb, TIOKAa3anHafA Ha prC. 7.10, HasHBaeTcs nepuodudeckod 30H-
noi cxemod, Kpome stex ABYX cnocoGoB H306paKEeHHA IJHEpreTH-
UECKHX 30H HCMOJb3VEeTcs elle oAMH CTIocof, HOAyYHBHIHA HasBaHHe
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A\ \

S
<

Jangewennse Daspewennsie
N / / : (MY Joenr
|
bt WY ] 2
oMy O Tl g Iy K Ty 0 A"
Puc. 7.10. 3asucumocts  E(x) Puc. 7.11. 3aekcumocts E(x) B npen-
A7 3A¢KTPOHA B oxHOMepHoHA CTABSEHHH TPHBCABHHHX 30

pemetke. ITokasamH TpH nepBHe
3HePreTHIECKNe 30HH

paclupenrod 30KHOL Cxembr, 3jech pa3anUHBHE SHEPTeTHUECKHE
30HH pa3MeilaloTCs B K-NPOCTpaHCTBe B DA3JHYHEIX 3oHaXx Dpua-
gosta (puc. 7.12). Ha pre. 7.12 noxasana Takwe napaboaxyeckas
3aBHCHMOCTE E (K) aas cpoGopHoro sjextpoHa. Hauaao orcuera
3HepTHH 06eHX 3aBHCHMOCTeHl COBMEIICHO.

M3 pue. 7.10 xopotwo BEAHO, YTO B KaXjo#l HeueTHOH 3Hepre-
THYECKOH 30He, T. €, B KaXKJAOH 30HE, OnpelenseMoll yHcaamH M=
=1, 3, 5, .., uMeeTcs OJHH MHHEMYM SHEPTHH B I€HTPe 3OHH
Bpramosia H NB2 3KBHBAJEHTHHX MAKCHMYMa Ha Kpasx 30HH
Bpranwsua, B 9eTHHIX sHepreTHYecKHX 30HAX B LEHTpe KamJIOH
30HH DBpmiAKsHa, Hao6OpOT, MMeeTCs MAKCHMYM 3HEDPTHH, a Ha
rpaHABAX — MHHHMyMH.

PaapHBe B 3HeprerHyeckoM CNEKTpe 3JEKTPOHA, KaK MBIl BH-
AHM, {IOSBJASIOTCH NPH JOCTHXEHHH BOJHOBHM BEKTOPOM K 3Haue-

nn
HHMH — - T. & Ha rpaHHRax 3o0H Bpuamosna. Kakosa dusndeckan

OpHPOAA 3THX Pa3spHBOB? BLIpasHM BOJHOBOH BeKTOp 9epes ANHHY

£

&5

L)

.
*
»,

>
L,
~

A,
e

5

..‘

N,
"3

>

&

5

Yy

4 E’“ 4
VRS
Sy g Ty O Ty 27 3y k 0 e K
Prc. 7.12, HscGpaxenne 3Reprerige- ‘Puc, 7.13. Paspus SHEprHH
CXHX 30H JH#HefHoH Hencykd aToMoB S.TleKTPDH& {IpH K= ":}'{I

& paclrupennoll aenkof cxeme
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2n
BOJHH 3JeKTpoHa K== - 4 3alMuieM YCJOBHE, TIDH KOTOPOM

tdyuxkurs E(x) TEPOUT pasphiB:
x—?i =I5 HIH nA=2q. (7.84)
¥ a
Tlocnennee BuipaxkeHuwe mnpepcraBasger cofoll  ycaoehe Byabha—
Bparra (1.22) aas suaeKrpodHHOH BOAHH, Dajalolled Ha pelleTKy
HepnesAHKYJAAPHO ATOMHHM nAockocTAM. [IpH BHIOJNHEHHH 3TOrO
yeaoBua VHKIHA Duaoxa npeacraBiser yxe He Oerymyio, a crof-
9YK) BOJHY, T, K. 3JEKTPOH ¢ TAKHM BOJNHOBHIM BEKTODOM NpPH €ro
NBHAKEHMH (B peanbHOM HPOCTPAHCTRE) HCOHLITHBAeT OP3ITOBCKOE
orpaxenue, [lajampuias ¥ orpaxeHHasa BOJHA MOXeT CKAAZWBATL-
cf 1ByMs crmocofaMu, ofpasysd CHMMETPHYHYIO H AHTHCHMMETPHY-
HY10 KOMOHHATIHH:

i X —i T
Pr(x)=U(x){e « x—!—e e =2 U(x)cos( %x) . (7.85)
iFx v I
Po(x)=U(x)[e @ —e =@ ] 2iU{x) sm(—— ) (7.86)
Bupaxenns (7.85} v (7.86) sanucanwl pas « ;!_—ai. Bonmnopas

dyHEIHA 4 He H3MEHAeTcs NpPH 3aMeHe X Ha —X, a VY, MEHAeT
3HaK. DVHKUHA ), sBAfeTCH MHHMOH. OZHAKO B 2TOM HET HHYETo
CTPALIHOTO. T. K. IJIOTHOCTL 3JAEKTPHIECKOTO 3apfAfa, CBAZAHHAA C
BOJIHOBOH (yHKuuell cooTHowenueM —eli|?, B aToM cayuae, Tak
XKe KaK # Aaf 4, NpeRcTaBaseT cofolf BeleCTBEHHYIO OTPHLATEdb-
HYIO BEJUUHHY.

BoaxoBuM (YHKUHAM ) H 1y COOTBETCTBYIOT pasHHe SHEPrHAH.
Pemennio {; oTBeyaeT MeHbUas 3IHEpPTHH, KOTOPas COOTBETCTBYET
BeDXHeH rpanuie Meprofi 30HH (Touka A Ha puc. 7.13), a penmre-
HHIO 1y ~— 3JHEPrHA, COOTBETCTBYIOILAs HHMMKHell IpaBHIe BTOPOR

s
3oHH (1. A’). TIpy K<< -~ 37eKTpoH ofaafaeT 3HEPrHAMH MEHbile,
a

T
uem Ea, a npu > = SHeprHAMH Goabize, aeM £,’. B unreprane

ot E4 10 £4’ Her HY 0AHOro coGCTBEHHO 3HAYEHHA JHEPTHH 3JEKT-
poxa, T. &. 3Ta ofjacTh APeACTaBJfAeT COOOH 3ampelleHHYIO 30HY.

HanomuuM, uTo paceMarpuBas KodeQaHHS UENOYKH A4TOMOB
(ta1, B), MH NPHUINA Tak¥e K BWBORY, UTO MPH AOCTHXEHHH BOJ-

n
HOBBLIM BEKTOPOM TpaHHuBl 30HH DBpradawosna, T. e. K= > Ha
GAI0gaeTCs  OTpaXKeHHe VIPYLHX BoJH H ofpa3oBaHHe CTOSYHX
280
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BOJH. J3TH CToAYHE BOJHH ABJAIOTCA DE3YJbTATOM CIOMEHHR ABYX
HeryllHX BOJM, DAcNPOCTPAHAIOMIHXCA B RPOTHBOMOJIOKHNX Ha-
npaBAEHHSX.

B 3axanouende orMeTHM HEKOTOpDHeE oOCOGEHHOCTH 3IHepreTHue-
CKOTO CTIEKTPa JEKTPOROB B TpeXMepHoM ciyyae. 30HHAas CTpYyK-
TYpa 3flech MOXKeT OBHThL 3HAYWTENbHO CHOXKHEe, YeM B pacCMoT-

=

peHHOH BHIlE CAHOMepHOA MOZenH. 3asHcAMOCTE £(K) B Tpexmep-
HOM KpHCTanjge Moxer OHTbL pasnugHa AAA Pa3siHYALX Hanpasie-
Hufi B some Bpmimosna. 370 CBS3AHO ¢ TEM, YTO TPEeXMepHbEi

-
gorennuan V(r), 3saBHCAIGHA OoT CTPYKTYDPH XPHCTAlJa, B pasiHy-
HHX HANpaBleHHAsX He oXKHaKoB, CJelcTBHEM 3TOr0 MoXeT GHTb
nepexpEITHe paspellleHHHX 30H. Tax, manmpuMmep, 3anpellendas 3o-
Ha B OJHOM HANpaB/eHAH MOXeT COBNAYAThL ¢ paspellenHofi 30-
HO B ApyroM nanpasjieHdn. TlepexphiThe pa3spelleHUHX 30H Helb-
35 MOJXYYHTE B OAUOMEPHOM Cjydae,

7.8. BATIOAHEHUE 30H 2JAEKTPOHAME. METAJJILI,
JAHIJNEKTPHKH, NTOAYAPORORHUKH

Bbime 6pii0 NMOKAa34HO, YTO Kajkjaas paspelleHHas 30Ha cojep-
JKHT KOHeuHOe uucao (N)-3HeprernueckHx ypoeHedl, B cooTBeTct-
Bu# ¢ npuaunnoM [laynm, HA KaX/JoM YpoBHe MOXKET HaXoLHThCS
JUWB MBA 9JEKTPOHE C NPOTUBONONOKHO HANPABJIEHHBIMH CITHHA-
MH. [IpH orpaRHueHHOM YHCJHe 3JEKTPOHOB, COZep&Kaluyxca B
KpHCTaATe, 3aN0JHeHHBIME OKAaXKyTCA JNHIB HeCKOJBKO HanGOJee
HH3KHX IHEpreTHYeCKHX 30H. Bee ocralibHule 30HH GyAYT TYCTHL.

PacemoTpuM paznuuHee BapHaHTH 3aN0JHEHHS 30H SIEKTPO-
HaMH.

1. TIpeanosokuM, ITO NMOCTENHAS 30HA, B KOTOPOH eCTh BJeKT-
POHEI, 3alloJIHeHa vacTHyRO, [T1OCKoJbKY 3TA 30Ha 3aNOAHAeTCA Bd-
JEeHTHRIMH 3JeKTpOHAMH ATOMOB, OHa HA3LIBAETCH BAACNTHOL 30-
noi. Tlon neficTBHeM BHeLrHero 3JeKTPHYECKOro IIONA 3MeKTPOHH,
22HHMAI0IHE YDPOBHU BONH3H TpaHHUL 3amojHenud, 6yayr ycKo-
DATRCH H MepexOAHTb Ha Gosee BHCOKHe CBOGOAHHE YPOBHH TOH
#e 30HH. B KpHCcTasdse moTewel TOK. TaKHM 00p2azoM, KpHCTAMIHL
C WacTHYRO 3aloJIHEHHOH BaJIeHTHOH# 30HOH XODOIIO  IIpOBOAAT
3JIeKTpHYecku#l TOK, T. e, ABJIAIOTCA METaJJaMH.

PaccMmorpum B rauectse npumepa HaTpuid, Kaxawi#t atom mat-
pust cojepxuT 1l 31eKTpoHOB, pacnpeieneHHHX M0 COCTOSHHAM
caenyiomHM obpasoM: 1s22s?2p83s!, TIpu o6BeAHHEHHY ajOMOB B
KPHUETANJ 3HepreTHYeCKHe YPOBHH ATOMOB MPEBPALKAOTCS B 30HH.
OneKTpoHH BHYTPeHHHX o0O0OM0OYEK aTOMa [OJHOCTbIO 3aI0JHAIOT
30HH, ofipasopapnwe Ha ypoeHefl is, 25 w 2p, 7. K. B HHx Ha 2N,
2N u 6N cocroanufl MpHXOAATCA COOTBETCTBeRHO 2N, 2N n 6N
3JEKTPOHOB, BanenTRas 30HA o6pa3soBana H3 3§ cocrosiHul, B wed
AMeercs Beero 2N cocToARMWH, Ha KOTOpBIE NWpHXOAMTCA N 3Jexrt-
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POHOE (110 OJHOMY BAaNCHTHOMY 3JEKTPOHY Ha aToM). Takum oG-
pa3oM, B KDPHCTAN/NAYECKOM HATPAM BaJIGHTHAS 30HA 3aMOMHEHA
TOALKO HallosoBHHy. EcrecTReHno, uyTo Bce cKa3anHOe OTHOCHTCS K
temnepatype 0 K. AnanorHunHM 0Gpa’oM 3alONHHAKTCH 30HH B Y
APYTHX LLeSIOYHBIX 3JeMEeHTOB.

2. HonycThM, uro BajieMTHAS 30HZ  3a0JHEHa IEKTPOHAMH
NOJHOCTBI, HO OHA MNePEKpHBAeTCs CO CAeLyiouleli paspelllenHoit
30HOH, He 3aHATON /neKrpoHaMH. Ecau kK TaKOMy KpHCTaAny HpH-
JOXKHATb BHEIUIHEE 3JMEKTPHUECKOe NOJe, TO IAeKTPOHH OynyT nepe-
XOAHTL Ha YPOBHY CBOGOJAHOA 30HW ¥ BOSHHKHer TOX. JlaumMif
KPACTANA Takxe #ABJAeTcE MeTanioM. THNAUHHE NpEMep Merat-
Jia C YKa3aHHOW 30HHOH CTPYKTYPOR ~— MarHHH. ¥ KaXkKaoro aToMa
Mg (15?252 2p% 35?) B BaNeHTHON ofoNOUKe MMEeTCS XBA 3JEKTPOHA.
B KPHCTaA/NBYeCKOM MATHHH BaJieHTHbe 3/JCKTPOHB  TIOAHOCTRIO
2anonnaT 3s-30Ry. OAHAKO 3Ta 30HA MepeKPHBAETC CO CJeRyio-
el paszpemreHHolr 30HOH, o6pa3oBannofl Ha 3p-yposweil, '

3. PaccMoTpuM reneph cayva#l, KOrfa BafeHTHas 3CHA 3a710J-
HEeHa 3MEKTPOHAMH IIONHOCTEI0 H OTZefeHa OT caelyloimedl 3a Hed
cpobonnoft  30mm wmpoxofl (>>2-+3 3B) 3anpemeHno#l  somoit
(aneprernuecxofi Hiespw). B xpucranane ¢ raxoif 30HHGH CIPYKTY-
pOH BHelIHee IOJe He MOMKET CO3JaTh INEKTPHYECKONo TOKA, T. K.
3/ICKTPOHH B 3aMOJHeHHON 30He He MOIYT H3MEHHTH CBOEH 3Hep-
ruy. CaeroBaTefbHO, BENIECTBO NpeACTaBifer coboH AU3NeKTPHK.
TuRHIHEM dHaneKTpHKOM ABAstercs HoHEHI xpuerans NaCl. [lo-
JOMHTEAbHO 3aDAXEHHbIE HOHBI HATPHA WMEKT 3JEKTPOHHYIO
xondarypaumo: Nat (1522s?2p8), a oTpHmATeJbHEE HOHH XJO-
pa — Cl- (15 2s%2p€ 352 3p%). 3onu, obpasyomiuecs #3 NOJHOCTBIO
3aMONHEHHHX ATOMHHX YDOBHeHd, TOXe OKA3HBAIOTCH [OJHOCTLIO
aanonanennuMu. [locnennefi 3anonHeRHOH 30HOH HBJAAeTCS 30HA
3pCl—, a caepywouefi aa nefl cBofoaHON 30HON — 30Ha 35 Nat.
DuepretrucKas Liedb MeXJAY 3THMH 30HaAMH COCTABJASeT OKOJO
9 3B.

Ecan mupuna 3anpelieHHol 30HH <C2--3 3B, To KpHCcTasa Ha-
3BBAETCA HOJYNMPOBOAHHKOM. B moaynposognnKax 3a cder Temnio-

£ E £
Clobodros E
Chododnas Chododnas
0800 P L 0K
Janpewesnan Eg fm——
Cdaggfgm o ¢ Sangg%ennax
M
Eg> 2-
Yacmuyng g 7% Eg': 235
Memaan Memanh Husnexmpux Rengnpoboduax

Puc. 7.14. 3anoqueRHe 30H 3A€KTPORAMM: F , — TpaHAUa BAJCHTHORA
30EM, E,.— rpaHHUA 30HM NpOBOAHMOCTH, £y — UIApHHA 3ampemteH-
HOH 30HW
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TaGauna 7.1, IBBpuna aanpemleHyef a0HEE

Kpsacraai Es, 3B
C (aamas) 5,2
BN - 46
AlLO, 7,0
Si 1,08
Ge 0,66
Gads 1 s43
IaSh 0,17

polt 3Hepruy ks I 3aMeTHOe UHCHO 3MEKTPOHOB OKa3nBaercd mepe-
fpoleRHHM B CBOOONHYIO 30HY, HasHBaeMylo 30#04 nposoduno-
cru. TIph ovenb HA3KHX TeMHepaTypax JGoH NMOJYMPOBOXHEK CT4-
HOBMTCH XODOIIAM IHINEKTPHKOM.

TaxuM 06pa3oM, MeXAY MeTaJdaMH H ZHSJEKTDRKAMHA CYILECT-
BYECT HpHHIJ.HHHaJ‘IbHOe pas.nnqpre, a Mexay ARJICKTDHKAMH H o~
JAyNpPOBOJIHHKAMH — TOJNBKO KOJHYECTBEHHOE,

3anoJHeHHe 30H JeKTPOHAMH B MeTaanax, XHIJNEKTpHKaxX
NONYNPOBOAHHKAX CXeMATHYeCKH [0XKa3ano HA puc. 7.14.

B ra6ampe 7.1 npHBefeHH 3HaYeHHs IIMPHHB 3ampemleHHOH
BOHH 2J9 HeKOTOpHIX AHINEKTPHEKOB H NOJAYNpOBGAHHKOB,

JneKTpOHHAA CTPYKTYPa aroMos, 00pasyoLIBEX TBepiaoe TeNo,
He eXNHCTBeHHHH (akTop, 00YCJAOBJAMBAIOWIHA pa3jiiiHe B 3allodl-
uelnn 3o08. Ha mpumepe NaCl mm sufens, 4To BaXHYIO pOJb HI-
paeT HpHPOXA XUMHYECKOR CBASH. Xapakrep 3alOJHCHHA SHepre-
THYECKRX 30H 3aBACHT TAKXKe H OT CTPYKTYpH Kpucraata. Tak,
HaripiMep, Yriepog B CTPYKTYpe anMasa — JHDJCKTPHK, a yhie-
POl B CTpyKTYpe rpatuta 006a%aeT MeTalInIeCKuMy CBOHCTBAMH.

79. 3¢ HEKTHBHAA MACCA 3JIEKTFOHA

PacemorpiM aRmKenHe 3sexTpoHa mop JeRCTBHeM BHeENHero
3MIeKTPHYecKOrs mons. [IpeAmonoxum cuwavana, 9ro MH BEMeeM
ZeJlo o cBOGOARHM 32JIeKTPOHOM, TNOMENEHHHM B OAHOPOXHOE

-
snekrpuyeckoe mode E. Co cTOpOHH MOJs Ha 3nexTpoH Oyner Aefi-

bed -
crsoeath cujaa F=—ekE, Ilox meficrBHeM 3T0ff cual oH npuobpe-
TaeT YCKOpPEHHe:

¢E
-2 (7.87)

3l

-
=

3nece i — Macca 3jeKTPoHa. BekTop ycKOPeHHs HanpaBJeH Tak
-
¥e, KAK BEKTOP BHeIUHed CW.IH, T. e. MPOTHB HoaR E.
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Teneps HONYYHM YPaBHEHHE NBHMKEHHS 3JEKTPOHA, HaXCHAILE-

b
rocsi B HepHOAHYECKOM HoJe Kpucranid. Baemnee mone E  geficr-
BYeT Ha 3JeKTPOH B KPUCTajje TaK e, Kak Ha cBOOONHHA 3JeKT-
- -

pon, ¢ cufoii F=—e E, nanpasiieHH0/ npoTsB noad. B cnyyae cgo-

f

Soanoro asekTpona cuna F Onna ezuHcreeMHOE cuHaoK, onpeide-

AsoLIel XapaxTep ABHKeRHS wacTuud. Ha saextpon xe, naxous-
-

HIHACA B KpHCTalle, KpoMe CHIH ~—¢ E JeficTBYIOT SHAUNTENLHEHe
BHYTPEHHHE CHJB, CO3A2BAEMElEe NepHOZWIeCKEM HOAEM pellerTkH,
ITosToMy mBHKeHBe 3TOrO sfexrTpoHa 6yAer OGoNee CAOKHHM, 4eM
IBHXKeHHe CBOGOAHOTD AJAEKTPOHA.

Hpmixende 31eKTPOHA B KPUCTAJTe MOMKHO OIHCATH C MOMOMWIB0
BOJIHOBOTO MAaKeTra, COCTABJAEHHOro H3 GA0XOBcKEX (GyHwuuH (7.22).
CpenHAs CKOPOCTb ABHAKEHWS 3JIEKTPOHA pam{a TPyONoOBON CKO-
POCTH BOAHOBOrO HaKera:

Vip= - . (7.88)

. E .
YuutHBad, uro ©= 5=~ JJ FPYINOBOR CKOPOCTH, NOAYW&EM:

1 dE dE
v F dx 4P (7.89)

rae P=h K — xpasupMny;kc. BHAHM, 4To CpelHAs CKOpPOCT:H 3JeK-
TPOHA B TBEPAOM Tese ONMpefeaseTcst 3akoHOM XucmepeHn E (k).
Hpoxuddepernnpyer (7.89) no spemenu;

_ dVy 1 d (dE) 1 d&2E dx

- de 17" ds&* dr

adx T df (7.90)

3a Bpems §f saexrpHuecxoe note E comepust paGoty 6A. xoTo-
pam HAeT Ha NpHpalleHHe IHEPrHH >1eKTpoHa O E:

' - 8E=§A=—eE V8L {7.91}
Vuurmeag, yro
dE
GE—d—GK-—ﬁ Vip Gk, (7.92)
nonysaeM u3 (7.91)
eE
Sp=——"=08% (7.93)
h
HITH
dr

INocaennee BHpakeRHe npexcrasiser coGoff  YpabRewHe IBRIKe-
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HHS 3AeKTpOHa B KpucTaane. B 3ToM chyyae IpoHsBeienne

_{ d&
h( VTS ) paBHo ChJle F, ZeRcTByIOIEH Ha 3MeKTPOH- CO CTOPOHH
BHelllero 3aexTpuueckoro Ioad. as cBobogHoro 3/eKTpoHA

BHeIHAS CHAZ paBHAa NpOA3BeACHHIO mfid—l: To, utro zAA anexT-
pPOHAa B KPHCTaJe ypaBHeHHe JBHXMEHHS He HMeeT NpHBHUHON
topMe BTOpOro 3akona Helorona, ne o3Hagaer, uto 3akon Heioro-
HA 3llecb He BHIIOJnfeTcss. Bce meno B TOM, 9T0 ypaBHeHHe HBH-
MEHHHS MB 34allHcaliH TOJNBKO C YYETOM BHENIHHX CHN, HAeRCTBYK-
IUHX HA IAEKTPOH, H He YUIH CHJL, XeHCTBYIOIIHE CO CTOPOHHE me-
PHOEHUECKOro NOAd KpHcTasla. IlosroMy He YAMBHTeAbHO, 4TO
vpapwedHe ABNXeHHHA He HMeeT OGHYHOTO BHAA

dVv
F=m ——.
. df
MMoncrasuM renepk — —, Hafirennoe #3 (7.94), B BupakeHHe

ai
Aaa yexopenua (7.90): _
1 d?E ¢E eE  d*E

' .(?.9.5)

R dx® R B dx?
- .
¥papuerue (7.95) cBs3mBaeT VCKopenhwe 3MEKTPOHa 4 ¢ BHellled
B E \-1
cunoft — e E.. Eclln npexnoncxkdTe, 94To BedHUNEA 52( P

RMeeT CMBbICA Macchl, To (7.95) mpuobperaeT BHEZ BTOPOrO 3aKOHA
Hrlotona:

{7.96)

rae
(7.97)

a*E )—1
. f2
m E(d

Beauuuxa m* nmoayuuna HadraHwe 3(heKTUaHOI Maccbt 3AeKTPO-
Ha. DpPexTHBHA Macca oTpaykaeT BAHSHHE [IEPHOZNUECKOTO IIO-
renliHana pellleTKY Ha ZBHXeHHe bJAEKTpoHa B KDHCTanJe Nox Aeh-
creuem puemHel cunn, U3 (7.96) crenyer, aTo 37eKTpOH B MepHO-
JMuecKoMm HOJe KPHCTANNWEECKOH pellleTKH [BHIKETCA MOX HeHcr-
BReM BHemHeHl CHiW F B cpeiHeM Tak, KaK kBaraJjica 6l cBoGOA-
HEH 37eKTPOH Iol ZelCcTBHEM 5TOH CHJAEL, ecnu GH OH obaapad
Maccoil m® TaxnMm 06pasoM, ecAu 3NEKTPOHY B KPHCTAJAe BMECTO
Maccw m ApunHcaTth 3deKTHBHYIO Maccy m®, To ero MOXHO CYH-
TaThb CBOGOAHWM H ABMXKEHHE 3TOr0 3JeKTPOHA ONHCHBATh TaK,
KaK OMHCHIBAETCA ABUXKeHHe CRoOONHOrO SJeKTpOHA, FOMEIIeHHOro
BO BHeillHee mose. Pasuwpna Mexay m® g m o0ycaosneHa B3apMo-

285


http://www.print-driver.ru/?demolabel-ru

JeACTBHEM 3JEKTPOHZ C IIepHOAHUECKHM HOJeM pelleTKH, W, MpH-
IHCHBAA 3MeKrpony sdderTuBayo Maccy, M YVUHTHIBaeM 3To B3ad-
MOoAefCcTBHe. '
[Monpaysick nonsitueM >QdeKTnBHON MaccH, 3afaly o JXBHXe-
-

HHH 3JeKTPOHA B HepHOAHYECKOM Hoje pemtersH V(r) MoxHo cBe-
CTH K 3ajaue O JIBHXKEHHH CBOJONHOIO 3SAEXTPOHA C Maccol m*,
310 3HaUuT, 4TO BMecTO ypaBHenus Llipennnrepa ¢ nepromnuecxum
NoTeHIHaOM

2 - - -
(g AtV () YD =Ew ()

HYXHO pelllaTh ypapHeHHe
ES - E —-
o Ab(r)=E¥(r).

Ecnn, nanpaMep, 2Hepraa ABAfercs KBagpaThuHOR YHKuHed or
K, TO ee MOXHO 3amucaTh TaK, Kag 3To Ono caenaHo B (7.36)
A9 ceofoMHOTO 3eKTPOHA

E=h? k2{2 m*. (7.99)
Jlerko BHIETb, 4TO AN CBOGOXHOrO 3JiekTpoHa -2 deKTBHAs Mac-

ca paBHa ero oOWuHOA Macce. B sToM cnyuae cBase Mexny £ u &
IHaercs COOTRomeHneM (7.36), oTKyZa nonyaaeM

5 7 2 -1

B ofimeM cnyaze apdekTuBHAS Macca SBASETCH AHH3OTPOITHOM
. -

BEeJIHUHHOR H AJI9 PASHHX HaNpaBjeH#l BONHOBOrO BEKTOPA K pas-
amyna. OHa npeacraBaser coGoll TEHIOP BTOPOTO pPAHTa:

PE 0t E G*E

O K2 0 K 0 Ky Ky O K,
m-?_l— ] O*E _.azi _mdzE (7.101)
HT e 3 &y 9 Ky 0 K,2 K, 0K, )
0% F i2E FPE
Ok 0Ky =~ Ok, 0k ax.?

JibdexTUBHAA Macca, B OTAHYHE OT OOBIUHON MaCCH, He onpele-
JjifleT HH HHepPUIHOHHHX, HY I'DABHTALHOHHHX cBoHCTB RacTHlH, OHa
ABASeTcA AUl Ko3(pHIEHEHTOM B ypaBHeHAM ABuimeHHS (7.99) u
OTpa)kaeT Mepy B3aHMOZEACTBHH 3JEKTPOHA ¢ KPHCTaANHUeCcKod
pemerxoii. OHa Moxer OHTH Kak Ooblle, Tak # MeRblle oOBTHOA
MaccH 3AeKTpoHa. BoJee Torp, m* moker GHTb H GTPHIATeNBHOH
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peJHarHOH. YUToOH NpPOHANOCTPHPOBATD

3TO, PACCMOTDHM CJACAYOIIMA OpUMEp. i £ l
Myers sapucuMocTh E (%) B onHo# N /
13 30H HMeeT Bpxj, NOKasaHHBA Ha ' -
pac. 7.15a. MBEHAMYM SHepr#y COOTHET- i I
cTByer HeHTPY 30HH Bpuamosna (x=0)}, : b
a MaKCHMyM — ee TrpanmmaM (K= Py a) "ifg K
a
-—-i-%-). YacTo 308H ¢ TAKOH 3aBHCH-
£ I
v
Moctbio E (£) HasHBAIOT CTGHOGPTHOLAU. A
Coraacho (7.97), apdexrnsnaa macca - : | )
onpenesdeTcs KpHBu3HOH KpmBoA E (k). ‘ﬂ/&: o |7k
B6auzn 3naueH#A#l X, COOTBETCTBYIONMINX ‘ bt
skerpemyMmad  dyrkuun  E(x), 3arom b)
AMCOEpCHE MOXKHO HOpeXCTaBHTb lapa- Comd
GoNMMYecKOH 3aBHCEMOCTRIO, aHAJNOTHY- ] LJ |
rnoft sasucumocry E(x) zas ceoBognoro Fo L
- [ L]
3neKrpoHa. [Tokaxkem ato, Ecan akcrpe B B s T
MYM JIOCTHTaeTed B TOYKE K=Kp, TO, pa3- i [
noxue E(x) B pag To creneHsM ! ' !
{x—kKo), HOMYUHM 8)
E(k)=FE (m) + (i‘? ) (x—r0) =+ Pue. 7.15. 3aBucHMOCTE
dx R=ny OT BOAHOBGIG UHCAA: &
1 5 -— 3Hepru#, 6 — cKopo-
0¢E ¢Td, 8 — ohdexTHBHORA
+*§"( A (x—ro)2----. MACCH SAGKTPOHa. IlyHx-

THPOM NOKA3aHA S4BHCH-
(7.102) socrp E(k) Aaa cBobox-
HOTO 3AEKTpOHA.

GE
YunTHBAS, 4T0 B TOUKE IKCTPEMyMa -a—m—zo, H Omyckas BBHEY

MaJlOCTH 4YJIeRb ¢ MHOXKHTeneM (K—ko)®, rae n>2, u3 (7.102)

noAyaaem
h?(k—x0)2
2m*

Ilpn samucu (7.103) npmusdro BO BHMMaHHe cooTHOweHne (7.97).
Ecnn orcuer HepruEm  BBECTH OT 3KCTPEMAJLHGIO 3HAYEHHA, TO
Ans HenTpa 30HH Dpuamossa (xk=0) BMecto (7.103) nonyzaem
coorHolenne (7.99), KoTopoe COBRaNAEeT C 3aKOHOM JAHCIEpCHH
Iast cBofONHOrO 3eKTPoHa ¢ TOH Nullls pazHalel, uaTo mM 3aMeHe-
HO Ha m*, o
Juddepenunpys E(x) Do x, RAXOXUM 3aBUCHMOCTH

1 dE $EE !
=k 45 4 e w (S5

E (%) =F (x0) + (7.103)
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n3opaxeHnnie Ha puc. 7.15 6, 8. Buano, 910 addexTHBHan Macca
3JeKTPOHOB, PACHONATAIOIIAXCA V JHA 30HB, MONOXKHTENLHZ M
O6sH3Ka K Macce cBOBOZEOro ajesrpora. B cepenuue 30HH, TaM,
rAe Hab/moxaeTcd nepernf Kpupofi £ (x), sbdesTHBHAA Macca cra-
HOBHTCS HeolipefieyieAHoH. Y MOTOJAKa 308H 3JEKTPOHH 00J4a7aw0T
OTpHHAaTeNbHOH 3dhdeKTABROR Maccof.

OrpauarenbHas s QexkTHBHag Macca o3HAYAeT, UTO YCKOpeBHe
37eKTPOHA HaNpasJeHO NPOTHE JeHCTBHES BHeIIHed chAH, 3JTO
BuAHO A3 puc, 7.156 6. Ilpr &, Gau3akwx K rpanule sons Bpramo-
3Ha, HECMOTPA HA YBeNHYeHHe K, CKOPOCThH 3JEKTPOHA YMeHbllla-
ercA. JlarrWf pesyabraT aABJAeTcHs cAcCTBHeM OparroBCKOrO OT-

F1 4 -
paxennd. B Touke K= —- SNIEKTPOH OmICKBACTCA yXKe e Gerymmed,

a crosiieil BOAKOHA u Viyp={).

IlockonbKY cBOHCTBa AJEKTPOHOR ¢ OTPHUATENBHOH 3(DdeKTHE-
HOH Maccofi QueHb CHJABHO OTHAHYAIOTCA OT CBOUCTE ¢HOPMAJBHEIX?
3NEeKTPOHOB, HX yao0Hee ONHCHBATD, NONL3VACL NMPEACTABJIEHHEM O
HEKOTOPHX KBA3HUYACTHIAX, HMeOWNX 3apsif 42, HO HOAOMKHTENh-
uyo sddextusnyio Maccy. Takag KBasAYacTHHA NONYYRAA HA3BA-
une detpra. TIpeAnOAQIKEM, 9T0 B 30HE BCE COCTOSHHS, KpOMe OX-
HOTO, 3aHATH 3JEKTpPOHaMu. BakanTHoe cocTofigHe BOAA3H NOTOJM-
Ka 30HH H RASHBAaKT AHpKoH. EcnH BHemHee Nloje paBHO HYJIO,
JBpKa 33HHMaeT caMoe BepxHee cocroaHue. IMToan neficTBHeM mons
-l

E na 3to BaxaHTHOe cOCTOsflHe NepeH]er 3nekTpoH ¢ Gosnee HU3-
KOFro 3HepreTHyeckoro ypoess. JIHpKa npy stoM onycrured. Jaxee
JHPOYHOE COCTOSIHAe 3afiMeT cJaefyioIUHA djextTpod W 7. A. IlpH
3TOM ZHpKa OyJeT cMemarbcs BHH3 HO DIxante 3Heprul. Takum
00pa3oM, TOK 8 KPUCTAANAX MONCET NePeHOCUTOCA He TOALKO AeK-
TPORAMU 8 30He NPOBOGUMOCTY, HO U ObIPKAMU 8 8ANeHTHOL 30He.
Jupounas EpOBOAMMOCTL HanboJee XapakrepHa AMd HOJNYRIPOBOA-
HHKOB, OIHAKO eCTh H HEeKOTOpHe MeTaldal, KOoTopHe 06JagaioT
IHPOYHOH BPOBOXBMOCTHIO.

Boappamasice X pu¢, 7.15 B, OTMeTHM. 9TO ONHCHBATH JBHMKE-
Hie SNeKTPOHOB B KPUCTanNe, NOJAL3VACh NORATHeM 3(dexrusHOH
MaccH, MOXHO TOJbKO TOrfla, Korga oHH Haxojarcs aubo y AHa,
aubo y NOTOAKa 3HepreTHYeckol 3oHH. B HenTpe 30HH m* repser
cMbict. Ha npakTHKe nouTE Beerja NpUXOAUTCH HMeTh JeN0 ¢
3MEKTPOHAMHE, PACNONATAICMIHMUCA HWAH ¥V JHa, HAX ¥ HOTOJKA 30-
#H, [ToaroMy Henoab3oBande 3peKTHRHOH MacChl B 3THX CAYRafX
BIIOSIHE ONPABIAHO.

7.10 SHEPTETHYECKHE YPOBHH MPHMECHBIX ATOMOB
B KPHCTAJIE

Ho cix nop Mu o6cyxAaNH HOBejpeHRE 3JEKTPOHOB B KPHCTAJN-
Jiax, HMeli#X HAeadALHYIo MepHOAHYIIOCTD. OJ.IH&KO BCE pea’jJbHhle
TBepAbEe TeNla COXEPKAT pasiHuiHe redexte M npumecu, Hedex-
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TH H OpHMecH AH6O cleliy-
ANBHO BBORSITCA B KPHC-
TaNiAuW, HAIpEMep, B IpO-
pecce JNEerdHpoRaHHA, JAnOO
OHH MOARJAAKITCA B HUX HA
CTagui BHpAaII4BaHAL.
PaccMOTpHM, KaK MeHAeET-
€Al 3HEPreTHYecKHH CIeXTp
KPHCTaAAa TIPH HANHYHH B
nocaegHeM BPHAMECHHX
aTOMOB HAH AedheKTOB. 0 Uy Vg

[Ipucyrereue B onpege-
JEHHOM MecTe KpHCTasia Pa"c. 7.16. Oﬁpaaon_auue pa3pelieEHEX YPOB-
aTOHa- ﬂpHM&CPl HJIIH ,H.ed)eK- [eH B JaNpelMeHBEOH 30He 34 cHeT AeficTRER
Ta CTPYKTYPH IPHBOLHT K BoaMyleHna
TOMY, 9T0 Ha llepHoxuye-

'R}

-~
CKAR NHoTeHHWan pelleTKH V(r) HaKIaJwBaeTcd XOCTATOUHO CHJb-
-

noe Bo3Myllenue U(r—ro), JIOKaJH30B2HHOE B HEKOTOPOH Majol
obnactn o6 beMOM Vr, € LEATPOM B TOYKE ro (ram, rae pacnoiao-

AKeH npHMecHHH aToM nax Zedekr). TakuM ofpasoM, caeayer pe-
HIHTh OXHO3MeKTPOHHoe ypaBHeRne Illpenunrepa

— —

[ ""2%‘ MV HUG— | v D =Ev@. (7104

3Has, 4To pelleHHe HeBo3MylleHHoro ypasnenms Illpenunrepa
uMeer BEI GyHKuuA Baoxa, w noabayack MeTonaMy TeopHUH BOSMY-.
uienufl, MOXHo HAATH coOOCTBERHEE 3HAHMEHHA SHEPTHH H cOOCTBEH-
Hble BOJHOBHe (yHKuun ypasnenHs (7.104). Ilpx atoM oKasmBa-

-

ercd, 4TO HaloXeHHe Ha HOTeHIHaa V(r) BOSMyHIeHAA NPHBOXHT
K OTHICN/EHHIO YPOBHed OT paspelleHHOH 30HH. 3T0 AJIIIOCTPHPY-
erca pucyHkom 7.16. Tlpn UoVy 2>0 yposens, cooTBeTCTBYRORA

NOTOJKY paspelieRHoON 30HH, MoJAHHMaeTcd BeepX. Bee ocranhHbe
{N—I1) ypoBHeR NpPAKTHUECKH He H3MEHAIOT CBOETC MONOMKEHHS.
Ecan UsV, <0, 710 ypoBene MuRHMaJTbHOA REpruH oliyckaercd

BHu3, (Uy — cpexBee 3nageHHe »Heprud  BO3MYIUeHUS B 06bheMe
Vre ). TakuM ofpasoM, B sanpemeHHOA 30He NOABJIAKTCA paspe-

meHBEHe yporuH Ey, ofycaomieHHEe nprMecsiMA Wik aedexramu.
-

Boanoeasn ¢yHRUNS Py (r) TAXOr0 COCTOAHHA HPOTOPLUHKOHAJBHA
byakuuu Banne:

(1) ~ D (T—T0) (7.105)

KoTopas GJH3KA K HyJNIO BCIOAY, KpOME TOYKH Ty H ee HefoJbllloR
OKPECTHOCTH. DTO 03HAUaeT, YTo IJMEKTPOH ¢ 3Hepraed F,, Jexa-
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ulefl B 3aNpelieHHol 30He, J0Xanu3oBaH B o6JacTH BO3MYLICHHS.
Paccunrate monoxeHHe ypoBell npuMecedi uau jgetexros, pa-

-
e el H3BecTeH KOHKDEeTHWH BHA BosMymenna U(r), mpakruwe-
—

CKJ HEBO3MOXKHO, T. K. HEH3BEeCTeH TOWHHN BAp norenuwana V(r).
ORHAKO, HOABSYACH NORATHeM 3IPdeKTHBHOH MaccH, ypaBHeHRR
(7.104) MoxHO mepenHcarh 8 BHIe

: ’ﬁ? —- - -
[—— 5 AL+U(r) ]lb(!‘]=E’lp(l’). (7.106)
3zech yXe OTCYTCTBYeT NepHOAHYeCKH{i NOTeH{IHa/, a NMOABHBIIAA-
¢t opeKTHRHAA Macca JNEKTPOHA MOXKET GHThb ollpefelieHa SKChe-
pEMenTaibHo. anum#t Merog pemenus ypasrends Ilpexmurepa
HOAYYH Ha3BaHHe MeToda sthipexTusenold Maccol

Hahpem B xavecTBe mpHMepa ROJOKEHRE JOKAaAbHBIX pa3pe-
IWeHHHX YpOBHe#l [NpMMecHHX artoMos V Ipynie  Tabaund
H. H. Mernencesa B ajileMenTapHHX NOJYIPOBOJHEKAax IV rpynmu.
[lpennonoxuM, HanpuMep, YTO B 0JHOM H3 Y3JI0B XpHCTaAna fep-
MaHHfl HAXOZHTCA ATOM MEINIBSIKA, HMEIOUINA MATH 3JEeKTPOHOB B
BadenTHoll oGosouxe. Uerklpe BajleHTHHX 3JeKTpoHa GyAyr yuya-
CTBOBaTh B 00pa3’oBaHHH KOBAJEHTHHIX CBA3eH ¢ 4eTHPbMHA COCeX-
HHMH a2TOMaMH repMadus. ITOCKoJbKY KoBalleHTHas CBf3b SBJARET-
cfl HacHIUIEHHON, DATHA 3NeKTpOH HoBOH cBs3u o6pa3oBaTh He
moxer. Haxondck B KpHcTadNe, OH CPABHHTENBHO caafo B3awMo-
JeficTByeT ¢ GONBIIMM uHCAOM OKpPYRAIOUIKX MHBUILAK aTOMOB TE&p-
manusi, BejaeACTBHe 5TOrQ €ro CBsizb ¢ aToOMOM As yMEHBINAETCH ®
OH ABHxeTCA MO opGhre GoJwmore paimyea. Ero mopemenue no-
106HO IIOBefleHHI0 37MeKTPoHa B aToMe Bojopoia, TaxuM oGpa3oM,
3a/aua CBOANICA K OTHCKAHAI0 YPOBHEH 3Hepris BOKOPOAONOA0H-
HOTO aToMa. IIp# ee pelleHnH HeOOXOAHMO YUecTh caelywllHe 00-
CTOATENBLCTBA. JJOCKOJBKY 3JEeKTPOH IBHKETCA He TOJBKO B KYJ0-
HOBCKOM IOJie HOHA MHUBAKA, HO H B NEPHOJAKYECKOM HoJXe pe-
meTKn, eMy HeobxoguMo npumucarts addexrunayic Maccy m*.
Kpome Toro, BzauMopeficTBHE 3JeKTPOHZ ¢ ATOMHHM  OCTATKOM
As+, umewnomam 3apsa Z-e, IPOHCXONHT B TBeploM Teae, obnaxarmo-
UleM AHSJEKTPHYECKOH ponHUaeMocThio g. C y9eTOM 3TOrO NMOTEH-
WHAMLHAR 3Heprus 3JeXTpOHA MPHMECHOro aroma fiyaer

Z e?

drneeyr '

U {(t) =— (7.107)

L
rie ey — 3JEKTpHuecKas mocrogHnasl. 3amumcsian U(r) B nuie
(7.107), Mu npeanonaraeM, YTO pacCTOAHHE MexAy B3aHMojefcrt-
BYHOUIHMH 3apajaMH HOCTATOYHO BeJIHKO, TaK YTO HX MOXKHO CHH-
TaTh TOYEYHHIMH.
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YyuTHBad BCe CKasaHHOe, HanWmieMm ypasueHue [lpepunrepa
AJS NATOTO EKTPOHA MHIUbLAKA;

[_ k2 A Ze?
2m* dnseer

T pmEn . (7.108)

[To ananorum c peiuenneM ypaBHenMA lllpezunrepa Aas aroma
BOAOPOAA MOXHO MOJYUHTh COOCTBeHHOE 3HAYCHHE IHEPTHH 3ITOTO

3JeKTPOHA!
1 ZPetm* 1
EnmEc_-—. .?2——_ —_——
2 RPefe? o?
1 mZie ( m* ) 1
2 Re%s* \ m nt
31ech 9HepTHSt OTCUHTHBAETCA OT JHA 30HH IPOBOAHMOCTH, nzx1 —
kBaHTOBOe uHcNo. Ecau B (7.109) nopcraBuTh uHC/jeHHHe 3Have-
HAR M, €, R, g9 U SHEPTHIO BHPAIHTH B 3JEKTPOHBOJBTAX, TO NMOJY-
auM

=F, . (7.109)

13’5222( m )~ (eB). (7.110)

Ep=E.—
e g2 m ! n?
3nech BeauunHa 13,52 mpepcraBngeT cofoH 3Heprui0 HOHH3ALUUH
aToMa Bopopoia (B sB).

Oneprus HOHH3ZAUHM NPHMECHOro aToMa F£4 paBHa NO MOAYJIO
IHEpTHH OCHOBHOro cOCTORHHS (n=1)

Eq= 13’5222('::) (3B). (7.111)

a
o

Buano, yro sHeprua HOHM3auHH aToma npuMecu Eq B &? pa3 MeHb-
lle HeprHH MOHH3auMH aToma Bogopoxa. Ha (7.111) caeayer rak-
Ke, uro Eg4 3aBHCHT oT Z%, T. e. YPOBEHb ABYKPATHO 3apAXeHHOTO
HOHa TIpHMecH JIEKMT B 3aNpelleHHOH 30He HMKe YDPOBHA OJHO-
KPaTHO 3apsXeHHOT0 HOHA.

YuuruiBasi, uto B repMmanin e~ 16 a m*—=0,2bm, noayuaem
ANS SHEPTHH HOHHZALHM NIPHMECHBIX ATOMOB V rpynnbl BeAHUHHY
E;=~0,01 5B. B gpeMuun, rae e~ 12, a m* 20,4 m, sHepPTHA HOHH-
sanpu goaxna 6mre 0,04 3B. Takum o6paizoM, A0OCTATOUHO BeCh-
Ma HeaRAUHTEJbHON 3Heprum, 4TOOGH MNepeBecTH MATHH 3JEKTPOH
M3 CBA3AHHOTO COCTOAHHA B «CBOGOJAHOE?, T. €. B 30HY OPOBOAHMO-
cru. [IpumecH, KOTOpHe NOCTaBJAAIOT CBOGOJIHLHIE 3JEKTPOHH, Ha-
3uBawrca JoxopreiMu. B Tafaume 7.2 npuBeldeHk U3MEpeHHEIE
34auyeHHS SHePIMH HOHH3AHHMH JOHOPOB B KPEeMHHHM H TepMAaHHH.
OnH JAOCTaTOUHO XOPOWIO COrJIACYIOTCH C PAacUeTHHMH BeJIHYHHA-
MH Ed.

Moabaysach BopopOAONONOGHON MOZENBIO, MOMKHO OLEHHTh Da3-
Mepul ofjactH, B KOTOpORl JIOKAaNH30BaHAa BOJHOBAs YHKOHA
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Tadnuua 72, JHePrHR HOHHIAUMH ADHOPOB B TEPMANRH H KPEMHHE

Eg4, 3B
HoHop
KPeMHHE repManiil
P 0,045 00128
As 0,053 0,040
Sb 0,043 0,0008
Bi 0,069 : 0,0125

SJAEKTPOHA, CBSI3AHHOIG ¢ MpPHMecHHM atomoM, OHa onpefeasiercs
paadycoM nepBod OopoBckof OpOHTH. KOTODEIH HAXOAUTCA H3 CO-
OTHOIIEIIHA

1
an=ao(——!;-3;;)an2. (7.112)

31ecs ay=0,53. 108 ¢M — pagnyc TlepBo#i SOPOBCKOH OpOUTH aTO-
Ma Bopaopopa. J[as goHopHO# npHMecH B repMaHHu I[OJAyYAeM
a;=64.a0~34-10~% cm. Ecan yuecTh, 4TO NOCTOAHHAA PELieTKH
repMaHus pasda ~{,56 HM. TO dcHO, uro 3Ta OpfHTAa OXBATHBAaeT
ok0y10 200 yanos pemeTkH. Pagiye nepeodt Goposckoil opOHTH NpH-
MecH V IPYNNB B KPeMHHH HECKOVIbKO MeHblle a7 30-dy, ORHAKO
T0XKe HZOCTATOYHO BeJuK. DBce 370 ONpaBARBAeT HCHOOJb30BaHHE
KYJOHOBCKOTO NOTEHRHANa A BuuHCAeHAs Ey.

IlpeanoaoXKEM Teltepb, 4TO0 OFMH H3 Y3JOB pPeLIeTKH repmaﬂaa
3aMemen npuMecHuM atoMoM IIT rpvmnm tabauum M. M. Menge-
Jleepa, HanpHUMep. aTOMOM Gopa. TPH BaJIeHTHBIX 3JEKTPOHA aToMa
Gopa oOpasyiOT TPH KOBaJeHTHHE CBS3H C COCEJIHUMH ATOMaMH
repMaHis, a yeTBepTas CBS3b OCTaeTcs HeszaBepureHHOH. Hesarep-
WIeHHasi CBA3b €CTh He YTO WHOoe, Kak jgelpka. Ona Bemer cefs Kak
YACTHIA ¢ NOJOKHATeNbHHM 3apsajioM e, uro ofecNeunBaeT 3JeKT-
POHEATPANLHOCT, B OKPYXKaKIUEH NpUMecHHH aToM o6JacTH KpH-
crania. AroM 6opa MOXeT 3aXBaTHTb Ha He3aBepIIEHHYIC CBASb
3/IeKTPOH OCHOBHOTO BELIeCTBA H NPeBPATHTECH B OTPHIATENBHO
3apAmenHui HoH. Jmpka npH sToM cranosurcs ceobopanod. Tip-
MECH, NIOCTABJAAWNIHEe cBOGOANLE ALPKH, HAZWBAKT AKUEeNTOPHbIML,

Tafauma 7.3 INEPrag NOHHIAUMH AKUCHTOPOR & KPEMHHH W repMaHHH

;. sB
Aguenrop
KpeMHH# TepMarHi
B 0,045 0,0104
Al 0,057 0,0102
Ga i 0,065 00108
In ! 0,16 0,0102
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Pue. 7.17. OctoBrbe H Bo3aGy-
IeHHHE TpHMECHHE COCTORKHA

-
Ec{Wé‘% B 3anpeulcHHOR 30HE

=EE=E = ey
_ - — . m=Z
£q n=t
Eg— — — — —qa}
= T = = =2

CoOcTeelibe 3HAYEHHA SHEPTHH AJA AKUENTOPHON NPHMECH MOXK-
HO NONYYUTH TAKHM e NYTEM, KaKHM OHH OBLAM NOJYYEHBt A4
AOHOPHOH MpHMecH

. 13,52 Z% ( mp® ) ] |
En=E+ 22 o p: {3B). (7.1 !3)
3aecs Mp* — sddexruBrag Macca AWpka. OcHOBHOH ypoBeHp 2K-
LeATopHOf npHMecH {n=1)

2 *
Ey— 13,532 ( My
2 n

) (sB) (7.114)

AOMHeH HaxopHtbed B repmanid Ha 0,01 3B snuie notoaxa ma-
JeHTHOH 30HH, B rabaune 7.3 npuBeiaeHH 3KCNepHMeHTaJbHEE
aHadeHua E, npumecedt III rpynnet B repmanun u KpeMmuum.

Hs dopmya (7.110) ® (7.114) crenyer, uTo HApAXY ¢ OCHOBHH-
MH NPUMECHBLIMH YPOBHAMH B 3anpelieHHON 30He CYHIECTBYIOT BO3-
OYyXIeHHHE NPHMECHHE COCTOAHHS, COOTRETCTBYIONME 3HAUEHHUAM
KBAaHTOBOTO uHcaa n=2, 3,4,.. OHM pacAoJaralorcd BHINE OCHOB-
HOTO JAOHOPHOIO COCTOAHHA HJIH HHIKe OCHOBHOTO AKLeNTOPHOTO
(pue. 7.17). .

[lpu uccnemoRaHHH AJNWHAOBOJHOBOTO HHGMPaKpacHoro NOrAo-
IeHu B KPEMHHH NPH TEMNepaType XKUAKOTO reans OBLIO ompeje-
7eHO NOJOKeHH2 BO3GYXAEHHHWX COCTOSHUM B 3almpemieHHoN 30HE
kpeMHHA. OHO XOpOLIO COTJMACYeTCs ¢ MPelCKAa3WBAEMEIM BOXOPO- .
ronopobnofi Mogensio. IIpH HopMaJBHHIX TeMOepaTypax Bo3DVK-
JIEHHHE COCTOSIHMA MOXKHO He YUHTHBATL, T. K. H3-3a MaJo# Bead-
uiubl Eg (nan E.) OHH He OKA3WBAWOT CYIIECTBEHHOrO BAHANHA Ha
CBOHCTBA TBepAMX Ted.

7.11. JOKAJH30BAHHLIE COCTOAHAA, CBA3AHHBIE
C NOBEPXHOCTLIO

Kpome npumeceit n medexkToB ai060ii peanbHRH KpHCTadd co-
AepHKUT ellle OAHO HAPYWIEHHe NMEPHOAHYHOCTH, CBA3aHHOe € ero
nopepxHocThio, Jlo cHX NOp MM He YUHTHBAJNA HAJIHUWE [MOBEPXHO-
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Pue. 7.18. TMoresnHanpias
SHeprusl IMEKTPOHA B OX-

Vo HOMEepHOR  OTpAaHHYCHHON
1elloTKe ATOMOB
) . o H

CTH, NPeAnoNnarad KPHCTAJ GecKOHeUHHIM HJH BBOAS LHKJIHYECKMe
rpannuHee yeaosdsi. Opuako B 1932 r. M. E. TammoM G0 No-
Ka3aHO, YTO KpPOMe «30HHHIX® H <«NpUMeCHLIX» COCTOAHMI B KpHC-
TAJNAaX CYLMECTBYIOT “NOGepXHOCTHble cocToanusa. (OuA obiapaloT
AHCKPETHHIM SHEPIeTHHYECKUM CNeKTPOM H BOJHOBHIMH (QyHKIHAMH,
SKCAOHEHIHAJbHO 3aTYXAIONIMMHE NO Mepe yHaJleHHs KaK B TAySH-
HY KpHCTaJJia, TaK H B CTOPOHY BaKYyMa.

UTo6u NpoAeMOHCTPHPOBATH, KaK OTpPaHHYeHHe KpHCTadna
BJHRET HA SHEePTeTHICCKHH COEKTP 3JeKTPOHOB, PACCMOTpHM cle-
nyiomn#i HauGonee mpocrofi npumep. [IpeanonouM, WT0o ME HMe-
eM JeJI0 C OXHOMEepHOW, OTpaAHHUYEeHHOA ¢ OAHOH CTOPOHH HENoUKOH
aTOMOB, %9 KOTOPOH 3aBHCHMOCTh MOTEHUHAMLHOH IHEPrHH 3/eK-
TPOHA OT PACCTOAHHA WMeer BHJ, W300paeHun#i Ha pue. 7.18.
BryTpu kpHcransaa (¥>>0) 3aBHCHMOCTb V{X) aBJAAeTcA NEPHOAH-
9eCKOfl ¢ MepHOAOM pEINEeTKH, a BHe KpucTaana (x<C0) V(x) =V
Inockocts x=0 mpeacrapaser cof0R ROBEPXHOCTL KPHCTANNA,

HeofxoouM0o peuinTh OAHOSJeKTpoHKoe ypasrenne Ilpeaun-
repa: —_— -

b, v ] —
[ o - 4vin Jo=Ey.

Buyrpn kpucraana, T. e. B ofaactu x>>0, pellleHue HMeeT BUR
p1=A, Ux(x) e+ Ag U_x(x) ==, (7.115)

rie, KaKk H paspme, Uix(X) — mepuopnueckas GyHKuHA ¢ NepHo-
nom pemerkd, A; 7 Ay ~— npoussoabHRe Kosdunuenrs. Boano-
BOH BeKTOp ABJASETCA OHpeAckeHHOH QYHKuUHe! SHePrHH 3JEKTPOHA
x=x(E). Boauosaa §ynxkumua (7.115) pomxkua 6HTh KOHeuHoH. B
HeOTpaHH4YeHHOM KpHCTajje 5T0 YCJIOBHe BHINOJHAercd, KOrAa K
BeHIECTBeHHO. JHAYEHHS SHEPTHH, OPH KoTopu X x(E) semecTBeHHO,
ABJAAIOTCA Pa3pelueHHBME (pa3pelleHHHe 30HH),: HHTEPBAJH SHep-
rHit B kKOTOpuX X(£) KOMIJIEKCHO 3ampellenH (3anpellleHABe 30-
us). B orpannuennoM xpucranne pemedne (7.115) caepyer ciiuts
B nnockocTH x=0 ¢ pemeunem B ofaactH saryyMa. Ilpa E<CVe B
ofnactd x< 0 pemenneM, KOHeUHWM IIpH X->»co, 6yAeT PYHKUHA

”m(;"_ﬁ) x) (7.116)

Pa=A exp (
VeioBus clInBkH

dy d¥
wO-p© » T _-o%

NPHBOZAT K caefyioulefl B3anMoCBA3H KO3 HUHERTOR
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A Uy (0) 445 U_5 (0) =4, (7.117)

dUn , T dU
o e B A e
ik U_n(0) ]=_ A”'"E(VWE) . (7.118)

Takum ofpasom, kospduuuenta A, A;, A; nomKHE OHTL BHOpaws
TaK, YTO6R YIOBJACTBOPSAHCh coOTHoWeHHd (7.117) u (7.118).
Kpowme toro, P-bynkuus (7.115) aomkHa 6HTh KOHewHOH B OfJaa-
¢t x>0,

PaccMotrpam aBa cayuad.

1. HonycTaM, uYTO 3JEKTPOH HMeeT 3HEPruio, IONajAwUYO B
OJHY M3 pa3spelieHHBIX 30H HeOrpaHuYeHHOro KpucTajaa. Oas He-
ro x{E) semecrsenno. ITpyu sroM $-pyukuua (7.115) koHeuHa mns
n00HX 3HaueHH# kospdunnentos. (cTaerTca TOABKO BHIOAHATL
veaosust (7.117)—(7.118), kotopsle npeacraBisioT cobofi ABA JM-
HeH{HHIX YpaBHeHHA ¢ TpeMd HeHaBecTHHIMH: A, Ay, As. OHH HMewT
pelneHHs npH MobHX snavyeHHIX XKO3(QPHOHEHTOR, T. e. TIPH JIOOKX
3HauUeHHsIX YHEPTHH B Mpefenax paspeliensoff 30HH. ITo o3Haya-
€T, YTO BCe IHepreTHYeCKHe YPOBHH, KOTOPLIE ABJARIOTCA pa3pellen-
HHIMH B HEOTPAHHUEHHOM KpPHCTaJlJle, OKa3HBAIOTCHA paspelleHHH-
MU H B KPHCTAJJe, OTpaHHYEHKOM NOBePXHOCTHIO,

2. Tlyers reneph 3HeprHst 9JeKTpOHA COOTBETCTBYeT OXHON M3
aanpellleHHHX 30k HEOTPAHUYEHHOTO KpUCTaaAa, T. e. k(E) sABiad-
eTCR  KOMIIeKCHON BeJMddHOf. YcJOBHe KOHeYHOCTH BOJIHOBOH
Gynxeun (7.115) B aroM caysae GyjpeT BHINOJHEHO, €CJIH ONHH H3
Kosdduunentos A, uaH A, (B 3aBHCHMOCTH OT 3HaKa MuKMo# ua-
CTH k) NOJOXKNTL paBHHM Hyaw. Torma (7.117) # (7.118) npespa-
MaKTCs B ABA JHHeHHBX OAHOPOAHHX YPaBHEHHA C JBYMS HeH3-
BecTHHIMH. OHH HMelOT peleHHe TOABKO NPH TAKOM 3HAYEHHH
JHEeprHH, NPH KOTOPOM ONpPeAeJHTEeNh CHCTEMH paBeH HyJio. Bce
ocTanbHele 3HaueHus £ sanpeilensl. Taxum o6pa3oM, orpaHHueHHe
KpPHCTAAAa NOBEPXHOCTbI} NMPHBOAMT K TOMY, 4TO B 00JacTH 3Hep-
TH#, COOTBETCTBYIOUWIAX 3ANPEUIeHHOH 30HE HeC[PaHM4eHHOro KDH-
CTaJIa, JOABAAIOTCA paspelleHndle 3HepreTHUeCKHe YPOBHM,. 2TH
COCTORHAY JOKAJNKH30BAHH BOJIM3H MOBEPXHOCTH H HOJYUHJK HA3Ba-
HUe nogepxHocThblx ypoaned. BoanoBHe (yHKIHH, COOTBETCTBYIO-
ill#e MOBEPXHOCTHLIM COCTOAHHSM, SKCOOHEHIHAJBHO 3aTYXaioT no
Mepe YEAJEHHS OT MOBepXHoCTH. B o6nacTy BaxyyMma ¢-GyHKRHA
3aTyXaer MOHOTOHHO, 2 B ofaactu x>>0, 1. e. B Kpucraaze, oHa
3artyxaer, oCIUMATHpYs. 3ro BEAne #3 dopMya (7.116) u (7.115),
ecJqd B nocjefHedl MOJOXHTh K KOMIJIEKCHBIM H OAWH U3 KO(ppH-
HHEHTOB PABHHM HYJIO.

Paccunrats nosoxeHue MOBEpXHOCTHHX YypoBHe#f B 3amnpellleH-
Hoft 30He OuUeHb CNOKHO, T. K. HEU3BECTEH TOUHBIA BHZ NEPHOLIHYE-
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ckoro noreHnmuana. Oanaxo cam (akFT CyHIeCTBOBAHMS ITHX Ypra-
Hefi He ®H3IWBAeT COMHeHHS (kakoBa Obl HH Oblta DyHKIHA
Vix}).

[InoTHOCTE NMOBEPXHOCTHHIX yponuen B TPEXMEPHOM KPHCTAMIE
ORpEeNENACTCA ~IHCIOM OAHOMEPHEIX UEN0UEeK ATOMOB, BHIXORALIMX
HAa eIHHUIY DJOLAAM NOBepXHOCTH. OHa AOCTHTAET BEIHMHHG
103210 em~2 Kpome paccMOTpPEeHHHX HaMK ypoBHefi, HazwBae-
MHX Yposuamu Tamma, CVIECTBYIOT NOBEPXHOCTHHIE COCTOAHASA,
cBA3aHHKE ¢ AeidheRTaMH, BHXOAAIMKMH HAa [OBEDXHOCTh, aACOPGH-
POBAHHHIMH NPHMECHHIMH aroMaMH H T. . X XKOHUeHTpanus 3a-
BHCHT OT ycJioBUA 06paboTKH NOBEPXHOCTH.

FAABAS
JNEKTPHMECKME CBOACTBA TBEPADIX TE

8.1. OCHOBHBIE CBOACTBA METANJIOB

Meranun 061afal0T MHOTHMH = 3aMedaTeNbHLIMH CBOWCTBAMH.
BHcokag NAacTHUNOCTL M IIPOYHOCTH, NO3BOAAIOT IPHMEHATL #X
Kax KOHCTPYKUHOHHHC MaTepHaiuW. YHHKA/AbHHe MATHHTHHE CBOf-
CTBa METalJ0B HCHOJMBIYKTCA NOPpH CO3NAHHH pajJdHuYHRIX MAarHHT-
HHX 3aeMeHTOB. OaHAKo B HacTosnlell raase Hac OyAVT HHTepeCo-
BaTh, B NEPBYI0 OYepedb, HX sJaeKTpHueckue cBoficTa, [Tpexne ueM
O0CYyXHaTh pasjduHHE TeOpeTHYeCKHe MOJenH, MX JOCTOHHCTBA H
HENOCTATKH, MC/AE3HO HAOMHHTDH, UTO 00 STHX CBOHCTBaX H3BECTHO
H3 3KCMEPHAMENRTA.

DnexTpONPOBOANOLTL. Buimle, B raasax 6 u 7, Mm yXe oTMeua-
JH, YT0 HaHBo/¢e XapAKTEPHEIM CBOHCTBOM MCTA/N0OB ABJISETCH WX
BLICOKAA 2MEKTPONPOBOAHOCTL, B Tablanue 8.1 nprBesexn 3Hata-

Tatannoa 8.1. Bumpmmn MEKOTOPHX METANLTOR

DAeKTPOIPOROIHO CTE, OnM—! cM—!
Merann

T==77T K T=273 K
Li 9,61-10° 1,17-10%
Na 1,25. 106 2,38.10°
K 7.25-10° 1,64-108
Rb 4,55.10° 9,10- 10
Cs 222.108 5,30 10+
Cu 50 .10¢ 5.4110°
Ag 3,33.10°% 6,62- 105
A 2,0 -1ps 4.90- 10%
Nb 3,33-108 6.58- 10t
Fe 1,52-108 1.12.10%
Zn 9,09.10% 1.82.10°
Cd 6.25. 105 147103
Al 3.33-10° 408103
Ph 2,12.10° 5,26-10*
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HUA SAEKTPONPOBOAHOCTH G PAAE Me- p
TAANOB AN ABYX TEMIlepaTyp.

Bupno, uro npH Temneparypax,
OJAN3KHX K KOMHaTHOf, SACKTpONpo-
BOAHOCTb  GOJBUIHHCTBA  MeTAa/JO0B
HAXogHTCA B Npegenax 10A—108 ~T
On—! e,

TemnepatypHas 3aBHCHMOCTD
aNeKTPONPOBONHOCTH, JlaHHuwe TaG- [
Jullt 8.1 ¢BHACTEABCTBYIOT TakXKe 0 »
TOM, YTO 3JEKTPONPOBOAHOCTL Me- o r
TaMIOB CUABHO 3ABUCHT OT TeMNlepa-

TYpH. B 3KcnepHMeHTax yame CTPORT Puc. 81. Temneparypuas
TEMNePATYPHEHE  3aBHCHMOCTH  He JABHCHMOCTL  YAE£MLHOTO
SNEKTPOIPOBONHOCTH, A BeJtHYHHEL, COMPOTHBJCHEA  METAJLAa
obpariol ¢, HasbiBaeMofi, KaKk H3BECTHO, YAEJALHHM CONPOTHBJIEHH-

1 .
e p=-—. [IpuMepHHEY BHL TaKOR 3aBHCHMOCTM IS MeTaIa
13

IOoKa3a Ha pc. 8.1,

B ofnacth BHCOKKX TeMOepaTyp YAednHOe CONPOTHBJEHHE pa-
cTer JAHHe#wo ¢ TeMneparypoll. BOauaun abcodwTHoro HyJAs OHO
nepecraer 3aucets ot 7 H Kpueas p(7) mmer mapandeabHO OCH
TeMHAepaTyp.

BausiHue npumecedt u Aedexios, YielbHOE CONPOTHRICHHE, He
3apucsillee OT TEMIEPATYPH, yacT0 HasHBAIOT ocTarownuis. Bean-
YHHA STOTO OCTATOUHOFO CONPOTHBJICHHSA ONpENeadeTCs NPUMECAMK
H gedexraMu, colepXamHMucs B Meraate. Bkiaap, BHOCHMHE B
yaeqabHOEe CONPOTHBAEHHe Merania NpHMecaMH H jpedekTaMu, oJH-
HAKOB JUJISI BCEX TeMIIEPATYD

p(T)::Pnp‘Fptmcr(T]. (8.1)

TAe pPup — OCTATOYHOE YAEJAbHOE CONPOTHBJEHHE, Paucr —— YAE/b-
HOe CONPOTHBJEHHE YHCTOTO METaJia.

CooTHomende (8.1} noKazbiBaeT, YTO KOMIONEHTa YAEJLHOrO
CORDOTHBJIEHHS, 3ABHCAIIAS OT TEMOEPATYPH M He 3ABHCAUIAA OT
YHCTOTH MeTaandd, H KOMIOHeHTA, He MeHAWMadcs ¢ TeMIepary-
pO#i, HO 3aBHCAWAN OT COZEPKAHHS NPHMECed H CTPYKTYPHOTO CO-
BepIIEHCTBA KPHCTAIa, CKAaZWBAa0TCA. JTO COOTHOMICHHe H3BE-
CTHO 3KCrnepuMeHraTopaM kak npasuio Maruccena 06 apfuHTHB-
HOCTH VIOedALHOUD CcONpOTHBIASHHSA.

3akon OMa. B meTa/sax Xopouio BHIOJHSETcs 3aKOH Oma

— —
j=c L.
- -
roie, Kak ¥ paHee, | — MNAOTHOCTh TOKA, E — HAIPAKEHHOCTb

SJAeKTPHYeCKOro IO,
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3akon Bupemana—®panua, Kax yxe ofcyXkpanoce B ML .6'
AN MeTaJjoB BRIOJHAETCR 3akoH Bugemana—Ppasna

Ly
ol
rae L — uncno Jlopesna,

lanspano-marsutiie osdpdextsi, Ecam Meraan, Mo KOTOPOMY
Teuer SNeKTPUTeCKHuil TOK, MOMECTHTh B MATHHTHOE NOJE, TO B HEM
BOSHHKAWT pasndyHue 3¢deKkrnl, noayunbie Ha3paHHe FaJabBaHQ-
MarHUTHEIX. K HEM OTHOCSTCA, HanpuMep, sddekrs Xonna u mar-
HHTOCONPOTHBJIEHHS.

CrepxnpoBoRHMOCTE, YenpHOe CONPOTHBJEHHEe MHOTHX METaf-
JIOB NPH NOHIMKEHHH TEMNEPATYPH H AOCTHRKEHHH €0 HEKOTOPOTD
KPHTHUECKOro 3mauenus Tx, Pe3ko ofpallaeTcas B HYJb. DTO 8-
NeHHe, TOJYYHBUIEe HA3BaHHE CBEPXMPOBOLMMOCTH, HalaiozaeTcs
NpAMepHO ¥ TOJOBUHH METAJJIHUECKAX IJEMEHTOB H B GOJbIIOM
YRCAe MeTaJJHYeCKHX CIIaBOB.

8.2, 3NEKTPONPOBOAHOCTL METAJMIOB

MHuorHe u3 ynoMsuyTHX BHlu¢ CBOACTE MeTaJJOB, B TOM YHCJIS
HX BEICOKYIC 3JEKTPOHPOBOZHOCTL, 3aKoH OMa, 3akOH BraemaHa—
®panna ¥ pax APYrux ofbiAcH#Ia KJaacCyueckas TeopHs C¢BOGOI-
HEX 3jekTponoB [pyme. U xora 3Ta TeopHs, KAK OTMeuanoCh B
ta. -6, 7, Oblila MOJANOCTBIO HecmocoGHA OOBACHHTL TeMNeparypHoe
TnoBeAeHHe TeILIOSMKOCTH METaJli0B, ABNEHHE CBePXIPOBOAHMOCTE,
caM (aKT CyIlecTBOBaHHA AHINEKTPHKOB M MOJAYIIPOBOAHMKOB, a
TaKkKe MHOTHE ADYIHE CBOWCTBA, OHa AO CHX MOp 9ACTO HCAOJB3Y-
eTcs AAA PAIJNHUYHKEX oneHok. [Jose3Ho HamOMHMTE OCHOBRHE IO-
Jdoxenus Teopun Jlpyae, urolm nyuille NOHSTb ee HeAOCTATKH W
KaK 3TH HeJOCTATKH YCTPaHAOTCS B 30HHOR TEODHH TBeDABX TeN,

K oCHOBHEIM NpelNoJoxeHHaM TeopHH Hpyane oTHocATCA:

1} cuuTaercs, 4rT0 KaxKAH{T atoM OFfideT B <ofniee monb3oBa-
HHE» He MeHee OAHOIO 3JeKTpoHa. B NpoMexyrkax Mexay crodk-
HOBEHHAMH 2JeKTPOHH He B3aHMOAEHCTBYIOT ¢ NOJAOKHTEJNbHO 3a-
pANKEHHHMH ATOMHHIMH OCTATKAMH, PaciOAOXKEHHHMH B Y3jax pe-
weTkd (npuOnHxKeHue csofOAHHX 37eKkTpoHOB), He yunrtHBaerca
B3aHMOJeHACTBHE 3JEKTPOHOB Mexay cofod (npHOAMKeHHe He3a-
BHCHMHX 2JMEKTPOHOB); '

2} cufraercs, uTO B HHTEpBade MEXAY CTOJKHOBEHHAMH NPH
OTCYTCTBHH BHeIIHHX 3JeKTPOMATHHTHHX HOJed KaWAeM 9JIeKTPOH
ABRXKETCA MO NPAMOAYHEAHOH TPAERTOPHH C TNOCTOAHHOR CKO-
pocrblo. [lox peficTRueM BHEHIHMX IOJell aJeKTPOH ABHXKETCA B
COOTBETCTBHM ¢ sakoHaMM HboToHa (NpH 3TOM BAUAHHE BHYTpPeH-
Herc Mnojs, CO3NAaBAaeMOro HOHAMH M APYTHMH 3JeKTPOHAMH, HC
YVYATHIBAETCH) ;

3} BpeMs or BpeMEHH 3JeKTPOHH HCMHTHBAKT (TONKHOBEHHS.
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JIpyae cumrad, uTO NPH COYRApEeHMH ¢ WOHAMH 3JEKTPOHW OTCKa-
KHBAKT OT HHX KaK OT TBepAHX wapos. [Ipeanosaraloch Takxke,
4TO COVAApeHHs HJIEKTPOHOB C SAEKTPOHAMH B MeTa/uie OTCYTCTBY-
jo1. HHXKe MB YBHAHM, 4TO TAKas MeXanHuecKad MOJe/h 3JeKTPOH-
MOHHEIX CTOJKHOBeHHH pmajgeka or gefictBHrenbHocTH, K cuacTbio,
IAA MHOTHX 3a74au STO He #MeeT ocoforo sHauemms. BaxHo, uro
CYILECTBYeT KAaKOH-TO MEXaHH3M DACCeAHHA;

4) 9JexTpOHB HCIHTHBAIOT CTOJKHOBEHHA 32 eAHHWNY BpeMeHH

1
¢ BEPOSTHOCTLIO, PABHOA e Beanuuna t npencraeiasier coGof

gpema cBoBOOHO20 npobeza MW epeMa peraxcoyiitt, 3a 9T0 BpeMd
3JEKTPON MPOXOAHT PACCTOSHHE, PABHOR ero cpedned Oaune c8o-
dodroz20 npobeza ;

5) HpeamoJaraercs, 4TO CKOPOCTb 3JEKTPOHA MNOCAe CTOJKHO-
BEHHA He ¢BS33aHA € €r'0 CKOPOCTLIO ZO CTOJKHOBeNHS H HampabsJe-
Ha cayuafnuM o6pasoM.

OCHOBHIBASICh Ha 3THX NPEANOJOXKeHHAX H paccMaTpHBas [oO-

L

cefenne ra3a cBOGOAHHX SJEKTPOHOB B 3NekrpHueckom Note E,

MR Modyunsu B TJ. 6 (§ 6) BHpaxeHHe AAS CPEAHEH CKOPOCTH
-

sAeKTPOHOB B HanpasjieHnH noas E (ckopoCTd Apefigpa)

-

eE
Y= —
m
1 RHpaxKeHde NS MAOTHOCTH TOKA
) ne*t =
j=re<<v>= E,

upefcrapasiomee cofoit 3akow Oma. OTCIOAA 3AEKTPOTPOBOLHOCTD
MeTaJaaa
: nelt

m

ECJIH HCHOJB30OBATE BBeAEHHOe B IR 6 NoHATHe NOIBHMHOCTH
3JeKTPOHOB

(82)

_ <u> eT

== 3
E m ' (8.3)

TO 3JeKTPONPOBOAHOCTE MOXKHO BHPA3HTh COOTHOLIEHHEM
6=¢ n . (8.4)

[Tonbaysce opMmynoit (8.2) u 3KclepUMeHTAaJbHHIMU AAHHHIMH,
npuBegeHHptMH B tada, 8.1, ouen#M spema pemakcaun. [Ipu rem-
mepatypax, OJM3KHX K KOMHATHOW, OKa3HBASTCA, 4TO T HM2eT Io-
pagox 10-14-10-15 ¢, YroOu MOHATH, ABAAKTCH JH TaKHe 3HaueHHs
pasyMHBIMH, TOJe3H0 BHMUMCARTh CPeAHI00 AJAHHY cBOGOIHOTO Npo-
fera A==voT, TH€ Ty — CPE/AHAS CKOPOCTb 3JEKTPOHOB. [T0CKOABKY
5MekTpoHHEH ra3 B Teopun JIpyAe cuuTancs KaacCHueCKHM, OHIO
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eCTeCTBENHLIM CUYHTATh, UTO KaM/ielli 3anexrpod objajgaeT KHHeTH-
4ecKOH 3HeprHel, COOTBETCYBYOmeENR TPEM K/JACCHUECKHM CTeneHsM
¢B000AE TOCTYNATEALEOrO ABHKEHHS, T, €.

mug? 3

9 ='—2-"KT

Otciona caeaver, UTC OPKH KoMHATHOH TeMmiepatype z, HMeer no-
paxok 107 cMjc u, crenoBaTedbHO, AAHHA cBofoAaxoro mpolera A
A5 pasMHUHHEX MeTanacs coctasiser ot | mo 10 A. Bugmwm, uro
3Ta BeJH4YHHA, NpejcTaBasioman cobofi paccTosHHe, NPOXOAUMOE
3JeKTPOHOM OT CTOJIKHOBEHHS KO CTOJKHOBEHHS, CPABHMMA € MeX-
GTOMHBIM pacCTOSHHeM, 3JTO BROJMHe COTJAaCcOBHIBAJOCH ¢ TPEARO-
noxenuem Jpyne o ToM, UTO 3MEKTPONLl CTANKHBAIOTCH € TAXKENH-
MH HOHZMH.

Onsako Mul BHAEAH IIpH oOCYXAEHHH TETNOEMKOCTH MeTadJIOoB
(ra. 6), wro npuBejleHHAS BHIIe ONeHKA PHeprHH 3JHeKTPOHOB ne-
BepHA. JNeKTPOHKHH Ia3 — 3TO KBAHTOBHIH O0OBEKT, H AJA OLEHKH
3HePTHH H CKOPOCTH 3JeKTpOHA ChelyeT HCNOJAb30BATh TEOPHH
3ommepenpaa.

-

TToCKONbKY H3MeHsTb CBOK HepI#io B JeKTPHUECKOM noJje E
MOLYT He BCe 3JIEKTPOHH, @ JNHIlUb Te, KOTOpHe pacnoaoXens BOaA-
3 yposHA Pepmu, HX CKOPOCTb €CThb CKOPOCTh PepMu vy, Onpege-
JdeMas cooTHOuwleHReM (6.116)

V= (—g— ) (3nZn)iB,

Ona onnosarenTHOro Meratna vy~ 108 cMfc. Dro aHauuT, ITO AJH-
Ha csobogHoro npofera npuM KOMHATHOW TeMneparype MOXeT Ro-
CTHFATb COTEH ZHTCTPEM, T, €. COCTABJATH COTHH MeKATOMHHIX pac-
cTosHAH,

Bruluie MH ofpamany BHHMARHE, YTO 3JEKTPOIPOBOJHOCTL Me-
TaN0B CHJIBHO BO3PACTAET ¢ NOHHKeHWeM TemnepaTypsl. Tak, na-
npHMep, B YHCTHX KPUCTaJJaX MeAH NMPOBOAHMOCTb NPH TeMnepa-
TYpe XuiKoro requs (4 K} npamepuo B 105 pas Goavlue, uem mpu
KOMHATHOH TeMnepaTtype. ITO MPHBOAHT K BpemeHH penaKcauun
1~10-° c. [ToCKONBKY vp OT TEMICPATYPH HE ZABHCHT, MOAYUAEM
AT TEMNepaTypH KHAKOro asora A= 108 emfeX 10-¢ ¢=0,1 ém. Bo-
Jee TOro, y psifia OYeHb WHCTHX KPUCTAJNJOB MPH HH3KUX TEMIepa-
TYpax Hafawjaioresd AJHHB  CBOGOAHOTO mpofiera B HECKOJBKO
CAHTHMETPOB, JTO 03HaYAET, UTO SJAEKTPOHH MOTYT MPOXOAHTH
MHOTHE TBICAYH MEXATOMHBIX pacCTosnu#l Oe3 CTOAKHOBeHAH ¢
HOHAMH, YTO B KODHe NPOTHBOpeyHT sipexncrasaenusm Jpyne.

Takum 06pasoM, BO3HMKAWOT 1BA BOMPOCA: TIOUEMY NPEACKARH-
BaeMuie B TeopHH Hpyje coyjapeHus 9/eKTPOHOB ¢ AaTOMHHMH OC-
TaTKaMH He NpoxcXopsir? Kakwe npomeccl B AeHCTBUTENBHOCTH
OTBETCTBEHHBl 32 pacCesHHe 3JeKTPOHOB M ONPEAeNsiOT AJHHY
caoBoaHoro npobera?
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OTBeTn Ha 3TH BONPOCH JaeT 30HHAR TEOPHH TBEPABIX TET.
HanoMHEM, 4TO B 30HHOA TEOPHH OTKA3WBAIOTCS OT IPHOMMNKeHNS
cBOOOIHEIX 3JeKTPOHOB, YUHTHBASA HX B3aUMOJeliCTBHe ¢ NepHoSiu-
YeCKHM TOJIeM KPHCTaNdanueckKodt pemtetku. TakuM o0pazoM, 3Jek-
TPOH nepecTaeT GHTbH «CBOGOAHEIMY H CTAHOBHTCS «ONOXOBCKHM>,
Qynkuust Baoxa (7.22)

(1) =Un(r)er s

-

AN 3/1eKTPOHOB, ¥ KOTOPHX BOJANOBOI BeKTOp K BeINECTBeHeH (uTO
COOTBETCTBYET paspellieHHbIM 30HaM), HpeicraBjser coboi Gery-
ILYI0O BOJHY, MOJRYJIUPOBAHKYI0 C MEpHOAOM peleTku. JTo 03HAua-
eT, uto ROJAHA Bnoxa pacnpocTpadsercs nmo MACAARHOMY KPHCTaA-
ay Ges satyxanust. [Ipy 3TOM cpeinsis NAOTHOCTL 3apaga —e|pl2
HMEEeT QJHO ¥ TO Xe 3HAUCHHE B KaxjoH sJeMeHTapHOR suelke.
«30HHBIA> INCKTPOH JBUKETCS NO UNealJbHO NEePHOIHUHOMY KpHC-
TaANy CKOJb YroJAHO J0ATro; BOJNHOBas (yHKuuA He saryXaer. Cne-
ACBATEIbHO, B HAEAJBHOM KPHCTaJJe 3JPKTPOHH, HAXOASIIHECS B
30He NPOBOJUMOCTH, oGNAZAT GeckoHeuHoH pAuHOW CBOOOQAHOrO
npofera, Takum 0GpasoM, KBAHTOBAR MeXaHHKAa B COCTOSHHH OT-
BETHTh Ha NepBHA BOMpoc. 3aMeTHM, Y10 B (DH3HKE XOPOWIO H3Be-
CTHO ¢BOGOJIHOE PAaclpOCTpadHeHHe BOJH BO BCAKHX MepUOAUYECKHX
CTPYKTYpax.

HapyeHust wAcajbEoll NepHOAHYHOCTH B KPHCTAJJe MPUBOAAT
K ToMY, 4To ®OyHkuusa Bioxa npH Jio6OM TaKOM HapyILIeHHH YiKe
He yAoBjeTBopaer ypasuenuio Illpepunrepa w 9/1eKTpOH HCHBITE-
BaeT pacCefHHe, MPHBOAALIEe K M3MEHEHHMIO HANPaBJEHHS ABHXKe-
uug. UanHa cBoGoanoro npodera cTaHOBHTCA KOHEUHOH, wTo Bemer
K KOHEeUHOMY 3HAUeHHIO NPOBOAHMOCTH HJAH YAeJbHOTQ CONPOTHB-
JNeHH® MeTalaa. Hapyulenna nepHoAHYHOCTH MOTYT OHTE 08yCJ0B-
JieHH IIpHMecsAMH, Ae(EKTaMH, NOBEPXHOCTbI0 KPHCTANAA, @ TAKHKE
TENJAOBRIMHA Ko/NeOaHHAMH ATOMOB ((HOHOHAMHU).

OCHOBHEM MexXaHH3MOM pacCessHH® 3AeKTPOHOB B ofjacTit BLI-
COKHX TeMNepaTtyp #BARETCH paccessue Ha onoxax. B Meranjax
3/eKTPOHHBIN ras ABJAAETCS BHpoXAeHHHM. ClejoBaTeldbHO, BK1A1
B NMPOBOAKEMOCTb BHOCHT HE BCE 3JEKTPOHH, a TOJNbKO Te, KOTOpLIE
pacnojaraiorcst y nmoeepxHocTH Pepmu, Jng HHX B KauecTBe Bpe-
MEHH DEeJIaKCAUHHE HYXKHO B3ATh BEJHYHAY

= (8.5)

Up

Tie pp — CKopocTh ®epmu. Eciu paccestue 3JeKTPOHOB OCYHIECT-
Baferca GOHOHAMH, TO OYeBHAHO, UTO AJMHHA ca0ofOAHOro nmpobera
SJEKTPOHOB 4 AodxHa OHTe 06paTHO NPONOPIIHOHAJLHA KOHIIEHT-
pauud Honouos, B ¢Bolo ouepeab, Kak Mbl BHIEIH npH obcyxie-
HHH CcBOHCTB (DOHOHHOrO ra3a B IV, b u 6, NIpu BHICOKUX TeMmepa-
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typax (T:>0p) Komiedarpanust GOHOHOB pACTET € TeMIEpaTypoOR
JsuHefino (opmyna {6.85)).
!CBT

.

<n(K s)>=
ko(K, §)
Takum 00pasoM, AJA BHICOKHX TeMHOEpaTyp

1 1
<Zn{K, 8) >
IHockoabKY e OT TeMHepaTypH He 3aBHCHT, NOJYyyaeM, YTO:
BpeMf peslaKCallEH HApH BHICOKHX TeMOeparypax o0paTHO MpoTIep-
UKOHAMBHO TeMNepaType. 310 NMO3BOJAAET HAM NOHATH TeMIepartyp-
HYI0 33BHCHMOCTEL YEeJBHOTO CONPOTHBJIEHHS MeTajanon, naobpa-
xennyio Ha puc. 8.1. SlcHo, vwro TeMmepaTypmasi 3aBHCHMOCTB
1

’h=

YNeJbLHOTrO COIPOTHRJACHHA p= ‘En—jr ONpegelNseTCH 3aBHCUMOCTH-

ME OT TeMTepaTYPhi KOHHEHTPAHHKH 2JEKTPOHOB H HX IOJBHXKHOCTH.
Tak KaK DOZBMXKHOCTL 3JI€KTPOHOR NPAMO TNpPONOPHUOHAMBHA BpE-
Menn penakcanur (8.3), TO ANA BHPOKAEHHOIO 3JEKTPOHHOIO
rasa - .
pT (87)
KonueHTpanua 7 pHPOXAEHHOro 31¢KTPOLNOTC rasa OT TeMiepa-
TYPH IPAKTHYECKH HE 3aBHCHT. [TosToMy 8 064acTu biCOKUX TeM-
nepaTyp YoeAbHOE CONPOTHGACHUE METAAAQ pPAcTeT ¢ TeMnepary-
POl AuHEHO TOABKO W3-80 UIMEHEHUS NOJBUNCHOCTIL
[Ipn nonuXeHnuy TeMnepaTypni GoHOHHHE ras cTaHoBUTCA BCE
6osee paspexenuniM (6.88) W poab paccesHss 3AeKTPOHOB Ha ¢o-
HOH3X YMeHbIIAaeTCA, 34ech HAUHHAET HKOMHHHDOBATL pacceanie
Ha npusecfx u Oeextax. Kax npasuiio, mpamecH H XedexTH 3a-
paxenbi., PHc, 8.2 noAckfer MeXamH3M TtaKoro paccesHnsi, HoHni
NPHMECH OTKAOHAIOT SJAEKTPOME, ABHIKY-
% muecs BOMMIE HEX, H TeM CAMHM YMeHb-
; AT CKOPOCTh HX B NEpBOHAYANbHOM Ha-
npagienny, QUeBHANO, YTO €CJH CKOPOCTh
3/EKTPOHA BO3PACTAET C  YBelHUEHHEM
® TEMNEPaTYPH, YTO HMEET MeCTO AN HeBH-
POKIEHHOrO 3JEKTPOHHOrO I'a3a, TO BANA-
HHe NPEMECH YMEeHhINaeTcs, T. €. YMeHb-
uraeTcsl paccefiHue, SlcHo Takke, uTO ueM
Gosblre KOHXEHTPARUA NpHMECcH, TeM 66Jb-
e paccesHue. '
Brnepesie 3afaya o paccesnus 3apfi-
Prc. 82, Mexamuau pac. KCHHHIX 4aCTHI 34pSUKEHNHMH QeHTPaMH
CEAHAR INSKTPOHOB {2 6maa pemena 9 PESE]J(I)OPJIOM. Arano-
HOHAX npumec . FHUHBI pacueT B NPUMEHEHHH K HAlleMy

2y
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CIy4a0 MOKAIHBAET, YTO NOABHXKHOCTB 3JMEKTPOHOB, OOYC/OB/EH-
HaR pacCeAHHEM Ha HOHH3OBAHHRMX NpHMECAX, AJA BBIPOEIeHHOO
SJCETPOHHOTO Ta3a He 3aBUCHT OF TEMIIepaTypH:

: u~ Pp=const, (8.8)
T. K. Dy HE MEHAETCH C TEMITEPATYpOf.

ITOT pe3yabTaT OGBACHAET, NOUEMY TIPH HH3KAX TEMIepaTypax
YAeJbHOE CONPOTHBIEHHE METAN12 He H3IMEHAETCH ¢ TeMIepaTypof.

JXo cux mop MH He VUHTHBAMH B3AHMOMEHCTBHE 3JEKTPOHOB ¢
BJERTPOHAMY, T. €. MOJNb30BAJNHCh NPHOANKEHHEM HE3aBHCHMHX
5aeKTpOpHOB. IJT0 npubaHxenue lpyize oKazanoch HEOKHZARHO
YAAUHHM. OTcyTCTBHE 3JEKTPOH-3JEKTPOHHOIO B3auMopeficTBHA
SIBASIETCH CAEACTBHeM npuunMnNa [layau. Huke MH yBHARM, uTO
npA OOCYXJeHHM Dsfla cBOACTB TREPABX Tes, TAKHX, HANpHMEPp,
KaK MardiTHOe YNOpfACUeHMe, CBEpPXNPOBONBMOCTEL, OT STOrQ NpH-
GJMKEeNHs NPUXOJHTCA OTKA3ATHCSA.

OGpaTnM BAMMaHME elllé Ha OJHO YNpPOUIEHHE, NPHHATOE B TEO-
pun Apyne 0 yacto HeloAb3yeMOe Mo CHX NOp, — BEEJEHHE Bpe-
Menn penakcanud. Kak MH yiKe HeofHOKDPaTHo 0TMedalH, NMPEANo-
J1arajoch, UTO 3a EAHHUYHOE BpeMst JI0GOf IJMEKTPOH HCHHTHBAET

CTOJMXHOBEHHe C BEPOATHOCTRIO, pasﬂoﬁ —, T. €, CHHTAJOCE, UTO
. T

pesyJALTAT CTONKHOBEHHA §e 3aBHCHT OT COCTOfIHHA SJEKTPOHOB B
MOMEHT pacCesHuf. Takoe ynpolieHHe HBANETCH UpPE3MEPHHIM,
YacroTa cT0aKHOBERHE SAEKTPOHA CHALHO 32BHCHT, HaIPHMEp, OT
pacapeAenesnss APyruX 3JeKTPOHOB, T. K. B CHAY npHHmHna Ilay-
JH 2AeKTPOHEL [OC]Ee CTOJAKHOBEHHH MOLYT NEpexXolfHTh TOJLKC Ha
ceoboanke ypoBHH. KpoMe T0ro, Kak MH TOMbKO uTo ofCyXaaiw,
B TBEPAOM TeJie CYIMeCTBYIOT pasiHAHbBle MeXanH3IMH paccefiHus.
ITosToMy B pslie cayuaeB oT NprOJHIKEHHS BPeMEHH DeJAKCALHH
OTKasHBaoTc. BMecTo BBefieHHA - BpeMeRH peJaKCalfH npenmno-
Aral0T CYLeCTBOBAHHE HEKOTOPOH BEPOATHOCTH TOro, 4T0 34
eAHHHYIHOE BPEMS 3JEKTPOH H3 30HK C HOMEPOM 7t H BOJHOBHIM
. Ll

BEKTOPOM K B De3y/ibTaTe CTOJNKHOBEHHS MepedlieT B 30HY C BOJ-
e e

HOBBM BEKTOPOM K;. DTY BEpOSTHOCTH HAXOLAT ¢ NMOMOIIBIO COOT-
BETCTBYIOIHX MHKPOCKOUMYECKEX PAcHeTOB. TarOH HOOX0X, OAHa-
KO, OUeHb CHJILHO OCJAOXHSAET pacCMOTPEHKE, -

- IleéraspHHf aHaJHM3 NMOKASHIBAET, UTO €CJAH NPOLECCH CTOMKHO-
BEHHH ABJAIOTCH YNPYTHMH H €CAH paccefiHe NPHBOAWT K cayuafl-
HOMY pacnpeje/leHHio HOCHTRNCH 3apfiga mO CKOpOCTHAM, T. €. OCy-
(iecTRAAETCA PABHOBEpOATHOE paccesiHHE YacTHO 70 BCEM HAIpPas-
JICHHAM, TO OINHCAHHE NPOHECCOR paCCesHHA MOXKHO BeCTH, NOJAb-
3YACH NOHATHEM BPEMeNH pelaKCcaumy,

8.3. COBCTBEHHAA NPOBOAWMOCTL NMOJAYNPOBOIHUKOB

_ PaccMOTPHM nOJMYNPGBOANKK, He coepxKaliuik npuMeced H fe-
¢erron. He Synem Takke yunTHBaTh BAMAHHE NOBEPXHOCTHHX CO-
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v ¢ croauuft, [pu T=0 K 31exTpOnpOBOARGLTL
TaKoro NOJYNPOBOAHHKA DaBRA HYJI, TO-
CKOJIBKY B HeM HET ¢BOOOIHHX HOCHTEAEeH
sapaga. [Jle#tcTBuTenbHO, BafleHTHAS 30HA
NOJROCTRIO 3aN0JHEHa 3JeKTPOHAMH H He
£, MaeT HHKAKOTO BKAaja B NPOBOAMMOCTD, a
//%, 30Ha TpoBofEMocTH mycra, llps 70 K
Z NOSIBJSIETCA BEPOATHOCTh 3a6poca 3JeKT-
Pie. 83, Dueprenmeckan POHOB H3 BAaJEHTHOR 30HB B 30HY HPOBO-
anarpamma cobetsemmoro  AMMOCTH (pc. 8.3). B bpanenTHOR 30HE
HOAYNPOBOARHKA mpu s1oM 06pasylTcest Aulpku. flcwo, uTo
KOHUEHTPALUMA JAEKTPOHOB nt Oyler pasHa

KOHIEHTPAUHA IbIPOK f!

n=p. (8,9)

OnsOBpEMEHHO c [poReccoM ofpazoBanud ¢BOGOAHBIX HOCHTENeH
(cenepaiueti) wjieT NMPOUECC HX HCUEIHOBEHHA (pexoMOuRayiit).
YacTe /7eKTPOHOB BO3BpAILAeTCH U3 30HH TPOBOJHMOCTH B Ba-
JGHTHYIO 30HY H 3amOAHseT pasopBaydbe cBAsn (aupxu). flpu
ZaHHofi TeMmepartype 3a cuerT ACHCTBHA ABYX KOHKYPHPYIOIHHX
IPOLECCOB TeHEPALHH M PRKOMOHHAUUME B HOMYNPOBOAHHKE YCTa-
HABJAHBAETCA HEKOTOPAS DPABHOBECHAN KOHUEHTPANHA HOCHTENEH
sapsna. Tax, HanpHMep, NPH KOMHATHON TEMIEpPAType KOHIEHTpa-
ngs cBOOOAHBIX 3ACKTPOHOB H JHPOK COCTapJjfeT B KPEMHHH IpH-
Mepro 109 cmM—3, B TepManHu NpuGIHzHTEabHO 107 cM-3,

. -

Ec/s K NoAynpoBOAHHKY HPHIOKUTE 3JekTpHueckoe moge E, To
B HEM BOSHHKAET TOK, CKJIAARBAWUMHCA B3 JEKTPOHHON H ABIPOL-
Hofi cocramasionmx. FloaynpoBoIHMKY, B KOTOPHX 34 CUET Nepe-
XOAa HEXOTOPOro KOJWUECTBA SJEKTPOHOB W3 BajeHTHOH 30HH B
30HY HPOBOAMMOCTH ofpasyercs TaKoe e KOJHUECTBO AHPOK, Ha-
3HBalOT cofcTéernbimy. COOTBETCTBEHHD HX MPOBOAVMOCTh, COCTOA-
IIYI0 M3 JAEKTPOHHOR W AHIPOYHOH COCTaBJAIOIINX, HA3WBAWT cofi-
CTBEHKOL RpO8OAUROCTEIO.

[Ipunucas s/aekTpoHaM B 30He NPOBOAHMOCTH H AHPKaM B Ba-
JeHTHOR 30He 3hdeKTHBAYI0O Maccy, MM MOXEM CYHTAThH UX CBO-
OOFHEIMH H BOCTIOAL30BATHCA BHpaKeHHEM IJA 5MeKTPONpPOBONHO-
CTH, HONYUEHHHIM B MoHean cBoGOZHHX aJekTpoxos Hpyzre. Tax,
AanpuMep, coraacHo (6.105), I7eKTPOHHAS COCTABAAOmMAR TOKa
6yner

2
j=ne< y>>= r:ne: E. (8.10)
n

3aece my* — sdpexkTHRHAA Macca 3AEKTPOHA, T —~ KaK ¥ panbile,
BpeMsi pejaakcapuu. Orcioia ANA yAEALHOR 3/eKTPONPOBOAHOCTH,
CBA3AHHOH ¢ ApefdoM 37eKTPOHOR, MOAyIaeM

=ner (8.11)

my*
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YacTto, ogHaKo, BHpaxKeHHe MJA | H ¢ 3aIMCHBAIOT HECKOJBKO HHA-
ye. Kak n s MeranoB, BBeeM NOABHKHOCTD 2JEKTPOHOB, HHC-
JeHHO PABHYIO CKOPOCTH Jpefidha B 3JeXTPHUECKOM NoOJe EXHHHY-
HON HaNPAKEHHOCTH: '

<y
= . 8.12
C yuerom (8.12) axasa j 5 0 umeem:
j=neunE, (8.13)
=1 ¢ Un. {8.14)
TTpu atoM
eT
Bn= Tl (8.15)

AnasoruyHsle BHIPAXKeHHs MOXHO HANHCAThb H AJAs AWPOIHOK co-
crapjsiomedl, PesyabTHpylomas 37AeKTPOIPOBOAHOCTE COOCTBENHO-
ro NoJYNpOBOAHHKA ONpefensieTct cyMMofi 3JleKTpOHHOH H JHWpOY-
HOH KOMIIGHEHT

o=en pnte p up, (8.16)

rie wp, — DOABHKHOCTL Ampok. B (8.16) Bxomdr aba BamHeHmIiuX
napaMeTpa TOJYNPOBOAHUKA — KOHIEHTPANUA H MOABHXHOCTh HO-
cHTened 3apapa.

Konuenrpauns Hocutened., PapHopecHas KOHUEHTPANMA 3JEKT-
POHOB, A5 KOTOPHX BOIMOXHBIE HHTEPBAN SHEPTHE JNEKHUT B Mpe-
nensax 30HH IIPOBOJHMOCTH, ONpEAetsercd BHDAKCHHEM

Ecmax .
n=§ NENE)E, (8.17)
Ec
rae N(E) — DAOTHOCTH COCTOAHHW, T. €. MHCJIO COCTOSHHH B ElH-

HHYHOM WHTepBaNe Hepruit B enuHHUE ofbeMa KpHcTama, f(E)} -—
$ydruns Pepun — Jupaka, onpeneifiomas BepOATHOCTE TOTO,
TP COCTOAHHE 3aHATO 3/EKTPOHOM, HDJIBSY?ICB pesyanaTaMH BbI-
WHCJAEHHA TIOTHOCTH COCTOAHHN, MOMYUEHHHMH B T/ 6, H YUMTH-
Basi, YTO AJA CTAHAAPTHOK S0HH mpoBogumocTH E (k) umeer BHX

_ E2K2 p2
E=Et gt Bt gm (519
anst N(E) nonydaem
2 ma* 2
N(E)=4n (-%—) (E—E,)2, (8.19)
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AHAJOTHYHO AAS BaJeHTHOH 30HH, Y BepPXHerp Kpas KoTopoi

Rx: . p?
. E—E,,—W = U—Q—n;-pT-, (820)
EMeeM
2mp* 32
N(Ey=ta( i )" E—Ey (8.21)

Moacrasnas (8.19) u Buipaxenne (6.46) mas f(E) » (8.17), na-
XOJIHAM
2 mn*

. ]‘; 4:1( 2
E

32
) (E—E)'PdE
E~EF
*® T
e ° 41
Wurerprposanue B (8.22) HYXKHO MpOBECTE OT JHA 30MH E. 0 ce
noroaka. Ofnaxo bysxuns ®epmu—upaka npu E>Ep 6HCTpO
crnagaer X0 HYJAA, H NO3TOMY BePXHUA NpeAes HHTErPHPOBAHHA B
(8.22) sameHeH Ha GeCKOHEUHOCTE.

Bsenem OespasMepHbie ltepeMeHHbIE

(8.22)

E""'Ec e EF’""’E{;__ .
%o T =g; -——K?'——-——‘n. (823)

Benmuunn ¢ H 7 npeacTaBasiorT coboff NpHBejeHHble B eARHHIAX
kg T  3Hepruio 3JeKTpOHa B 30He NPOBOIHMOCTH M ypoBeHn dep-
MH, OTCUHTAHHHE OT JHA 30HHW £, C yueToMm 3TOro BHpaXKeHHe

(8.22) npeoBpasyerca K BHAY ‘

< 2
2 ma* )31’” eldg

n=+4 ( kg T)32 I ———=N_F . 8.24
m g (%8 T) ) et e Fiz(n) (8.24)

Beanunna

#* 32
25 Mn KHT ) (825)

N,,=2( s

noJyYHia Ha3eaiue >QHeKTHBHOH HAOTHOCTH COCTORHHE B 30HE
IIPOBOIHMOCTH, 4

2 ¢ glfde
Firs(n)= — (8.26)
I J; et M4 |

— mwarerpad Pepmu—Jupaka nopaaka /2. Popuvay (8.24) Mox-
HO 3amHcaTb B Gostee yAoSHoM AJA pacyeros BHAE, ecdH B (8.25)
MOACTABHTL UYHCAEHHBHE 3HAUEHHS YHHBEPCANBHHX NOCTOSHHMLIX:

" _
n=4,82%10% ( )3 TS Fsa(n). (8.27)
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Haiinem Tenmepn paBHOBECHYIO KOHIEHTPaUMio IHPOX B BaNeHTHOH

30He
E

p= j N(E)jp{E)dE. (8.28)

ED min

3zech fp(E) — Qyuruma pacnpejenerns 1ai AHpoK. BeposaTHOCTH
TOTC, YTO B COCTOAHHH TeNJOBOr0 paBHOBECHS Ha YpOBHe ¢ 3HEp-
ruefi E OTCYTCTRYET 3JEKTPOH, T. €. UTO 3TOT YpOBeHb 3aHAT AHP-

Kofi, papHa
| 1
o (B) =1—f(E) == —go——=—g———  (8.29)
T 5. T
e "8 -1 e ° 41

C yuerom (8.29), a rtakxke (8.2]) smpaxeHHe AAf KOHIEHTPALAH
IHpPOK [MpHHHMAET BHA

E,
2mp* \¥ [ (E,—E)"dE
p=4n( 5 ) | ( EF_E) (8.30)
® T
e © +1

HHXHER DpegeNl HHTErpMPOBAHHA 34€ChH 3aMeHeH Ha —oo. ITO
MOXHO CAeJaTh, eclH Y4ecrTh, urto (ydxuusa [p(E} GMCTPO cha-.
Zaer.

Hcnoabsysn Oeapasmepnble HepeMennnie {8.23), a Taxxe BBeas
HOBKE 0603HATHHS

E—Eo _ E _ . E—E _
kT “kgT '?f' kg T m (831)
Ep—E

&B T =1‘]+8;+31D-

Ipupenem (8.30) x BuAy ‘ )
p=N, Fin(—n—=s), (8.32)
rpe N, — sddexTHan NJIOTHOCTE COCTOAHHH B BaAeHTHOH 3oHe

* 32
No=2 (.Q_’fm_;;z.fﬁi ) . (8.33)
HUurerpan ®epmu—Jlupaka A1 BaNEHTHON 30HH HMEET BHA
. < eind
Fin(—n—e) = —— | 2L (8.34)
¥rn oe? i

Buaum, uro ans onpejeleHuHs KOHUNEHTPAUHH JeKTPOHOR H ARIPOK
HeofxoxnuM0 BeAHCAHTD HHTerpasn Pepmu—[/lupaka. ItH mHTE-
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IPaJH He BBEIYUCAAKTCH TOUHO, HO M/ HHX HMEIOTCH NPHOJHKEH-
HHE BHPAXEHHS, CIPABSAJHBBE N5 ONpeAefeHHHX ofjacreil H3-
MeHeHHSl aprYMeHTa, KOTOpHie 3HAUHTEOALHO YRPOMAKT (QOopMyaul
AJIA KOHUEHTPALWH 3JEKTPOHOB H [BIPOK:

et npy —oo<E<—1 {8.33)
! .
Fip(g)= / m npa — L<{E<Ch {8.39)
—— &2 mpn S<TE<C oo {8.37)
3Vn

[Mpubdauxeune (8.35) coorsercTByeT craTucTuKe Dosbumana. Oito

CTpaBesanso MpH 1]=—_:-;TL.<—I, T. e. npu  Ep<CE—xzT.
B

TagkaM o6pasoM, eciaH yposeHb depMu JeXHT HUKe ZHA 30HH
NPOBOAMMOCTH 0oJiee 4eM Ha Kp T, TO NOJYNPOBOAHHK ONECHBACTCH
KJACCHuUeCKOH CTATHCTHKOM, T. e. ABJAAETCA HEBHpPOMAeHHBIM, Ecns
Ep nexur solwte £, Oojee yeM Ha 5457, To MOJAYNPOBORHEK 1OA-
HOCTBIO BRIpOXAEH. AnnpokcaMmanus (8.38), cnpamenamBas Aas
caygasn Ec—ka T << Ep<CE.+bxgT, npurogua gag oNHCAUHA DONY-
NPOBOJHHKOB € NPOMEXYTOYHHMH (OT HEBHPOMJAEHHEIX K MOJ-
HOCTRIO BEIPDONKIEHHAHM) CBOACTBAME.

Hcenonways npubamkenne (8.35) u yumtheas (8.27), Haxoaum
KOHIGHTPANHIO 3JeKTPOHOB B HEBHPOKIEHHOM COOCTBEHHOM MO-
AYNPOBOZHUKE: :

_ E_EF
% 13 kT
n—4,82X 1015 (—’"”— ),@ T2 B (8.38)
OHa 3aBHCHT OT TeMnepaTypH, IPHYEM 3Ta 3aBHCHMOCTH ONpefe-
AAeTCSA, B OCHOBHOM, KCNOHEHIHABHEM 9/eHoM.

I MOJHOCTBI0 BHPOXAEHHOrO NONYNpoBoAHHKA H3 (B.27) ¢

yueroM (8.25) u (8.37) noayuaem

4 EF-_'EC 3!2 8 IT 2 mn*

=N () = (-
3V=n g

T. €. KOHUGHTPAIHA OT TEMOCPATYPH HE 3aBHCHT.

M3 (8.35)—(8.37) merko moayuuts npuOAHKEHHEIE BHPAMEHHA
g Fue(—a—e):

3/2
| T TR D)

n=

—N—e, )
a YR — ool ——g<l—1, (8-40)
Frg(—n—e)= '—“*—1”-:1;- g —l<C—n—e;<C5, (841)
0274e¢
— (—n—e)3? pam H<C—~n—e<l 0.
3¥n _ o {8.42)
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E—Ep

Mpa T <—! wma Ep>E¢+xpT noAynpoBOAHHK $B-
+B

JNAETCH HEBHIPUMACHHHM, a NpH Ep<CE,—bKpT — NMOAHOCTBIO BH-

POMACHHEIM,

Mpunumas 8o BHMMaHue (8.40) u (8.42), ua (8.32) noayuaem
AR KOHIEMTpAalKW ABIPOK B HEBHPOXAEHHOM IMOJYINPOBOAHHKE

EF-_Eir

%, T

£ 137
p=4.s2><10'5(—”:nf’—H) pe  F (8.43)
K B NOJHOCTRK) BHEIPOKIEHHOM:
4 E.—FEp V2 8a f 2mp*
3V =&

HosyueHHMe BHpPaweRAs JUIA 1 0 p HO3BOANIOT BHITUCANTH KOH-
UEHTPALKIO SJEKTPOHOB H ABIPOK, €C/IH H3BECTHO IOJOKEHHE YDOB-
ud ®epmu. ockonbky nojoxenue ypoBHz PepMu onpegenseTcs
YCAOBHEM 3JIEKTPOHERTPANLHOCTH COGCTBEHHOTO IIOJYNPOBONHHKA,
€0 MOXHO HalkTH, PelUHB YpaBHeHHE n=p HJIH

NeFllz(ﬂ)z-Ng F]/z(—‘l']-'*s,-). (845)

L18 sesHpoXIeHHOrO NONYNpoBOAHHKA (8.45) npuHUMAaeT BHA

-1—e

Neen=Nye  °. (8.46)
Orciona Jerko HafiTu yposenb depmu:
Ec+Eu . KB T N.‘-_.
T m— .4?
Ep 5 T —In N, (8.47)
BJIH € Y4eToM BhipaxKerufi (8.25) u (8.33) naa N, A N,
5 #* V3l
EF=ﬁ£';+xBT1n( e ) . (8.48)
2 Mn

Ecim myp*=my*, 1o nonoxeHue ypopus ®epMu B COOCTBEHHOM MO-
TYTPOBOJHHKE He 3aBHCHT OT TEMIEPATYPH H OH JIEXKHT B CepefH-
He 3anpelueHHofi 3onul. Ilpu mp*#*m,.* £ pacnojoxeH B HEHTpe
sanpemeHHOR 308b ToAbKO a8 T=0 K. C noBumendeM Temmepa-
TYPH OH JutefHO cMeilaetrcs K Toll 30HE, B KOTOpoft Mempme 3¢-
drexTHBHAA Macca wocHTenedl. Sro mamocTpUpyercs pucyRAKom 8.4.
¥YuursiBas, uTo B cOGCTBEeHHOM NOJAYNPOBOXHHKE 2=p=f, OI-
peneduM CcOOCTBENHYIO KOHUEHTpalHIO HOCHTEReH 3apfipa:

EG_Eﬂ )

ni=(n.p)2=(N.N,) " exp '( — T

(8.49)
HJM C YUETOM BHpameHHf Aaa N, u Ny
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E inn
£
My <my
EF : mg =m;
m; <y
&y 4
0 T 1
Pnc, 8.4. 3asHcramocts ypomus Pre. 8.5 3anucumocts
QepMH OT TEMNEpaTYPH B cod- KOHIEHTPanEl  HOCHTeAeH
CTECHHOM HOMYNPOBOZHHKE p COOCTBeHHOM HOMXYNpo-
BORHHEE DT TEMIIEPaTYpH,
HOﬂTpOEHHaﬁ B KOOPAIHA-
tax In ay or IT
2nxp \¥? E
ny=2 (———-—-—-—) ma™ Mmp* )38 T2 ex ( — . 8.50
A2 ( b » ) p ) Kg T ( )

KoHuentpauusa socurenefi (371eKTPOMOB H AMPOK)} B HeBRIPOXKAEH-
HOM cOOCTBEHHOM NONYNPOBOAHWKE 0OKa3ajdach He 3asHcAlleH OT
nojmKeHus ypopHs @epmH. OHA yBelHUHBAETCHS ¢ TeMmuepaTypod
N0 3KCNOHEHIHAJbHOMY 3AKOHY ¢ 3Heprdefi aKTHBAalHH, pPaBHOH
NOJ0OBHHE UTHPHHK 3anpemeHdHol 30HH.

TeMmepaTypHasi 3aBHCHMOCTh KOHIEHTpauuw# coOCTBERHHIX HO-

ciresefi, mocrpoestan B KoopawHarax Imn; or 7+ TpeacTa-

JAeT co00H NpaKTHUECKH NPAMYIO JHHHIO:

3 | E, 1 -

o 2 e—— - 851

in ni=const-+ 5 In T 5w T (8.51)

. T. K. pyHKuHeR ln—fl.- MOXHO npeHeSpeub 10 CPABHEHHIO C Je-

HOM -% {puc. 8.5). Taurenc yrita HaKAoHA 5TOR HpsAMOH paBeH
NOJOBHHAC IHHPHHARK 33]‘[p€1[I,BHHOFI 30HH:

Eg _
— —— N 8-52
=75, (8.52)

OnvH u3 ¢NoCcOGOB OlpefeNeHHs LIHPHHE 3ampellleHHOH 30HBI
NOAYIPOBOAHKKA 3aKMI09aeTcsd B HAXOMAEHHH yraa HakJaoHa 3KC-

1
MepUMEHTAJNBHLIX NPAMEX Inag ot -

Vs (8.48) caenyer, uTo ¢ POCTOM TEMIEPATypPH H3-3a UPHGIH-
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KeHHs ypeBH PepMH K 30He ¢ <AeTKHMH» HOCHTeISMH TOJAYINIpO-
BONHHK MOXKET K3 HEeBHIPOXKACHHOTO NPEBPaTHTbCA B BHPOXKAEH-
#uldl. BHpOXKIEHHE RBacTylaer, Koria paccrosHHe wmeXay Ep u
rpaHHNe# 30HW CTAHOBHTCHA COH3MepHMo ¢ Beauyuuolt xkzT. Ilpr
3TOM, €CJH BHPOXACHHE HACTYAHNO, HAaOpHMEp, B 30HE IPOBOLM-
MOCTH, TO B BaJICHTHOH 30HE OHO COTCYTCTBYeT, T. K. ¢ pocroM T
ypoBeHs (PepMH oTHandeTcs 0T Hee BCe (oabille u Goxbltte. B sTtomM
:nydae BbipaKeHHe JNJA XKOHUEHTPALHH Hocureael B BHpPOXLEH-
#OM cOGCTBEHHOM HOJYNPOBCHHHKE MPHMET BHJ:

-"I—G{
ni=NeFya(n)=Nye *. (8.53)

3pecs uurerpai Pepmu—/upaka Fi/z(n) yXe HeNo3d 3aMeHATH
3KCHOHeHTOA. SIcHo, uTO BHpOMAcHHe B COGCTBEHHOM NOJYNIPOBOA-
HHKEe HACTyHaeT TOJbKO B TOM cAydae, Korja hdeKTrRBHHE MaccH
3JeKTPOHOB H AHPOK 3HaYRTENBHO pasaAdaiotcs, [IpumepoM ra-
Kor'c WOAYNPOBCAHHKAZ ABAsercs anTHMOHHA Huapfa (InSb), B xo-
TOpOM mp*= 10 71, *

TonsuXnocTh HOCHTENeH B COSCTBEHHOM INOJYNIPOBOXHHKE, TIAe
HET HHKAKHX NpHMecedl U AedeKTOB, BpeMs DEJaKCALMH ONpenens-
eTcs paccesHHeM Hocuredell Ha (onomax. IlpH o6CyxIeHHM 3dKo-
Ha Buaemana — (pamna MH oTMeuaar (raasa 6), yro cpenHsa
AAMEa cBOGONHOTO Ipofera 3aeKTPoHa o0paTHO NPONOPLHOHAJLHA
KOHLOEHTPaNuH (DOHOHOB, KOTOPasA, B CBOK Ouepesb, B 06/1aCTH BH-
COKHX TeMIepaTyp MPONOpUHOHAJAbHa TeMmepatype. Takum obpa-
30M,

' 1 1

A == T (8.54)

" B neBHpoOXAeHHOM 3/EKTPOHHOM Fase CpeRHAS CKOPOCTb ABH-
KEHHS 3NEKTPOHOB ¢ mponopnuonaabha I'2. C yueroM storo mo-
Aydaem, 9TO NOABHXHOCTL, ODYCJOBNEHHAS paccesnHeM Ha (oHo-

HAaXx,
—1
pmite T (8.55)
mu Tz
Caenannbie HAMM PacCyXIEHHS COPABERMMBH AJA HeBHPOXACHHO-
IO 3J€KTPOHHOrO rasa. B 3T0M ciydae JEKTPOHOB B 30He NPOBO-
AHMOCTH MaJlo, H NMOITOMY BCE YJNEKTPOHH NPHHAMAIOT HE3ABHCHMO
APYr OT Apyra y4acTHe B 3JAeKTPONPOBOIHOCTH.

Ecng asekrpouEH#A ra3 BHpoMAeH, T, TaK Xe KaK U B MeTal-
Jie, BKJAj B NPOBOAHMOCT, BHOCAT 3JEKTPOHH, KOTOpHle pacioJa-
rajorcs BOAH3H ypoBHA (PepMu, CneloBaTenbHO, B KauecrBe Bpe-
MERH peJlaKcallHH 31eCh HYXKHO B3fATh:

S (8.56)

Ur
re A — AruHa cBoOogHoro mpobera 3MeKTpoHOB, o0FaAAIOMIHX
speprHefl, 6Au3KOA K Er, ug — HX cKOpocTh ABHXKeHHSA, [Tocko/IBKY
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Up OT TeMIIEPATYDH NPAKTHYCCKH He 3ABHCHT, JOJf NOIBHMKHOCTH
BHDOAMACHHOIO 3AGKTPOHHOrC raia moayqaem:

T—I
~ e T 8.57

b const ( )
YuureBas (8.55) u (8.57), a TaxKe mOosyueHHBe BHUIE BHPAXKEHHSA
And KOHHEWIpaHHH HOCHTe/ed B HeBHPOXAeHHHX (8.49) W BEIpOXK-
rennnix {8.39) nONYIpPOBOAHHMKAX, MOMXEM CHEJATh BHEOHL © TEM-
nepaTypHOH 3aBHCHMOCTH 3JIEKTPOIPOBOAHOCTH COOGCTBEHHHX HOAY-
npoBoAuKKOR., Tax, HAmpHMep, SXeKTPONpPOBOJKOCTH HEBHPOKIEH-
FHX_cOOCTBeHHH X MOJYHPOBOAHHKOB YBEIHYHBAETCA C POCTOM TEM-
NepaTypH IC SKCIOHEHUHAJLHOMY 3aKOHY.

84. NPOBOOIHMOCTE MPHMECHBIX NOAYOPOBOAHHKOE

Ecan B moayfapoBojHEK BBefena NOHOPHAA HJAW aKUeNTOpHad
NPHMECh, TO TPH HASKHX TEMNEpaTypax, KOTAa 3HEPTHH TEMJIOBRIX
KosefaHAll HeAOCTAaTOUHO ANs Aepedpoca 3JIEKTPOHOB H3 BAJEHT-
HOR 30HH B 30HY IIDOBOAHMOCTH, CBODOJHEIE HOCHTENR 3apaza MoO-
TYT NOSBHTBCA 33 CUET HOHH3AUHH NPHMeCHBIX YpOBHefi. DHeprus
HOHH3AUHHK MeJKHX ZOHOPOB HJH akuenTopoB, Kak OHJIO noKasa-
HO Bhltlie, HE3HAYHTEJbHA ITC CPABHEHHIO ¢ IIMPHHON 3aIpelleRHof
sounl. [TostoMy c¢BA3AHRE c AOHOPHHM aTOMOM 3J€KTPOH HOCTa-
TOHHO JerKo MOXeT OHThb OTODBAH OT 3TOr0 ATOMa, T. €. NepeBeleH
¢ AOHOPHOrO YPOBHA B 30HY IpoBoauMoctH {pHc. 8.6, a). UeM BH-
me TeMnepaTtypa, TeM OOJbiIe IOHODPOB OTAACT CBOK 3INEKTPOHH,
C noBHIIEHHEM TeMNepaTypH, KCHEYHO, YBEIWYHB2ETCH H Bepofr-
HOCTb MEX3OHANX nepexonoB. OpHax0 B LaHROM HOJYNIPOBOAHHKE
KOJIHYEeCTBO JIEKTPOHOB B 30HE NPOBOAHMOCTH OYAeT 3HAYHTE/hHO
Gosbllle, YeM KDJHYECTBo AHPOK B BaJEeHTHOH 3one. B cuay 3Toro
5JEKTPONPOBORHOCTL HOAYNPOBOAHHKA, CONEpKAllerc ACHOPH, Oy-
AeT 9AeKTPOHHOL. DICKTPOHB fABASMIOTCA OCHOBHBIMU HOCUTCARMU
3apsda, IHPKE — HeOCHOGKbiMmY. TakOH MONYNPOBOJHUK HA3HBaeT-
CH 34eKTPOHHBIM (Ul QOHOPHBIM), '

B noaynpoBosHRKE, <CojepiamieM AaxKUENTOPHYI0 ODHMECh,

E, N £, 2UEKTPOHEL JIErKo MEPEXOLAT H3
- £y BaJEHTHOH 30HH Ha axUenrop-
HEe ypoBHH. Ilpw ?TOM B Ba-

JeHTHoH 3one o0pasyloTcsd C¢BO-

E, < EE? Gonnimie  AplpkH, Koanuectso

4 7" ¢cBOBOXHEIX AHPOK 3%eChb GYHET

g J) 3HAUHTENLHO GOJbINe, UYeM KO-
Prc. 86. Smepreraueckan  Rp- JHUYECTBO CBOSOANHX  SJeKTPO-
Z?.fﬁﬁrgmf‘;}pOﬁﬂﬂﬁp(o‘?om'f HOB, 00Pa30OBABWIAXCH 34 CHeET
KOB nepex0A0R H3 BaJEHTHOH 30HH
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B 30HY OPOBOAHMOCTH. [109TOMY AHIDKH SIBJASIOTCA GCHOBHEIMH HO-
CHTENAME, a 3JeKTPOHE — HEOCHOBHHIMH. IlpoBojguMocTb nOay-
TIPOBOAHNKA, CONEDKAIIEro AKUENTOPHYI0 NpPHMECh, UMeeT OHpoY-
Hetll Xapakrep, A caM NMOAYIPOBOAHHK B COOTBETCTBHH C 3THM Ha-
3HBaeTca Obipouneim (Ul GKYENTOPHOIM ). :
flcno, YTo yBeNMUCHHE TeMIEparyph NpHBEAET B KOHUE KOHUOB
K TOMYy, 4TO BCE 3AEKTPOHH ¢ AOHODHHX YpOBHeR nepefiayT B 30-
HY NPOBOAHMOCTH, a AaJbHefiliHA pocT T BHIOBET CQOTBETCTBYIO-
1ee YBeAHYEHHe KOHIexTpauu# cobcTBeHHHX Hochreaed. Ho Tex
nop, NOKa COOCTBEHHOA LPOBOJAHMOCTHLIO MOXHO npeHeGpeub, AJS
3J€KTPONPOROLAOCTH IJEKTPOHHOID NOJYIPOBORHHKZ MOMHO Ha-
[HCATH!
. 0==¢ £l Pn, {8.58)
AJNA AW PORHOTO
a=ep . (8.59)

PaccMo1puM, xax u3Mensercs ¢ TeMmeparypodl KOHUEHTPanHa
HOCHTENel H HX NOABHXHOCTD.

Konuentpanua Hocutened, [Ipeanonoxum, uro B IOAYIPOBOA-
HAKE AMEIOTCH JNOHOPH ¢ KoHUeHTpauue#i Ny AHajlorHgho ToMy,
KaK 3To OBJIO cHenaHo AJAA cOOCTBEHHOrO UONMVIPOBOAHRHKA, MOMK-
HO 3alACAT, YCJOBHE 3JEKTPOHEHTPANLHOCTH W H3 Hero OIpeje-
JAHTbL NOJOXEHHe ypoBHA (PepMH B OPHMECHOM NOJYNPOBOAHHKE,
Tax, B o6AacTH HH3KHX TEMIEPATYpP, KOI'Aa-npoiteccaMi nepebpo-
ca 2NeKTPOROB K3 BaJeHTHOR 30HH B 30HY NPOBCIHMOCTH MOXKHRO
npeHebpeysn,

 EctEs %57

EF""— lIl ch‘

2 2 "V(E

3aece N, — sdubexTUBHAA [JOTHOCTH COCTOSHHH B 30He NHPOBORK-
MOCTH, onpencasieMas BHpaxenneM (8.25), g — ¢uakrop cnunoso-
20 BBLPONOCHUS npuMecrozo yposnsa. OOcvauM (PU3IWIECKHA CMBICH
BEJHYHHN £. [TonHoe YHCAO MPHMECHBIX COCTOAHHA B 3ampelleHHon
30He DABHO YHCJAY NMpPHMECIBIX aTOMOB, T. e, pasHo N,; B pacdere
HA EAHHHLY 06beMa KPHCTaNna, MOCKOJNLKY KamAWA aroM MOXeT
oTAaTh B Pa3PEIEHRYIO 30HY TOAbKO IO OOHOMY saekTpony. Onma-
KO, CBOGOAHNE ICHODHHI YpoBeHL MOMKET 3aXBaTHTh 3INEKTPOH U3
308K NPOBOAHMOCTH ABOSKHM 00pa3cM B 3aBHCHMOCTH OT HAIOPaB-
NeHHA couHa, CreloBaTelsbHO, NPHMECHMA YpPOBEHb BHPOXHACH
1BYKpaTHO. D10 03HAuaeT, 4TO HeHTPaJLHOE COCTOSHHE AOHOPHOM
TpHMecH HMeeT BABOe GoJbUIHA CTATHCTHYECKHH BEC N0 CPABHEHHIO
¢ MOHH30BAHHHIM COCTOSIHMEM. B 3TOM cayuae g=2. AHanOrHuHBE
pacCykKAeHHS MOXHO NPOBECTH H A48 aKUENTOPHHX ypoBHeR.

Hz (8.60) cneayer, 9ro B NOJYNPOBONHHKE, COOEPKAIUEM [L0-
uopHyio npumecs, npi 7=0 K ypoBesb DepMH JeXHT moceperune
MEXAY RHOM 30HW NPOBORHMOCTH H NPHMECHHIM YPOBHeM. [eMme-
paTypHaa 3aBUCHMOCTL Fp o0yciacBieHa reMieparypHol 3aBHCH-
MOCTEIO N, H 4iaetom #p7 B (8.60). C yBeanuenuem T B ofaactH

(8.60)
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HH3KHX TeMiteparyp, xorfa gAN:<Ny, yposenb PepMH cHavana
ApHONHXAeTCAd X 30He NPOBOXHMOCTH, 4 33T€M HAYHHAET ONYCKAThb-
€ B 3amopemleHnylo 3oHy. [Ipu gN.=N; cnoBa nMeeM Fp=
e i
. Janonefiufi pocr TeMUepaTypH BEJET K CHHXEHUIO
Ee (puc. 8.7). 310 cHHIKEHHE HPHBOXHT K TOMY, 4To KOHHEHTPALHS
3JEKTPCHOB YBEJIHUHBAETCH C POCTOM ] N0 3KCHOHEHUHAALHOMY
3akony. efictBATenbHo, noacrasnas (8.60) B sHpameHne IAA
KOHUEHTPAUHH '

ﬂ—_“Nce“‘
AnayIaeMm
o E—Eq4 i gN, ) _
n=~N.exp (——- TraT m?m_W =
- Ec“Ed
2% _T
= ]/%fi‘-e B (8.61)

Tlo¢TeneHHO KOHUEHTPALUHA 3JIE€KTPCOHOB B 30HE NIPOBOJHMOCTH CTa-
‘HOBHTCH cpaBHEMolk ¢ N4 B 3ToM cavmae Bupamenne (8.60) mas
Ep craHoBuTcst HenpuMenHMBEIM. JleTansbHH# aHANW3 NOKA3HBaeT,
YTO 3/1eCh
: N,
Ep=FE.—rpTIn = (8.62)
Nq
H KORLUEHTPaiHA 5JeKTPOHOB
' n=Ng. (8.63)

Pasencteo (8.63) osHauaer, YTO BCH HOHOPHAA NPHMECE HOHH3O-
pana. O6nacTs TeMmepaTyp, B KOTCPOH BHINOJHAETCH YCIOBHE
(8.63), naswmiBawOT 0044CTHIO UCTOWCHUR npumecu. [loJnas HOHH-
3aUMs NPHMECH HacTymaer, KOrAa Ep OmycKaeTcs Ha HECKGJAbKO
xsT Huxe Eg.

Hancrefiliee noBHUIEHHe TEMMe-

E ' paTyps BHI3HBaeT YBeJHYeHHE KOH-
HEeHTPpanHH BﬂeKTPOH‘OB 34 CHET MeX-
Ee 30HHbIX Nepexonos. Tlpu atom Ex u n
Er GYAYT ONpeHENAThCS  YPABHEHHAMH
Ea (848) n (8.49). PesyabTHpyOILAf
TeMuepaTypHaas 3aBHCHMOCTDL KOH-
HeRTpalHil 3INCKTDOHOB NpHBEIEHA
Ha puc. 8.8. Amajoruulbie 3aBHCHMO-
£, CTH Haﬁﬂl{)ﬁamTCH AAfd ABIPOK B [O-

. HynpUBORHHKaJ{, COoIEepHKAMHX axuern-

2 T TOPHYI) IIPHMecCk,
Puc. 87, 3aBucHMocTs ypos- TNogpukaocTs, B npaMecHmx fo-
Hi Cbe;mn oT TEMIepaTyph HNYNPOCBOAHHKEX HOCHTEAH 3apsma
B NOHODHOM NO/JYNPOBOAHH- PACCeHBAIOTCH He TOJAbKO Ha oHO-
Ke Hax, HO H Ha HOHHIOBAHHLIX ATOMAX
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npumeceii. HanpuMep, B IOHOPHOM

NOAYNIPOBOAHKKE CBODOAHEE 3JeKT- A7
poHBL,  ABHAKYUIMecH BON43u HWOHa
NpHMECH, 3aPFKEHHOr0 IOJOKHTE/b-
HO, M3MEHSIOT CBOIO TPAGKTOPHIO TAK,
Kak noxasaro Ha pHc. 8.2, Scho, uTo
yeM BHILIE CKOPOCThL 32JIEKTPOHA, TEM
MeHbllle GyfaeT ero oTkao/#enne. Pac- | i
9eTH LHOKA3HBAKT, YTO NOABHAHOCTS, | |
06yc0BAEHHAS PACCESHHEM HA HOHH. R
30BAHHOH nPHMECH B CIYyYde HEBH- 7T
POXAEHHOIC 2NEKTPOHHOrO rasa:
Prc. 88 3aprcamocTh
u""Ta"rz, (8.64) KOHICHTPAIKH  37MeKTpO-
a2 B cayiae BHPOXKAEGHHOrO rasa OHa EEEQ;JOMT“I:LIEE:??BE'M;
HE 3aBHCHT OT TeMmepaTyph. Ke:
PaccmaTpuBaeMBbli MeXauWaM pac- ! — npodssauMa npume-
CesHRA MIpaeT pellaloIyld poJk B cefi; 2 — abaacte HCTO-
0f6JaCTH HH3KAX TeMNepaTyp, KOraa g;e“::ﬁeni ol SeDXORE.
KOHUEHTPAIHR QJOHDHOB Mana. an 30HY  [POBOJAHMOCTH

BEICOKHX TEMNEPAaTYpPaX MHOMHUHpYET
paccesinre Ha toHoHax. Ha puc. 8.9 usofGpamena TeMnepatypHad
3aPHCAMOCTD NMOABMNKHOCTH AAS NPHMECHOrO HEBHPOXIEHHITO MO-
JYNPOBOAHHKA, VYHTHBAWLIAA KAK paccessHHe Ha HOHax, TAK H
paccednne Ha (oHoHaX, C yueToM H3JOMEHHOTO MOXHO CHeRaTs
BEIBOA 0 TOM, Kakofi XOJXKHa OHThL TeMHepaTypHas 3aBHCHMOCTH
3J1eKTPOMPOBOAHOCTH TIPHMECHOro MOAynpoBoARKKa. B HHTepBaje
TEMIePATYD, Tie KOHHEHTPAUNWA HOCHTENell 3KCIOHEeHUHANLHO 33BH-
CHT OT TeMneparyphl, o(l) TakXe NPAKTHIECKH ABJAETCH 3IKCIO-
HeHUHANbHOR GyHKUKHeR, a B O0JaCTH HCTOLIGHHR NPHMECH XOXK
kpueofi 6{T) ompenenfercsi TeMIUEPaTypHOW 3ABHCHMOCTBIO i10-
IBHMHOCTH. THNTHYHHE BHA TeMIEPaTypHOH 3aBHCHMOCTH 3JIEKTpO-
IPOBOAHOCTH HEBHPOXKAEHHOTO NOIVAPOBOAHHKA MOKa3aH Ha

puc. 8.10.
OnMNT MOKa3WBaeT, UTO ¢ YBeJAHUEHHEeM KOHUEHTpAHHH ACHOPOB

1
(WaH aKHenTopoB) HAKJCH APSAMHX ing or 5 B c6nacTy mpH-

MecHOH NpoBoanMOCTH yMenburaercd. Coraacko ({8.61), sTo ana-
YHT, YTO YMeHbUraeTCs SHeprus HOHH3IauMH nprMecd. [lpn Heko-
TOpPOil KPHTHYecKOR KOHHEHTpauun oHa ofpailtaerca B Hyab. Has
3JIEMEHTOR NATOA CPYNNH B repMaHHH 3Ta KPHTHYECKAS KOHIEOHT-
paunsi cocrasager 3-107 cm~®, B kpeMEun — 3-1018 cM~S. Tloay-
NPOBOJHAK, B KOTOPOM 3HEPrHs WOHH3ZLWH NpHMecH o6paTHAach
B HyJb, Ha3HBAOT 4acTO noaymerastoM. B HeM KORLEHTpPamus
3MEKTPOHOB M 3JIEKTPONPOBOAHOCTD HEMYBCTBHTEABHH K TeMnepa-
Type (xpoMe ofnacTH TeMmuepaTyp, rie HadHHaercs COOCTBEHHaA
[NPOBOAUMOCTE).
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Pye, 89. 3aBucHMoCcTh NOABHIKHOCTH HocHuTe-  PAHC, 8.10. 3aBUCKEMOCTE
aeft zapaxa oT TeEMmEPATYpHW B fipHMecHoM  YAEABHOA 37eKTPOTIPOBOIHC-
NOZVIIPOBOLHHKE CTH HEBHPOXAEHHOTO TIPB-
MECHOTO TORAVITPOBONHHRR T
TEMIepaTypH [V gl oo

<Nd3

Habaonaemple ABIEHHR CBA33HH ¢ 06pa3cBaH#eM IpH HONTb-
IUHX KOHUEHTpalUHAX IpHMecH npumecHoix 304. Koraa N Beanxa,
BOJIHOBHEe YHKIHH 3IJNEKTPCHOB, CBA3AHHHX C NPHMECHHIMU aTO-
MamH, NEPEeKPLIBAIOTCA. DTO NPHBOJHT K pACLIENJIEHHI0 UpHMec-
HHX ypoBHe#H B 30Hy. C yBejqnueHHeM KOHUEGHTDANWH IpHMecH 3Ta
30Ha Bee Gojiee pACIIMPAETCH H B KOHIE KOHLOB CAHBAETCA € 30-
HOH NPOBOAHMOCTH. TakuM o6pa3oM, HCHE3aeT 3HePraf HOWH3A-
0HY NMpHMecH,

B nonyupoBoLHHKAX ¢ BBICOKHM CGAEpKAHUEM IMPUMECH B ¢daa-
CTH HH3KHX TeMIeparyp IposBAseTcA CHeuupHUeCKHH MeXaHHIM
NPOBOAUMOCTH, HOJYYHBUWIHH HA3BaHHe npo8oOUMOCTH nO npumec-
#od sore. [lpemnonoxmM, YTO MH HMeeM JICHODHBIH NOJAYIpOBOJI-
HHK ¢ Tako#t KoHUeHrpauwefl AOHOPOB, NpH KoTOpOA obpa3soBanach
nprMecHas 3oHa, B awfoM peasbHOM NONYIPOBOZHHKE BCErAa
HMEETCH H HEKOTOpPad KoHIeHTpanua akuenrcpos. [losToMmy yacte
3JICKTPCHOE ¢ JOHOPHBIX YpOBHeH mNepefJeT Ha aKUenTOpHHE.
3/eKTPOHB, JOKAAW3OBAHNEIE HA AOHODHHIX YPOBHAX, IOAYUaIOT,
TaKHM 00pa3oM, BO3MOXHOCTh <HepecKOYHTR» Ha CBOOOIKHE 10-
HopHHEe VpoRHW. [IpuloKenHe BHeUIHEro  3JEKTpu4ecKoro o
NPHBOAHT K TOMY, 9TO NPBEIKKH ApHOOPETAIOT HANpaBAeHHBI] Xa-
paxrep. EcsiH TeMmeparypy nosynpOBOLHMKA MOBBLILIATH, TO NOCTC-
neHHo 6yieT ZOMHHHpOBaTh OOHYHAS NPOBOAHMOCTL B 30HE Npo-
BOAIIMOCTH.

8.5, 3JEKTPONPOBOAHOCTh AMIJNEKTPHKOB

B mpenmaymefi rnase GBJIO OTMeueHO, YTO K AHMIJIEKTPHKAM
OTHOCATCS TBepAHE Tejla, Y KOTOPHWX WIHPHHA 3AlPEIlCHHOH 30HbLI
npesrimaer 2—3 3B, HcHo, 4T0 nIpH KOMHATHOH H GoJee HHSKOA
TeMrepaTtype 3a0poCc 2AEKTPOHOB H3 BaleHTHOH 304K B 30HY Npo-
BOAUMOCTE NMPAKTHISCKH OTCYTCTBVET, T. €. KOHREeHTrpamus CBeOOA-
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HHX uocuTeJeR B IHIJEKTPHRE HCKJIIOUHTeNbHO Masa. [loaromy
NpH VKASAHHBIX YCNOBHAX, B OTJHUHE OT Y3KO30HHBIX NMOJYMPOBOJX-
HHKOB, COOCTReHHAN IPOBOAHMOCTH 31eCh HUUTCKHE,

B To Xe BpeMS NPH HAJHYHH B AH3NEKTPHKE IPHMECHHX aTO-
MOB CBOSOJHEE HOCHTEN'H 32PsAa MOTYT NOABHTHCH 34 CHET TEPMH-
yeCKOff aKTHBALHH NpHMecHWX ypoBHe#d. BceaenecTBHe 3TOro mpH
OPMAJIBHEIX H HH3KHX 1eMIepaTypax NpPOBOAHMOCTL B AHIJIEKTPH-
KaX HMeeT I[PHMecHBH Xapakrep., Tak Xe KaK H B NOJAYNPOBOAHH-
KaX, HOCHTEJAAMH 3apaia 3/ech MOTYT OBHITh 3JeKTPOHH H AHPKH.
Ecnu mprMech HMeeT ROHODHBIH XapaKTep, TO OCHOBHHMHM HOCH-
TEAAME 3apSiAa ABAAIOTCA HIEKTPOHH, a HEOCHOBHHIMH — JBIPKH.
Taxoft ou9/MEKTPHK (110 4HAMOrHH € HOJYLPOBOAHHKOM) HA3HWBAKOT
FACKTPOHKBIM, WIH OuareKTpukoM n-rund. Eciaum ke npumees ak-
UEATOpPHAA, TO OCHOBHBIMH HOCHTEIAMH Oyayr ABpkH. B sroM
cayuae JHSJERTPHK Has3HBAOT JuipotHelm, UMM p-Tuna.

[Ipn npHAOKEHHH K JH3JIEKTPHKY 3/MeKTPHYECKOro Nojf CBO-
GoZHHE HOCHTENN HATWHAKOT YyCKOPHTbCH M, TAKHM 00pa3oM, BO3-
HUKEET 3NMEKTPOUPOBOLHOCT:. B COOTBETCTBHH € NPHPOROH HOCH-
tegaelt 3apasa (3AekTPoHB HAH AWPKHA) PACCMOTPEHHBIA MEXaHH3IM
37AEKTPONPOBOAHOCTHE HA3HBAIT B oOIEM CJAyuYade 2AEKTPUHHOIM.
O4eRHAHO, YTO BCJACACTBHE HH3KOH KOHLUEHTPAUHE 3JEKTPOHOB
{ZBIPOK) 3JEKTPONPOBOZHOCTH AHIJNEKTPHKOB Re3HayuTenbHa. Jlas
PA3NUYHEIX BEIUECTB OHa KodeGiercs ot 10-9 no 10-22 Om—tem—l.
HeoGxonnMo oTMETHTb, YT0 MEXAHH3M IeHePauHd MoxeT GHTh He
TOJAHKO TENJOBHM, JAEKTPOHH NPOBOXHMGCTH B AHSJEKTPHKE MO-
TYT TOSBHTHCA 3a cueT O6JydeHHSE CBETOM COOTBeTCTBYIOIER NJH-
HH BOJIHEl, GHCTPLIMH YACTHLAMM, BCASACTBHE NPHICKEHMS CHJb-
UeX mojief.

Ecan sjekTpouHas IPOBOAHMOCTL XH3JICKTPHKA BMeer cOBCT-
BEHHWH XaPAKTEep, YTC BC3MOXKHO NPH NOBEINEHHHX TEMIepaTypax,
TO, TAK Xe KaK H B CJIyyae IOJYIPOBOAHUKOB,

g=¢en unteppp. (8.65)
3nech, K&K W paHee, 1 H p — KOUNERTPALIiH 3JEKTPOHOB H AHPOK,
a u, H pp — NOIBHKHOCTL 3THX HocWTene#. B cayvyae npHMecHoH
POBOAHMOCTH BKJaJ B IPOBCAMMOCTh 13€T TOJAbKO OXHH COPT HO-
CHTeNei.

TeMmnepatypHas 3aBACHMOCTb 3JEKTPOHHOH MPOBOAHMOCTH JH--
3,JeKTPHKOB T0CTATOUHO XOPOIIO ONHCHBAeTCH BHIPAXKEHHEM
AE )
ks T ’
DkenoxsenudasbRan 3aBHCHMOCTE ¢(I} ABARETCA CHENCTBHEM TOrO,
UTO KOHUEHTPAUHA HOCHTENeH H3MEHAeTCs ¢ TeMnepaTypoi Mo IKc-
HOHEHIHAJEHOMY 3aKOHY '

n=2(2nm*h2x5T)3? exp(_%) (8.67)
B

{apecs AE — WIHpHHA 3aNPeileHHON 30HW), 4 MOABHXHOCTE Me-
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Haerca Goaee MeadeHHe. Ecan noMuHHpyeT paccesinHe HoCuTeJeft
Ha dKYCTHUECKHX KOJeOaHUAX PellleTKH, TO, TAK e KaK H B mojy-
IPOBOJAHHKAX,
- p=a T3, {8.68)

OAnakKo0 B OTJHYHE OT NMOAYIPOBOJHHKOB BO MHOTHX AHIJEKT-
PHKAX HOABHXHOCTb 3J€KTPOHOB H AHPOK 4pe3Bn4afiHo Mana: B
COTHH H Ja)e B THCAYHA Pa3s HUXKe, 4eM B nojynposoAnnkax. Croan
HH3KHe 3HAYEHHT TNOJABHXKHOCTH CBF3AHE C TeM, 4YTO 3JEKTPOHB
HAXONATCH B 3THX BelllecTBaX B CBA3aHHOM COCTOSHHH, o6pasys
KBAa3HJaCTHUH — HOARPOHbL.

TaxnM oOpa3oM, KpoMe 3JNEKTPOHHOIG MeXaHH3Ma nPOBOAH-
MOCTH B RHIJIEKTPHKZX MOXET CYDIECTBOBATH TAaKKe H ADYroH Me-
XaHH3M IepeHoca 3apA/la, MONYUHBIIEH Ha3BaHHE MAOARPOKHO20.

Hoasponnas nposodumocre BO3HHKAET B TOM Clydyae, KOrja
aJIEKTPORH HJIH NHPKH CHJABRO CBA3AaHR ¢ KPHCTAMIHUZECKOH pe-
weTkoft, IIpH HH3KOA KOHUEHTpPAUWH CBOOOXHLIX HOCHTEJeH 3apsana
B IH3JeKTPHKEe MOmeT CYLIECTBOBAThH 3IJEKTPHUYECKOe MoJe, MPHBO-
AAlee K CMeNleHHI0 CBA3AHHHX 3apafoB (noaspH3aluu). B paxe
Cnyd4aeB 3J€KTPOHH [POBOAHMOCTH NOJAPH3YIOT CEOMM NONEM OK-
pyXawwyio hx o6iacTb AH3JAEKTPHKA H JOKAJHIYIOTCH B el Jra
061aCTh HCKRMKEHHOM peIieTKH BMeCTe ¢ HAXOAANIHMCH B Hed
AEKTPOHOM (HJAH AHDKOH), BH3BABLIMM HCKaXeHHe, H IOJAYYHTIA
Ha3BaHHe NOJAsSpOHA. [lTox nefAcTBHEM 3JIEKTPHHECKOr0 MOJR 3JeKT-
poH mepeMelaeTcst BMeCTe ¢ MOJIApH30BaHHOf 06.1acThio, T. €. HMe-
eT MecTo ABHXeHHe modspoHa. [loaspoHHas NpoBOAHMOCTL Xapak-
TepHA AN HOHHHX KPHCTAJIOB, TAe KYJOHOBCKOe B3auMoaeHACTBHE
MENKIY 3JEKTPOHAME ¥ HOHAMH, 06pa3yIOLINMH KPHCTAMIHYECKVIO
CTPYKTYPY, oco0eHHO Belnko. II0CKOABKY B 3TOM cly4ae 3JeKTpo-
HH [IPOBORUMOCTH OKA3HBAIOTCA B CBA3AHHOM COCTOAHHH, HX 3¢-
dexTHBHAN Macca B THCAYM pa3 NpepHilael 3HaueHHUE m*, xapax-
TépHHWE I8 MEeTa/NJ0B H 10AynpoBoAHMKOB. COOTBETCTBEHHO IHG-
JBHKHOCTD HOCHTENEeH# B AWSAEKTPHKAaX B THCAYH Pa3 MeHbure
NOJBHAHOCTH B MeTallaX H NOJYNPOBOJHHKAX.

B 3aBHCHMOCTH oT CHAN JEXTPOH-(POHOHHOTC B3AWMOXEHCTBHS
MOTYT 00pa3oBaTeCA NOAAPOHH Goasmo20 paduyca (IIBP)  man
noJApoRE Majoro paguyca (IIMP). Ecanw o6snacTs nexaxkeHns Bo-
KPYr 31€KTPOHZ 3HA4YHTeRbHO OCoabiie mapamerpa SAEMeHTAPHOR
YeHKH g, TO TOBOPAT O MoJjApoHe Hoabwroro paamyca. [IBP ofpa-
3yeTcss B TOM clydae, KOrAa 3JeKTPOH-POHOHHOe B3IAHMOAENCTBHE
chaaboe. Mexaxenua pelleTKH NPH 3TOM HEREAWKH, H VCJIOBHA fC-
peMelIeHH 3JEKTPOHOB (AHPOK)} He oYeHb CHILHO OTJNMYAIOTCH OT
YcoBHA ABYHXKEHHA cBOOOZHEIX HOocHTeded. OHAKO OPH ABHKEHHH
ACKTPOHA BMECTE ¢ HHM ABHXKETCH H BCA WCKaXKeHRas obnracthb.
DTO NPUBOAHT K 3HAYHTEILHOMY -— B IECATKH Pa3 — YyMEHbIIEHHIO
noaBuxHocTH. TloxsnxkuocTe [IBP onpelensiercs BHpamKeHHEM

ey (exp ko —-l), (8.693

2 m* o kp T

Wnep=
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rie y -— HEKoTOpas NOCTOAHHAs, HalnBaeMasd KOHCTAHTOR CBA3H;
m* — >(dexTHBRAs Macca NOASPOHE; @y ~— Y4ACTOTA ONTHUECKHX
(GOoHOHDOB. BHAHO, YTO IOABHXHOCTh C POCTOM TeMNEPaTypH yMeHb-
paeTcs 0 JKCOOHEHIHAJAbHOMY 34KOHY, & He CTeNCHHOMY, KaK B
caydae 8JeKTPOHOB NPOBOJHMOCTH. _

Tlpu CMALHOM 3J€KTPOH-OOHOHHOM B3a3HMOAEHCTBHH 06JacTh
HCKaXeHnH Moxer GHTL COH3MEpHMa ¢ NapaMeTpoM 4. IJTOT cay-
gafi COOTBETCTBYET oOpasoBaHUIO NOAAPONG Maa0e0 paduyca. W3-aa
CHIBHOTO B3aBMOAEHCTBUN 3AeKTpoHa ¢ pewretsko#t [ITMP okasuba-
eTcs odeHb cTalHAbHEM. 3a cdeT TenaoBwx dAyKryanui [IMP
nepeMernaercsi B KpHCTaJJe OPHIKKaMH», H3 OJHOIC MOJOKEHHA
B apyroe. EciH K gus/MekTpHKY NPHACKEHO JeKTPHYECKOe moJe,
to npHxKn [IMP cTaHoBATCH HanpaBleHHHIMH, T. €. BOSHHKaeT
npoiickosar nposodumocrs. Ioasrxuocts [IMP upesswuafine ma-
na. Ee 3aBHCHMOCTB OT TeMmepaTyphl OIHCHBaeTCH BhIpaX(eHHEM

_ eadtw ( AE )
TR, ¥1 PR exp _KBT , {8.70}

rie ¢ — 3apaa AeKTPOHA; d -—— TOCTOSHHAS PelIeTKH; op — Hac-
TOT# ONTHYecKHX QPOHOHOB, A E — 3HEPrHs aXTHBAUWH «MPRIKKa®.

Ecan K AH3JEKTPHKY NpHJAOXKeHb caalble 3JEKTPHYECKHe NONA
(B ofracTH BWHONHeHHA 33KoHa OMa), TO OHH HE MOTYT H3MEHHTH
HH KOHUEHTDaNh{, HH HOABHXKHOCTH HOCHTeneHl 3apsaia. JHAUEHUR
BETHIWH 72 M p, TAKAM 06pa3oM, OCTAIOTCE BeCbMa# HH3KHMH, H
BKAAJl 3JIEKTPOHHOR [POBOAHMOCTH He3HauHTeldeH. B cHAbMHX
3JEKTPHUECKHX NOJXX CHTYAIHA Pe3Ko MeHseTcs. JHEprHd 3/eKT-
PHYECKOro TOoAs MOMeT GBTh AOCTATOUHO AAA OCBOGOKACHHA MO-
A€M sjaexrponop (HAH HHpPOK) M3 CBS3aHHOTO cocTosHMsA. Besencer-
BHE 3TOFO BO3PACTAT NMOABHXHOCThL HocHTes e sapsna. Kpome ro-
FO, W3-33 YAapHOH HOHW3ALHH PE3IKO YBeTHUNBAETCA H KOHIEHTpA-
M5 OCBOGOXKIEHHHX 3JEKTPOHOB B 30He NMPOBOJHMOCTH (HAH AH-
pox B BaneHTHo# 30He). Bce 3To MPHBOAZHT K POCTY 3eKTPORHOH
NPOBOAHMOCTH. '

B HeKOTOPHX AH3JEKTPHKAX AOMHHHDYIOUIeH SBJACTCH UOHHAR
npoeeAUMOCTs, TPH KOTODOR TOK TIEPEROCHTCHA HOJOXKHTENbHHMH
{kaTHOHH)} HAH oTpHLATeNbHBHIMM (aHHOHW) woHamu. [Iph sTom B
NOCTOAHHOM 3JEKTPHYIECKOM 10JI€ OCYIIECTBJARETCH HE TOJBKQ He-
PeHoC -3apsija, HO B NepeHoc BemtecTBd. AHHOHH ABHXKYTCA K aHO-
1Y, KaTHOHH -— K KaToRy. [1OCKOMBKY KOHUEHTpAUHS nocHTeNef
3apajsa B o6keMe AM3JEKTPHKA B 3TOM caydae NOCTENEHRO YMeHb-
WAeTCR, 3HaYeHHe HOHHOTO TOKA 33BHCHT OT BpEMeHH.

B TBepnniX AHSNEKTPHKAX HOHHHNA TOK IepeHOCHTCA caafocBs-
34HHBIMH HOHaMH. I1PeamonoXUM, ¥TO KOHIEHTPALUHA TAKHX HOHOB
paBHa no. [lepemelneHHe HOHZ H3 OAHOIO NOJNCKEHHE DPABHOBECHS
B Zpyroe MOXeT IPOHSOATH TOJNbKG TOrAa, Koraa OyAyT mpeojoJe-
HH CHJAH, CBA3BBAIOUIHE €ro ¢ COCeNHHMH dacTHUaMH. [lpyrumm
CROBaMH, HOH JOJKeH Npeofoterb 3HepreTuyeckuf Gapbep Eo. Be-
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POATHOCTh TAKOro nepexcla npH TENJOBOM XaoTHUSCKOM ABHKCHHH

Eo
nponepunoxassna gaxkropy bonpumara: exp (u—h_ 7/
B
Ecan x AH3AEKTPHKY NMPHACGKHTH 3IJEKTDiIUECKOe IoJe, To IO-
ABUTCA HEKOTGDOE KOJHYCCTBO HOWOB, MPEoAOACBAKUINX GapbepH
NpeHMYILIeCTBEHHO B HaHpaBiaerHH RoxdA, OHE 1 o8YCIOBJIHBAKOT
HOHHYI0 NpPOBORMMOCTh. PacteTel moKasHBAIOT, UTo B ITOM Clyuae

_ Merfly ( Ey )
G_'—B_;C_;;T—-exlj w-ﬁ-{;—:f— . (8.71)

TAe § — paccTosfHde, HA KOTOPOEe NepecKaKkHBaeT HOH.

Yacro NpH HH3KHX TeMIOeparypax HOHRad NpOBOAHMOCTE JH-
s/JekTpuka 00VCJOBJEH2 NpPUMECAMH, 3 [DH BHICOKHX CBfi3aHa C
fepeMellleHHeM OCHOBHHX HOHOB BellecTBa. 3aBucuMocth ofF) B
ITOM CcAYHde ONHCHBAETCA BHpaH{EHHEM BHAA '

o=A; exp (-—;C% )+A2 exp (— é“‘r ) (8.72)

B nmocnemnue roam mpHCTanbHOE BHUMAawme HecaepoBarenert
TPHBJAEUEHO K OCOGOMY KAaCCy TBEpAMWX Teld, 06,1afal0UAX BHCO-
Ko# HoHHOH mpoBosnMocTeio (A0 ~1 OM~'.cM-!). Takne BelngcTea
HONYIHAH Ha3BAHHE CYNepuoHHslx nposodnixos. X NPOBORAMOCTD
10 NOPAAKY BeNHYHHW GJAHAKE K IPOBOAHMOCTH PAacllaBoB H KOH-
HEHTPHPOBAHHBX PAaCcTBOPOB 3AeKTPoaKTOB. [1osToMy cymepHOHHHe
NPOBOAHHKH HAa3HBAWT TaKXe reepdvimuy saexrpoaurasmu. QEHAM
#3 Hanbosnee H3IYYEHHHIX TBEPABX 3JEKTPOJIHTOB fABARETCH
Ag:Rbls,

AHOMaJILHO BHICOKAS HOHHAS NPOBOZHMOCTs TNOABASETCA OPH -
HekoTopoh TeMneparype Fxp, XapakrepHOfi /1Nf KaxkKJAOro BelllecTBa.
Takoe yBeawueHHe NMPOBOAHMOCTH OOYCHAOBAEHO, B KOHEUHOM CYe-
Te, CKauyKoOGpa3HHM pasyIOpAACYEHHeM («NJaBicHWEM») Moape-
1reTkH, 06pa3oBaRHOR OJHHM M3 copTeB HOHoB. Ilpyras moaperer-
Ka, T. ¢, o0beMuas cTPYKTYpa, o6pasoBaHHAR ApYIHM coproM (Hau
COPT4MH) HOHMOB, COXpaHSET IIPH 3TOM <XKECTKOCTh» H obecneqHsna-
€T TeM CAMHM MeXaHHUeCKYI0 IPOYHOCTh KpHCTalaa KaK lenoro.

TaknM 00pa3oM, CYNepHOHHHE XKPHCTAJ/UIH MOTYT HaXOAHTBCH
B ABYX K49eCTBeHHO pa3nnynnx (azax. IIpu T< Ty, oOHn BenyT ce-
6 afanoTHIHO OOWUNHM HOHHHM XKPHCTANNAM (OUdAeKTpUHEcKAs
haza), a npu T'>>Typ nepexoasT B ocofoe COCTORHNE — CYNEPHOH-
HOe (3aeKTporurusecxan asa}.

OaHofi U3 obaacrefi TIpPHMEHEHHS TBEPABIX 3JEKTPONHTOE fIBAA-
eTCA HCIOJL30BaHHe WX B HaTapesx. NpejHaHaueHHBX Ajaa pabo-
TH B KOCMHYECKHX YCJOBHAX.
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%%H%I;‘OHCTBA TBEPABIX TEA B CHJLHBX 3NEKTPHUYECKHX

Ho cux nop, paccMarpuBas 5JeKTPONPOBOAHOCTh TREPABX Ted,
MH CHHTAJAH, UYTO BPEMSH peﬂaKcaqu‘I T HE& 3aBHCHT OT BEJHYHHH
3JEKTPHIECKOTO [10J%. B 3THX YCHOBHAX [MOTHOCTh TOKA HPOIOP-

e

-
GHOHANLHA HalpsaXeHHoctd nons  j=¢E, T. e. ajnexrponpoBoj-
HOCTb G SMBJSETCA HE 3aBHCALIEH OT MoNf BeNM4YHHOH. OnuIT TMOKa3-

- -
3HBAET, OAHAKO, UTO He3dBHCHMOCTE ¢ oT K Habmioazerca nHUiL B
MOJSIX, HZHPAKEHHOCTE KOTOPWX MEHbINE HEKOTOPOK KPHTHUeCKOi

Ll - .
BedHyHHR, Ilpy E>-Ey, 2neKTpolpoBOJHOCTD HIMEHAETCHA MO Mepe
-t

pocta E, T. e. 3aKoE OMa IlepecTaeT BHNONHATHCH, JTQ ABJAAETCHA
CHeACTBHEM H3MeHeHHs Ju60 KOHUSHTPAUWH HocuTened 3apsaa,
AH60 HX NOABH¥KHOCTH.

SIBMenus, npUBOASILHE K OTCTYNJeHM0 OT 3akoHa OMa B CHAb-
HHX 3JEKTPUYECKHX [0JAX, MOXKHO Da3AelnTh #a jAse rpymmel. K
NepBOA OTHOCHATCH #BJIEHHA, H3MeHAMIOIIHE BpeMs penaKcauud, a
CJ1e10BATENbHO, [OBHKHOCTD HOCHTEJIeH. JTO pasorpep SMEKTPOH-
noro rasza H spderr Tauna. Bropas rpylna sRneuuil, B KOTOPYIO
BXOMAT VAapHAR HouusauMa u 3Pderr 3HHEepa, BHIHBAET H3Me-
HeHHe KOHIEGHTPAUHH HOCHTENEH.

Pasorpes 3aextpounoro raza. [TojBHXHOCTL NOCHTEJeH 3apana
ollpefleIRETCH BPEMEeHeM pEeNAKCALMH, KOTODOE CBH34HO C JJNHHON

A
crofonHOro npodera M CKOPOCThIO HACTHHBI = B cnyuae

HEBHIPOKJGHHOTO 3JIEKTPOHHOFO rasa pe3yILTHPYIOWAan CKOpoCTh
ABHAKEHHH 3JEKTPOHA CKJAAAHBAETCS W3 CKOPOCTH Apeida H CKo-
POCTH TEIJIOBROTO ABHIKEHUA:

-+ e -

cu=yg+u,. (8.73)

- —

B crabux noiax v,<€v, H PesyAbTHPYIOLIAA CKOPOCTb ONpPeAensi-
: -

eTCH TerNAOROH CKOPOCTBID U, Ona He 3aBHCUT OT HallpAAKEHHOCTH
-

.I'IOJIH, BCAEACTRBHE Yero He 3aBHCHT oT E H nmoaBmxuaOCTh. [TocKonb-
KY KOHUeHTDAUHA SJAEKTDOHOB TAKKE HE 3aBHCHT OT [OVIA, 3JEKT-
pPONpOBOMHOCTL ABNAETCA HOCTOAHHOH BENHUYHHON.

-

TTo Mepe yBennueHus HaOpAXKeHHOCTH nona E pospacraer cko-
-
pocts Apefida. Korna vz craHOBUTCH CPABHUMOH ¢ TEMJAOBOH CKO-

—
POCTBLIO, PE3YALTHPYIONIAA CKOPOCTh HaydHHaeT 3aBhceTh oT E, JT10
OPHBOAHT K 3&BUCHMOCTH NOXBHKHOCTH H 3JEKTPOIPOBOAHOCTH OT

o
E, T. . X OTKJOJHEHHIO oT 2akona OMma.
YBesHueHHEe PE3VALTHPYIOIEH CKOPOCTH JMEKTPOHOB B CHABLHBIX
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NONAX NPHBOAHT K BOSPACTAHHIO 3MENFHM 3JEKTPOHOB, T. €. K VBe-
JHUSHHIO TeMAepaTYPH 3AeKTPOHHOro raza, [lostoMy panHBH 3¢-
($eKT Ha3LBAKT pPa3cZPeacM 3ACKTPOHHOZO 2A3Q, & CAMH 3INEeKTPO-
HH B 9TOM CJ1Y4a€ HAIWMBAKT SOPAYUMU IACKTPORAMY.

3aMeTHM, uTO Da30rpeR 3EKTPOHHOre rasa HabJalogaeTcs B
AONYAPOBOJHHKAX ¥ NPAKTUYECKH He HMMEeT MecTa B MeraJuJax,
[Tpuunnoft sToro ABANETCA HEBO3MOXHOCTE CO3J&Th B MeTaMJE
CUJLHBIE TIONA H3-32 BHICOKOH KOHLEHTpalUdH cBOGOAHHX 3JEKTpO-
HOB H 3{exTa IKPAHUPOBAKHA.

3ddexr Tanra, B 1963 r. Jx. Faun, #€ayuas HopepaeHHe apce-
HHAA raajnnsg B oOGJACTH CHJIbHBIX NMO.JeR, OOHADYXHI HOBOE fABJE-
Hue, 3aKaoyawlleecds B BO3HHKHOBeHnu KoaebaHHH Toka ¢ 4acro-
ot 10°4-10% T'u 0pH NPHAOKEHHH K KPHCTZANY MOCTOAHHOIO
3JAEKTPHIECKOTO noad. DtoT addexr Hala0gancE ToddHee B {oc- -
(Gune rannug, pocuie HHAHA U paAe APYIEX NOJTYHIPOBOAHUKOB H
nosyyHa Haseaaue 3@dexta2 anga. Q4 TaKxKe CBASAH C H3MEHe-
IiMeM TOKRHXHOCTH HOCHTEJEH 3apsija B CHAbHBIX moaax. Ogxako
MEXaHU3M H3MeHeHHA | OTJHYEH OT PACCMOTPEHHOID RBILIE.

Muorke nOAYNIDOROKHHKH, B YaCTHOCTH, APCEHHA TANIHA, HMe-
10T JAOCTATOYHO CAQXKHYI0 30HHYKD CTPYKTYPY. Tak, 30Ha MpoBOAH-
MOCTH &DCEHHAA rajaus KpoMe MRuEuMyMma E£(x) npu £=0 umeer
BTOpoH MunuMyM B HanpaBaewuu [100} npn x=08x, rae x5 -
BO.THOBOH BEKTOp, COOTBETCTBYIOUIM{l rpa:uuue 30Ho bpuanosna B
nanpaBaedun [100]. Cxemaruuecku 3oHwan crpykrypa (ads
usobpakena Ha puc. 8.11. Bropoli Munumym (B} pacnosoxen Bu-
me nepeoro (A) Ha 0,36 3B. Ilockoasky KpuBH3HAa 3aBHCHMOCTH
E{x} B obnacTH 3THX ABYX MAKCHMYMOB DAa3JH4HAa, pa3iHida H
s(pdexTURAAA Macca 3NEeKTDOHOB, HAXOAAIIHKCA B 3THX MHHHMY-
max. B ofaactu munumyma A m,*~0,7m, T. e. 31eKTPOHH JETKHE.
B o6nacra muwumyma B ms*®1,2m, T. e. 3JMeKTPOHB TAXeNHe.
[IOZBHKHOCTL  JeTKMX 3JEKTPOHOB  cocTaBasier W= 4000--
= 8000 cM?B.c, NOABHKHOCTL TReanX us= 100--200 cm%/B.c

Hamerenne noABHXKHOCTH  HO-
CHTEdell B CHAbHHEX NOJAX CBA3AHO

N L ! 5 ¢ MEepexo/oM 3JEKTPOHOB H3 MH-

\_/\ i, S numyma A B MunHMyM B. ITpu caa-
_____ L AF=03638 6HX NONSX 3JIEKTPOHH HAXOAKTCH
B TEPMOAHHAMYUMECKOM DaBHOBECHH
¢ pewmerkoll. TToCKOAEKY 3Heprus

Eg=i 4538 3]1eKTPOBOB B OOHUHKX YCIOBHAX
————— 2 MHOTO MeHbllle PacCTOfHHA (Mo
/\« mrane sHepruifl) Mexxy MHUHHMY-
mamMi KgT<AE, npaxkruueckn

¢ K {100} BCE 3JKTPOHW 3AHHMAIOT YPOBHH

(L 3 B MHHHMYMe A, T. e. ny=no. [11I0T-
Puc. 8.11. Jousan ctpykry- HOCTb TOKA B 3TOM CJayuae
pa apceHHia raamds: | —

30K4 NIPOBOJHMOCTH, 2 — - -
BAJEHTHAN 30HA cj=enocpus E. (8.74}
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C POCTOM HALPAAESHHOCTH NOJH IHEPrHA AEKTPOHOB MOBHIiHAETSH
H NPH HEKOTOPOH KPUTHuecKOH BeJHuHHE [y, CTAHOBUTCA BOSMOK-
HEIM HY MEpexoy W3 MUHHMYMa A B MWHaMYM B, rge nojBHXHOCTb
AHAYHTEAbHO HHXKe. [1N0THOCTh TOKA OPH 3TOM RaiaeT It B KOHeu-
HOM HTOTe CTAHOBHTCH pamHoH

— —
je=emugE. (8.75)
- e

B pesyabrate Ha 3apdcuMocTH j(E) MoABIAeTCA YYACTOK C OTPH-
natessHoll xndpdepeHiHanbol nporoguMocTeIo {puc. 8.12),

Paccmorpum Gonee nmoapo6HO MeXaHH3M 3JEKTDHYECKOH Heyc-
TOHYHBOCTH, NPHBOASAUIEH K BHICOKOUACTOTHBEIM OCHUNNANHAM TOKA:
3Jro ynoGHo cpeaats Ha npuMepe onnra [anna. Ilpeanonoxum,
970 K 06pasuy NOAYHPOBROAHHKA, uMEOIEMY ¢GopMy Napanneie-
nunena AnkHON I NpHAOKEHO BHelliHee Hanmpamende. Ecam moay-
IPOBOAHUK QUMHOPOAEH, TG 3JeKTpHueckoe Hone B obpasue Gymer
TaKXke OxHOpoAHHM, Oanako A060H peanhHHi KpucTana Cofep-
KHT HEKOTOpHE HeOAHODOZHOCTH. Hasnuue HEeoAnopoiNocTH ¢ Io-
BHIIEHHHM CONPOTHBJIEHHEM [PHBOAUT K TOMY, YTO B 3TOM MeCTe
06pasia HaNpAXEHHOCTb 3JACKTPHUECKOro noJsifd OyIeT HMeTk TO-
BHILEHHOe 3liauedpne. [Ipu yeeJuuelnu HANPHAKEHHOCTH BHEULHEro
nons 3HageHue Fyp, sAech Oyjer JOCTHrHYTO paHblIe, YeM B OC-
TanbHOM wacTH.obpasua. Beaeactsue storo B ofi1acTH HEOAHOPOA-
HOCTH HAUHWHAIOTCA Nepexoibl H3 MuHUMyMa A B munuMym B, 1. e
NOARAAIOTCA THXeENBE 3JeKTPOoHB. IIOABHKHOCTE 3ZeCh YMEHbla-
ercsl, a CONDOTHRIAEHWE JONONHHTENLHO BO3pacTaeT. D70 NPHBOAHMT
K YBeAHYECHHI0 HAMPAXKEHHOCTH NMOJAS B MECTe JOKaNH3alkud Heol-
HOPOAHOCTH M .00J¢e HHTEHCHBHOMY NEpPEeXOAY 3JIeKTPOHOR B Mi-
uumyM b, Ilode B ofipasie cTaHOBUTCA pe3Ko HeOAHOpOAHWM. OB6-
Pa30RABUIAACH 30HZ C CHJbHHIM 3JIEKTPHUECKHM NofMeM MOJyur/a
Ha3BaHHe JEKTPUYECKOro Lomena.

HoMen, coaepkauguii TsKeable
INEKTPOHH, NOA AeHcTBHeM M[oJA He-
peMentaeTcd BAoJdb 00pasia € OTHO-
CHTEABHO HH3IKOH CKOpocTbIO (T. K.
MOABHXHOCTL THNENHWX 3JeKTPOHOB
mana). Jlerkue sneKTpORE TarXe Ie-
peMelaioresd B HoJe, apauem ¢ 60Jk-
e ckopocthio. Te Jerkue 3.JeKTpoO-
HH, KOTOpHIE [BHMYTCH C3aRH LOMe-
Ha, AOroMST ero u ofpasyior of- ¢
NacTh OTPHILATeNBHOro  O0BEMHOTO p s12. 3
3apaja, a Te, KOTOpHe KBHXKYTCA he. -12 ABHCHMOCTE

NJAOTHOCTH TOKA OT HAalpA-

BIIEPE/H, XOAAT OT AOMEHa, H, TAKHM  weuvorry  bReKTDHSGCKOTO
ofpaszom, GdopMmupyerca  06JacTb, NoAH  AAH HOAYNPOBOMHHKA,
30HHYKY CTPYKTY-

ofeNHEHHAS SMEKTPOHAMHU, T. €. 00  TMEIOLMEro SOHHyIO cIPyKTy

Py, HaoGpRMKeHHYIO Ha pHC.
NAcTh NOJOKHTENABHOr0  O0LEMHOLO 811

1+ _ a23
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Puc. 8.13. Crpykrypa Puc, 814, Ocuumaanyu Ttoka B

3MEKTPHYLCKOTO JOMEHA atppexre Fanua

sapsga (puc. 8.13). Hepes HeKoTOpOE BpeMs YCTAHABJIHRAETCH
CTAIHOHAPHOE COCTOAHUE, NPH KOTOPOM CKOPOCTh ABHIKSHHA AOMeE-
Ha GyRer paBHA CKOPOCTH NepeMelleddd INEKTPOHOR BHe AOMeHa.
3T0 NPOHCXOAHT NOTOMY, YTO NONE BHYTPH AOMEHa CRJAbHO BU3POC-
JIO H BCJAEACTBHE 3ITOTO BO3pacraer CKOPOCTb ABHXEHHA 3JMEKTPO-
HOoB B HeM. [lone BHe AomeHa, Hao60pOT, PE3KO YMEHbIIHJAOCH.
[Mostromy apefidboBas cKOPOCTb 3NEKTPOHOB 3a {IpefeNaMu ZOMeHa
caikaercs, Korja goMeH AocTHraer rpaduini o0pasua, OH paspy-
nraercs.

[TycTh BHeltiee HanpsXKeHue TpUKARLMBaeTcH K o0pasily B MO-
MedT BpeMeskt fo. TIpH 3ToM BO3HHKAET TOK, HMEIOIHA HeKOTOpOE
MaKCHMaJLHOe SHAUEHMEe CHAW TOKa [max (puc. 8.14). Cpasy e
Ha OAHOH H3 HeoAHOPOZHOCTEH HauHHaerca ofpasopaHue AOMEHA.
10T Nponece NPOTEKAET OYeHb GHICTPO, T. K. HOCTOS:HHAH BPEMEHH,
CBAIAHHAA C MEPeXOZOM SNEKTPOHOB M3 MHHHMYMa A B MHHHMYM
B, cocrasnger ~10-'? ¢. CHaa Toka pe3KO YMEHBIIZeTCH N0 3Ha-
vedusl Iy, Bennyuna fum ollipefensercss CKODOCTBIO ABHKEHHA
AOMeHa. DTO 3HayeHue TOKA COXPAHSETCA A0 Tex NOp, NOKa JOMed
He Da3pywHTcs Ha rpanulle obpaspa. QueBHAHO, Yyro BPeMs ABH-
HKEHHA JOMEHa

L (8.76)
Vg

rie 04 — CKOPOCTHL JABHMKeHHH nomeHna, CHia TOKa CHOBa BO3pacra-
eT ZO 3#aueHHA max, CHOBZ o6pasyercs AOMeH H TOK YMEHbLIAETCH.
Tax BO3HEKAZWOT KoaeOanusa Toxka, HacroTa KoneGaHuil ompejeiser-
cfl aanHoi o6pasua. Hanpumep, npuw L=50 MKM oa#a coCraBjser
2 T'Fu. CropocTs ARHKEHHS XOMEHa He 33BHCHT OT BHEIHEro no-
na 1 coctapnser 107 cM/c, TTode nuInb H3MeHAeT TONIIHHY JOMEHA.

Apdexr [anna ucmenbiyerca npu cosfasny remepatopos CBY
KoNeHaHu.

Y¥aapHas HOHK3IAUMA. YBeJuueHHe 3JIEKTPONPOBOAHOCTH TBEPIO-
ro Ted B CHAbHBX MOJSX CBA3@HO C yBeJHUefdHeM KOHUEHTPaUHH
Hocureneil 3apana. [Ipd HONNX, HANPAKEHHOCTh KOTODHX INPEBH-
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waer 105 BfcM, 3JeKTpOHHE nPOBOARMOCTH
NpHOBPETZIOT IHEPruly, HAOCTATOUHYI  AJHA
HOHH3aLHN aToMoB. B peaynbraTe HOHA3AUMH
06pa3yloTCs 3JACKTPOHHO-AHPOYHEE HapH, KO-
TOPHE YCKOPHAIOTCH NOJNEM AO BBICOKHX 3HEp-
FHH H TOXe MOTYT HOHH3I0BATH ATOMEl. TaKuM
a6pasoM, KOHIEHTPALHA CcBOGOAHHX HOCHTe-
nefl Aa8UK00GPA3HO HADAcTAT. 3TOT IPONECe
H NONYUHN HA3RAHHe yoapHol UORU3AKUY,
YpapHas HOHH32LHA He M[PUBOANWT K HeMel-
JEHHOMY [1p0o6010 BENiecTBA, NOCKOMbKY 3JeK-
TPOHH (¥ ABIPEH), pacceuBascs Ha (POHOHAX,
Tepefai0T CBOI0 3HEPTHI0 peuleTke W MOryt Puc. 815 3meprers-
peKOMGHHHpDBaTb. HEeCKHEe 30HY OONynpo-
Apdext Iunepa. Ero mabnogazior B 0YeHb :;ﬁ::“a B CHILHOM
pHUYECKOM TIOAC.

CHNBHLIX noafx (Gosbwe 107 Blem). Vseau-

YeHHe KOHLEHTPAHHH HOCHTENedl B 3TOM CNVY2C OCYUIECTBJIHETCH
32 CYeT TYHHENLHOTO NEepexona 3JeKTPOiIOB H3 BAJEHTHON 20HL B
30HY MNpPOBOAHMOCTH. ¥ MNONYNPOBOAHHKA, MNOMEUIEHHOTO B 3JEKT-
pHYecKoe MoJe, HaBNIOAAeTCH HAKJAOH 3IHEPreTHUeCKHX 30H, TeM
OOABIINE, YeM Buille HaOPAXKEHHOCTh SJEKTPHYECKOr0  MOJs
(puc. 8.15). Tlepexox AB uepes aanpelleHdywo 30Hy He Tpelyer
3aTpaT 3HEPIHH H OCYLIeCTBIAeTcA 3a cueT TYHHeNbHoro shdekra,
Mupaua Gapbepa AB yMeHbllaeTc ¢ yBeJHYSHHEM HAMNPAKEHHO-
CTH TonA, BenefcTBiE 3TOrO YBEJTHYHBAETCS BEPOATHOCTL TYHHEb-
HOTO nepexosd. '

8.7. 2¢PEKT XOJJA

KuHetnueckue sBJjeHNs, BO3HHKAWOUIHE B TBEPAHX TENdX MpPH
COBMECTHOM JEHCTBHM HA HHX SJNEKTPUYECKOTO H MarHUTHOIO MO-
Jdefl, HASHBAIOTCH 2Q1b66GHOMAZHUTROIMIL REACKHUAMU PacemoTpay
OAHO H3 HauGonee W3YYEHHWIX T2aNbBANOMAPHHTHHX - ﬂBJ‘IeHHH no-
AyyHBIUee Ha3BaHUe 3fihexta Xoaraa.

ITpeanonoxum, uto obpasen npaMoyrofuHoH dopMH, NO KOTO-

—-

pPOMY Teuer TOK ¢ MJOTHOCTBIO j, NOMEILeH B MarwuTHoe moje, na-
—

Npapnedyoe NepneHAHKynsapao Bextopy | (puc. 8.16). Ilycrb wo-

-

CHTENAMY 3aPAAA ABJASKOTCA 3INEKTDOHH. 3DaeKTpuyeckoe mone E
VCKOPAET 3/eKTPOH, H OH NpHobpeTaer IpefiPOBYI0 CKOPOCTH:
- -

va=wE. (8.77)

Ha ,naumym,yrocn C 3TO# CKOPOCTbIO uacTully AefierByer cuaz Jlo-
pexna:

Fy——e[os-Bl, (8.78)
325


http://www.print-driver.ru/?demolabel-ru

Hanpaa.ﬂelman [epOeHANRY IRPHO BeK-

TOpaM va- i B TToa nchcrBreM CHM ~—
¢E ¥ Fy snexTpod ABHXKeTCH IO Tpa-
EKTOPHH, MOJYUZWIIEHCE B peayJb-
TATE CJAOMEHHS LBYX BHROB JBHKeE-
HHH; MepeMelledns BAoJAL ofpa3na u
Bpawmeads (oGycnoBNeHHOTO AeHCTBH-
eM cunn Jlopeuna). Takofi Tpaekro-
puell sBaserca  OOBIYHO LUKTORAA.
MarunTHOe fNoJsie, NPU KOTOPOM PajH-
y¢ KDHBU3HB TPABKTODHU  MHOTO
GoJbllle AnBHE cBoGoanoro npobera
33€KTpOHA, HasbBawT cnabuM. By-
JAeM CUNTaTh MAarHWTHOE [0Je Cja-
OuiM.

TNoa zeficrpuem cuaw Jlopemnia
a.nempouu OTKJACHAIOTCH K (OKOBOW MoBepxHocTH o6pasud, B pe-
3YALTATE YEro Ha He#l cosfaerca W3GHTOK OTPHIATEALHOrO 3apAla.
Ha nporusononoxHoll CTOpOHe HOABHTCH HEAOCTATOK OTPULATEND-
HOro 3apsja, T. e, #H30HTOK NONOMHUTENLHOrO, Pasjenenne 3apajor
Gyser NDOHCXOAMTE Ho TeX HOP, MOKA cHaa, AeHCTBYWOIAA Ha

e

Pue. 8.16. BosHnkHOBeHHe
X0aNoBCKON pasHocTH To-
TEHLHAJIOB

3JeXTPOHH €O CTOPOHW BO3SHHKIIENO 2AcKTPHYECKOro HOAHA EH, Héa-
NPaBASHHOTO OT OAHOR GOKOBOH MOBEPXHOCTH K APYrol, H2 CKOM-
) -

neAcEpyer cuay Jlopenua. loqe Ey nonydunc HasBadme N0AR
XOJ!J!(I 4 CaMo #ABJIeHH¢ BO3HWKHOBE2HHA B oﬁpaaue c Te}{YHlHM o
HCMY TOKOM [ONepevHOrs 3SA€KTPHYUECKOITe Noas [1o] JeHCTBHEM
MATHATHOTO NOAs G0 Hassano sddexrom Xoana. Mrak, pasne-
JeHHe 3apAAOB NPEKPATHTCA TIPH YCAOBHH

. ety B—e Ey=0. (8.79)

Orciona nerxo HalTh Pa3HOCTb MOTEHLHANOB Vi memay GOKOBHMY
rpassiMu, HasHBaeMyio 3. 4. ¢. Xoara. Ecanm wmnpnna ofipasla

pasHa b, TO
VH=EH'!)=U{;B!). (880]
Haxons ¢4 ¥3 BHpAXKEHHS LIS IUICTHOCTH TOKa _
L f=—eenvg (8.81)
4 moactapaas B (8.80), noayvaem
VH=‘—"‘"'!"—'fBb=R‘].'Bb. (8.82)

BH,I[HO yTo VH nponopuaouanbﬂa NJAOTHOCTH TOKA H BeNHYHHEe
marHuTHoro noas. KoadybHuuent nponopuuonaﬂbﬂocm R nasuipa-
ercss nocrofnnoll Xoaaa:

1

R (8.83)
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ECqA HOCHTEJIMH 3apAja ABAAIOTCA ALIPKH, TO, KAK HETPYAHO 3a-
MeTHTh, JeHCTBYIAA HEZ HHX cHAa JlopeBIia OTKNOUAET HX B TY
#e CTOPOHY, KVIA OTKJAOHAKTCH 3snekTpoHn. [Ipw artoMm xns no-
cToAlHOH Xoana HMeeM

1

R=—-, (8.84)
pe
[Tponasegenue mocrodndok Xoana Ha [POBOAHMOCTL ONpeACaset
NOABUMKHOCTL HOCHTenel 3apHia:

KOTOpaA MOJAYUHAA HazRaHHe Xoa.toackoid nodewwnocrd, OHa Mo-
AEeT HeMHOTQ OTJAHUaThCH OT MOABHIKHOCTH, ONpeXesseMoil 0o Be-
JAUYHHE OpOBOAUMOCTH, T. K. BpeéMA pejakcalliy T BXOAHT B TEOpUl
ypfekra Xona W OPOBOKHMMOCTH HECKOABKO DAa3IHUHHIM obpa-
30M. ’ :

WNamepenne sdpdexta Xonna COBMECTHO ¢ WU3MEPEHUAMU NIPOBO-
JUMOCTH of6pasiia HO3ROAAWT [OJYYaThH HHPOPMAUHIO O 3HEKE HO-
curTesaell 3apa7a KOHUEHTPALUH HOCHTENEl H WX NOARHXHOCTH.

B 1980 r. K. dor Kauwrnuxr, uayyasn a3ddext Xosna Ha KDPEM-
HHeBOM TMOJeBOM Tpamncmpe, ¢Jleas ] HeOXKHILaHHOE OTKpuITHE.
On OﬁHapY)KHJI, 41O IIpPH HEKOTOPHX VCHOBHAX XOMJAOBCKOE CONpO-
THBJACHHE RH, ONpeACNAEMOe OTHOIUEHHEM XONJOBCKOTD HanpAXe-
rua ¥y K TORy J, Texymemy dyepe3s oOpasell, CTAHOBHICA KBAHTO-
BAHHLIM { BMD&K3eTCA NpH 3TOM JRIIbL 4Hepe3 KoMOHHALHIO (bYH-
JAMEHTAILHEX (.‘pnaﬂqecxnx NOCTONHHLIX — pocToRHHeH [lhranka u

3apAana 3MAeKTPOHA -5 H oeace yucno i
£
h .
RamLr, i=1,2,3,..

TakuM o6pasoM, H3MeDeHue KBaHTOBOTO 3dibekra Xonma MO3BOJA-
eT OMpefeduTh (YHIAMEHTANBHYIO (DHIUYECKYID NOCTOAHHYID —

OTHOWIEHHE -5 . 3a aro orkputHe B 1985 r. K. dou KauTnudr

Grin yrocroen Hobenenckod npeMHn.

Has wabmopesus keantoporo 3¢pdexta Xoaaa uveobxoxzitMo.
9TOSBl 91EKTPOHHMIT r23 HAXOAMJICA B ABYMEPHOM coctofivgd, Urto
TaKOe ABYMEPHHIH 3NEKTPOHHBIA ra3 W KaK erg MOAYYHTL?

CrofoJnbil 31eKTPOH MOXET nepemelliarbcs B J060M Hampae-
JeHUd, nanpiaMep, BAoJAb MIOCOH HI OCelt KOODIAHHAT X, § H 2.
DaeKTPOHE ABYMEPHOr0 3JEeKTPOHHOTO ra3a BAOMb ABYX ocell, wa-
TpHMEp, X u Y, ABUKYTCA KaK CBOOOAHEIE WACTHUH, a JBHIKEeHHe
BACJb OCH z HM 3anpemeHc. TakuM oOpa3oM, 31eKTPOHHHNA raa fB-
JAETCA ABYMEDHLIM B TOM CMBICIE, 4TO IBHIKECHHE 3JIEKTPOHOR B
HeM SBJASETCA NBYMEpPHBIM.

AByMepHHE 3NeKTPOHHBIH ra3 OGHUHO TIOJYYAKT HA NOBEPXHO-
CTH NOJAYNPOBOAHHKE, TpaHHuaied ¢ AH3neKTpHKOM. B ausseKTpu-
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Ke HMEIOTCH MNONOKHTEAbHble 3apfAfil, CO3J2I0NIHE 3.1eKTPHUECKoe
foe, nepHeHARKYAAPHOE HOBEPXHOCTH NOMYHPOBOAHMKA., JneKTpo-
Hbl NOAYOPOBONHWHKA, HMEIOLIHE OTPHIATEIbHBIA 34pAN, NPUTATH-
BAICTCA K rPaHuiie, T. K. HX 3HEPTHA 3/ech NOHHMNAeTCH.

Ecau mupusa HoTeHUHAAbHON SIMB, B KOTOPYIO «CKATHBAIOTCA»
SMAEKTPOHE, M2aJa N0 CPaBHeHHIO ¢ Ae6pofta¢BeKod AAMHON BOJHEH
3NeKTPOHOB, HX SHEPTeTHYECKHMH CMeKTp CTAHOBUTCH AHCKDETHHIM.
HMMeHHO AHCKPETHOCTh 9HEpreTHdeCKHX  YPOBHEH ABYMepHOro
3JNEKTPOHHOIO raza #ABAAETCH MpHYHHOA KBaHToBaHWa 3(pexra
Xonna H QyHAaMEHTANLHOCTH €r0 CROHCTB.

8.8, 'BJAKRSHHE ROBEPXHOCTHBIX YPOBHER HA HEKTPHYECKHE
CBOHCTBA TBEPOMX TEN

Bhme GHA0 NOKAa3aHO, UTO OrpadHYeHKEe KpHCTaJdNa [oBepX-
HOCTBIO NPHROAHT K NOABNEHHIO B 3aNpeleHHOl 30H€ JN0KaAn30-
BaHHHX COCTOSHHA. 3TH NMOBEPXHOCTHLEE YPOBHY, TAK Je KaK YDOB-
HH npuMecefl W AedeKros, MOTyr OKa3HBars CYMICCTBEHHOE BJHA-
H#e #a (uskHuecKWe CBONCTBA TBepAHX Tea. JTO BIHAHHE MOXeT
CKA3RBATLCA B CAGAYIOLUIHX ABNEHHAX.

1. MoRepxHOCTHBE YPOBHH, T&K e KaK YPOBHH liDHMece# HiH
nedekToB, MOryT OalThb JOHOPAMH M1d 3KUEATOPAMH 3JEKTPOHOB.
CJaenoBaTensHO, OHH MOLYT H3MEHATH KOHIEHTPAHMIO HOCUTe/eH
sapana. Uepes HUX MOXKET TaKKe OCYUICCTBASThCA PEKOMOHHANHS
HOCHTEJEH. :

2. Ilpy BHCOKOA {LAOTHOCTH NOBEPXHOCTHHX COCTORHUN BO3MOX-
Ho o6pa3oBaHHe NOBEPXHOCTHOH AByMepHo# 30HH. Ecaw sta 3oHz
3ANOJTAACTCH 3JIEKTPOHAMH 4aCTHYHO, TO AOJKHA BO3HHKHYThL IIO-
BepXHOCTHAA, POBOAHMOCTL METAJLJIHIECKOIo THoa. B cayuae me-
TaJJIOB OHA He MOXeT KOHKYpHPOBalb ¢ Goabilefi of6beMHOR mpo-
BOAHMOCTbIO, HO B AHIAEKTPUKAX H NOJYNPOBOAHHKAX, ocobeHHO
NPHrOTOBJIEHHEIX B BHUAE TOHKHX [LICHOK, MOBEPXIIOCTHAS NMPOBOJIH-
MOCTb MOMET AaBaTh CyHIeCTBEeHHHH BKJax B OOIYI0 HPOBOAH-
MocTh ofpasua. .

3. B NmoquKpHCTANAHeCKUX 06pa3lax MOBEPXHOCTHHC 30HH MO-
TYT CYLIECTBOBATh HAa TNOBEPXHOCTAX KpHCTAAIOB, Ecnu pasMeps
fOCACAHHX MaJH, T0 NOBEPXHOCTHAN MPOROIHMOCTD MOKET AOMH-
HHAPOBATL Hak 0OBLEMHON,

4. TloBepXHOCTHHE YDOBHU MOTYT 3aXBATBHIBATH IIEKTPOHH H
co3faBath DONBIOA OTPHIIATELHHH NOBEPXHOCTHHIA 3apAx. B
NPHNOBEPXHOCTHOM CJI0& KPHCTZ1/a 00pa3yeTcs HeLOCTATOK 3JeKT-
pOHOR, T. €. Co3naercAd H3OGHTOUHLIE NMOJOKHTEMbHH 3apsuy. Boa-
HHKalOUiee TaKHM o6pas3oM 3NeKTPHUYECKOE moJe MOXKET JIOCTHraTh
107108 Bfem. OO WUCKpHBASET 2HEpPreTHYecKHe 30HH BOMU3H 110-
BEPXHOCTH KpHeTamia. MeKpuBnewie 30H NPHBOJAMT K U3MEHEHUIO
pafoThl BHX0AA 3JAEKTPOHOB H PAla ApyTUX CBOHOTB.

KpoMme nepeuncienHnx spjeHUH TOBePXHOCTHRIE YPOBHH MO-
I'YT OK&3WBaTh BJAHAHWE HA ROrNONNeHHE CcBeTd, MPOUEeccH aacopo-
IIHH 2TOMOB Ha MOBEPXHOCTH TREPALIX T€1 H T. .
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FTAABAY

CBOMCTBA JUBJNEKTPUKOR

Wz ncero mucrcoGpasud ¢uandeckux  cROACTE BamueHmiumu
CBOWCTRAMH, XaDAKTeDH3YIONIMMU BeHIeCTBD KaK AU3INEKTPHK, #B-
JFI0TCA 3NEKTPHUCCKUE — NOASPUIAUUA, IAeKTPORPOGOOHOCTS, OU-
3AeKTputecKite noTepu N T, 1. MHIOFle TURB 1H9.TEKTPHKH TpAMe-
HSJNCH B OCHOBHOM Kak H3oqsiTopu. [TosToMy naubonbinee 3uaue-
HHE HMETU HX Ma/Jsle 33eKTPONpPOBONHOCTH M AHSJIEKTpPHIeCKHe NO-
TepH, BHCOKAA 3JeKTPHuLCKas IpourocTs. B corpeMeHHuIX ycJao-
BHAX AHIJACKTPHKK HCNOABL3YIOT e TOMLKO B KAYECTBE MaCCHBHBIX
3,1EMEHTOB Pa3.IHUHBIX IMEKTPHiecknx cxeM. C uX NOMCILIO OCy-
ecTBAAOT NpcobpasoBalne MeXaHHMecKoH H Ten10BOH sHeprHH B
3MeKTPHYSCKYIO (Mbe303IeKTPHKH W NIHPOIIEKTpHRH). Pan aH-
3IeKTPUKOR HAXORHT HPHMEHCHHE A ACTEKTHDOBAHUA, YCHIEHUA,
MOAYAAIUHY 2JEKTPUUSCKHX H ONTHUecKHX cHruansoB. [Ipu 3TOM
BaXKHYIO POJb HTPAIOT Takue csolicTBa, Kak (OTOIPPEKT, 3MEKTPO-
ONTHYECKHE U raJbRaBOMAarHHTHbe ABJEHHS.

9.1. NOJAPHIAUHUA AMAAEKTPHKOB. OCHOBHBIE
XAPAKTEPHCTHKM

Eme B skcrnepumentrax ®Papagen ObLIO YCTAHOBICHO, UTO IIPH
3aNOJHEHHH [HIJEKTPHKOM OPOCTPZHCTBA MeXAY  NIACTHHAME
KOHAGHCATOPA €MKOCTb MOCNEAHEro yBeswuliBaercs B g pa3. 3ua-
yeHHEe BEJHYHHBl g, KOTOPYIO HA3BIBAIOT OuINCKTpUHELKOL RPOMU-
4aeMOCTbI0, 38BHCHT TOJMBKO OT CBOHCTB MusierTphka., Emrocte €
KOHAEHCATOPA CBA3AHA € 3apPAXOM (Q HA ero mjacTigax [ pas-
HOCTBIO floTeHl#anon ¥V coOTHOLtedHEM

C=Q/V. (9.1)

Takum ofpazoM, ysesuqYeHUe eMKOCTH MDH TMOCTOAHHOM 3apfje
Ha 3JeKTpofiax 03HaYaeT, YTO PAa3HOCThL NOTEHLHAIOR yMeHbllder-
cu, ([Ipexnosiaraercs, 4TO KOHAEHCATOP HE HOIRJIOUEN K LCTOUHIL-
Ky TOKA # 3JeKTPONPOBORHOCTL JHINEKTPHUKA PABHA HY.TO, TIK UTO
zapAas He crekaior.) Orcopa ciaeiyer CAeAATh BHIBOJ, 4TO 2UieK-
‘TPHYECKOe ToNe BRYTPH KOHAeHCaTopa CTAR0 Medblile, eCMOTPA
Ha TO, Y4TO 3aPAA HA MAACTHHAX HE H3MEMHACH. ¥ MeHblUeHue ita-
NPAKEHHOCTH MOJI% MOXKHO OOBACHUTL, AONYCTHB, 4T0 HA OAHOH
NMOBEPXHOCTH AMIJEKTPHKA HHAYHHPYETCS NOJOKUTENLEEI 3apan,
a Ha APYro#t — OTPHIATENAbHLIA. DTH 3apAAb HEHTPANH3YIOT HACTh
MONHOTO 3a2pafa Hg OOKJalKaX KOHAeuCcATOpd, 4TO H yMEHbIUAET
HAOPAKEHHOCTh NOJA B JM3NEKTPHKE N0 CPABHENHIO C BAKYYMOM
(puc. 8.1},

KaKOB MEXaHH3M MOSBJeHHs [OBEPXHOCTHHIX 33pAA0B? 3TOT
BOBPOC MH AETaNbHO OOCYIHM HHXe, a cefiyac BBEleM HEKOTOpHe
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MAKPOCKODHYECKUE NapaMeTPH, XapaKrepH-

flpaboduux 3yIOUUE TOARPH3ANHI0 KHIJIEKTPHKA B 3JeK-
TPUUECKOM HOJNE.

ﬂﬂﬂﬂﬂﬂ IMos gelicTBHeM 3/i@KTPUUYECKOrQ NOJA 4ac-

TUUB, COCTABJAOUIAE JHIJIEKTPHK (ATOMH,

HOHE, MOJEKYJH), NPEBPautaloTcs B MHUMIOJM.

310 CBA3aHO CO CMEUIeHHMEM B HanpaBleHHH

Ausnexmpux
++++++ +

poBoduun
nona y NPOTHR HOJOXHTENLHHIX R OTPHLA-
Puc. 9.1_ Ilnockui UaTedbHBIX 34pA10B, H3 KOTODHX TOCTPOEHH
KOHIeHCATOp,  2a- 3TH yacTHiel, [TOJ0MUTeNbHEE MOJKCA BCEX
TOIHEHK kiR Au- Zlfosefl OKA3RIBAIOTCA CABHHYTHMH B Ha-
SEKTPHIEOM NparJeHHd MOAA, 4 OTPUHATeAbLHEIE— B TPO-

THBOMOJMOMHOM HanpaBsaehud, Takum obpaszoM, B AH3IEKTPHKe, NO-
MeH{eHHOM B 9]eKTPHYEeCKOM OoJe, BOo3HHKaeTr aﬂexrpuqecxuﬁ MO
MeHT (Qunoavusti MOMENT), KOTODBIA CBA3IAH C RKHNOJbHHMH MO-
MEeHTAMH OTAE/JbHHEX YaCTHU H HX MIOTHOCTHED. Be.r'IH'-IHHY, PABHYD
OTHOUTEHHIO 3NeKTpu4yeCKoro MOMEHTAa DH2JISKTPUKE K erc Oﬁ'bEMy,
HA3WBAOT NOARpu3yeMocToro. B obuieM cayuae

- N =
P= 2 (9.2)
=
e
rke p; —— 3JeMeHTAPHHE 3JACKTPHYECCKHe MOMEHTH, BO3HHKAWIIHE

B AA3JeKTPHKE Moj pefAcTBHEM moast: N — of6beMHas NJIOTHOCTR
EHIOJIEH,

B u30TPONHEX AH3JEKTPHKAX BCE IIEMEHTAPHBIE AHNOJbHHE
MOMEHTH HMEIOT OAHO H TO Xe HalpaBJeHMe — HAaNPaBJeHHe no-
as. B 3TOM cnyuae BEKTOPHYI® cyMMy B (9.2) MOXHO 3aMEHHTb
ckanasapHo#. Ecnd cMeumelse 3apajioR cocTaBazeT Ax, T0

P=NeAx. {9.3)
Taxum o06pasoM, NOAAPU3YEMOCTh MOXHO BHYHCJAHTE, eCAH H3Be-
CTHH 3HAYEHHA 3JMEeMeHTaPHHX AUNOAbHHX MOMEHTOB H OJOTHOCTb
IHAoJek, .
KpoMe nonApu3yeMocTH BROAAT elle TaKHe MaKPOCKOMHYECKHe
-

XapaKTepHCTUKH, KaK HanpaXKeHHOCTDL E SMEKTpHYeCKOroe noJd R

bl -+ - -
AW3JEKTPHKE M sfieKTpHYeckad uHayRuua D, Bekropm D, E u P
CBA32HHW COOTHOLICHHAMH:

D=e¢E, (9.4)

D= E+P. (9.5)
31ech gy — AEKTPHYeCcKas mocToAHMHAaA (g0=8,85.10—'2 d/u).

Hns GONBUIMACTBA AHSJEKTPHKOR B CJHAGHX H YMEPEHHHX MHO-
-l

JsiX g Me 3aBHCUT oT E (fo KpafiHeil MeDe, B MOJAX ¢ HAHNDAXKEH-
HOCTRIO o ~ 108 B/m). B TakoM cayuyae nua (9.4) u (8.5) monyuum

P=co(e—1)E. (9.6)
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Beanuany y=e-—1 Ha3BIBAIOT OTHOCUTEABHOL (UIACKTDUECKOL
-, e

BOCAPUUMYNBOCTEI0, B H30TPONRBIX AxsaekTpHKax BekTopw D, E &
-

P aMeloT 0fH0 ® TO e HaNpaBJeHHE, TAK UTO ¥ # g — NPOCTHe
qHCaA.

B aH#30TPONHHX KPUCTAJNAX AHIJIEKTPHUECKAs NPOHHIIAEMOCTh
pasanuHa B pasHHX Hanpapjenusx. (Hanprvep,s kpucranae Tyra-
naTa Gapus, HMENEro TeTParcHAaJbHYID CTPYKTYPY. B Hanpashe-
HHH ocH UYETBEPTOTQ NOPAAKA, B nepeMenHoM nolde yactoTel | Kl
=200, rorza Kax B mwoGoM HanpaBIeHHH, MepIeHARKYJNSPHOM
aTof ocH, ¢=4000), ARH3oTponHs AMINEKTPHUECKO NPOHHILAEMO-
CTH ONHCEIBAETCA TEH30DOM BTOPOTO DANTA g; JTO CJeAyeT #3

- -

ypasrenus (9.4), B xoropoM D m E — BexktopH, T. €. TEH30pH
nepeoro panra, B TewsopHof sanucH 370 YpaRHeHHe HMEeT BHA,

80_1 D§=£u.E§; f, j: l, 2, 3 (9.7)
HJIH B PA3BEPHYTOM BHZe:

e~ Dy=¢y Eyten Ext-eiaEs

g~ Dy=ep Ei4-egp Eaten Es, (9:8)

g~ Dy=eg) Ert-e22 Exten £
B ypasnenusx (9.8) tensop e; cofepXHT AeBATH KomnouentoB, Of-
HAKO. faxe AJAA KPHCTAJJOB C HH3KOH CHMMETPHEH TOJbKO WIECThb
K3 J1eBATH KOMIOHEHTOB ABJAIOTCH HEe3aABHCHMHMH. TEH30D &y fAB-
JHETCS CHMMETPHYHHEM (8g=gq).

OueB®IHO, UTO MAKPOCKOMMYECKHE CBOACTBA AHIJIEKTPHUECKHX
MartepHanos ofyc/aoBNeHM MHKDOCKONHUECKMMH NPOIECCaMH, NMPO-
HCXOAAUWMMHE B HEX NDH HANOXEHN® 3JeKTpuyeckoro moss. Cyme-
CTBYET HECKCJBKO TAKHX MNPOLECCOB, NPHBOAAIHX K BO3HHKHOBE-
HHIO TONAPHIAUMH: CMEIleHHe JIeKTPOHHBIX 0G0JIOYeK aTOMOB H
H0OHOB, CMEIIEHRE TNOJOXKHTEJbHHEX ¥WOHOB OTHOCHTENBHO OTPHUA-
TEJbHBIX, OPHEHTANUA B 3JEKTPHUECKOM NOJe Monexy’, o6napaio-
INHX NOCTOAHHHM AHNOJLHEIM MOMEHTOM, # AP,

daa Toro, uro6H XapakTepH30BaTe PA3NNYHEE BHAH NOJHpH-
3audu, HeobX0A%MO 3HATH He TOJBKO NPHPOAY uacTul, oOYCROBJIR-
_BAIOIHMX NONAPHIAUKIO, HO H OCOGEHHOCTH MEKATOMHHX H MeXKMO-
JAeKYJSAPHHX B3aumoiefictduii. Ecau cuaH, cTpeMsilsecs BO3Bpa-
THTbL B HCXOANOE [OJOKEHHe CMelleHHME 3JEKTPUYECKHM N[oJeM
yacTHUM, HOCAT KBasHyNpYrH# Xapakrep, To ropopdAr of ynpyeod
noaspusayuu. Ecng e 3JMeKTPOHH, HOHH HJIH AUNOJH NPH CMe-
ileHHH B NMOJe 34 CHeT TelJIOBOfi SHePrHH . NPeoAneRaloT IIOTEH-
IgajieHHe 0apeepH, TO HOJAAPHIALMID HA3HRAWT Tenaodod. Pac-
CMOTPHM 3TH hpoueccH donee moipodHo.

9.2, SNEKTPOHHAR YﬂPV[‘Aﬂ NnongPM3ALHS

SnexTpounas ynpyras noaspusauus sBJiderca Hagbosee oO-
WM BHAOM noisapusanun. OHa Ha6aoZaeTca RO BCEX AHINEKTpH-
KaX He3aBHCHMO OT HX arperaTHoro COCTOAKHA (ras, MHIAKOCTh,
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' TBEpAOE TENO) H CTPYKTYpH (KpHe-
Taan, amopdHoe BewecTso). Aro-
MBI, H3 KOTOPHX COCTOHT SHIREKT-
PHK, TOA JeHACTBHEM BHELIHEro
JIGKTPHUECKOrO 7048 TIpeBpala-
a5 d IOTC B 3JEKTPHUECKHe ZHIOJH
N BCJeACTBHE TOTO, UTO 3JEKTPOH-

+e -e Hele 000JOYKH H Afpa CMeUlaoTes
OTHOCHTeAbNO Apyr jApyra. [lo-

CKOJIbKY Macca fifiep BO MHOTQ pas

X Gosblue MaccH  9JEKTPOHOB, TO

" ) NDAKTHUECKH CJIeJYeT TOBOPHTL O
CMEIEeHHH 3AeKTpoROR, BpeMs yc-

TaHOBJEHHS 3JEKTPOHROHK YHpYrof

Pre. 9.2, Boacpoacnozot-
HEE aTOM: & — B OTCY- TOJIAPHIALHUH UCKIOUHTENbHO Ma-
CTHRE BHEWHEro  DOJA, ao: 10-6~10-17 ¢, Taxkum oBpa-

6 “Tgl‘:qe“c“"iﬁ“s;‘ﬂe’”e*“ 30M, 3JASKTPOHHAN YIPyras [OJH-

pH3anKA ycnepaet YCTAHABJJH-

BATbCH B NEepeMEHHLIX NOJIAX BBICOKHX, BOAOTH A0 ONTHYECKHX, uHac-

toT. Tlepron cReTORHX XoueBanult-cocraBiser 10-'4—10-15 ¢, Tak

4T0 3anasjiblBaHHe 3JeKTPOHHOH NONAPH3IaUtidH HaGAIIAETCA JHUh

B yibTpaduoneTcroft o0jacTH CNeKTpa, rAe YaCTOTd 3AeKTPOMATr-
HATHBIX KoJeGanuf 10¢-—10'7 [u.

MexaHyg3M 9JeKTPOHHOH YIPYTOoA HOAApH3ANHA TPOLle BLero
NOHATb Ha NpUMepe BOAOPOXONOAOGHOTO aToMa. Ecau sHelnee
node E=0, To UEHTp MOJOKUTEIRHOIO 3ap#ja B aToMEe cOBnajgaer
¢ UeHTPOM OTpHuaTensHoro {puc. 9.2, a). Iloa AefictedeM saexr-
PHUYECKOTO 1OJA 3JeKTPOHHA® o00oNouKa CMECTHTCS Ha HeKoTopoe
paccTosHue, T. €. CMECTHTCH TEOMeTPHUeCKHH WEHTD OTpHUATeNh-
Horo 3apsga. OGosnauum cmeumense ¥ (puc. 9.2, 6). AtoM Haxo-
JHTCH B DABHOBECHH, €CJH

eEF=xzx. (9.9)

Mpennonaraercs, 4To BO3BpaHiawIlasa chaa F, fBJAseTCs YNpy-
roi ¢ ko3bduungenToM ynpyroctu x. CmeHieHHe HEHTPOB 3apAfoB
APHBOOUT K 06[)830B3Hm0 9NeKTPHUCCKOTO HHIIDJBHOTO MOMeHTa

e
P=ex. C yyeroM TOro, 470 B PABHOBECHH X= 7 HMeeM
e2
L (9.10)
K

Huaynuposankbif AHIONRHES MOMEHT NpONOPIHOHANEH HANPSKEH-
noctd noas. Kosbdrunedt nponopuuonaipHocTH Mexay P u E
o0HuYHO O603HAUAIOT ¢, M HA3HBAIOT FACKTPOHROL noaapusye-
socrero, Ha (9.10) caenyer, uto

Qe==p2/K, _ (9.11)
332
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Bume MH npeinooXHAM, yTO BO3BpallAIONIafn CMIa siBJAfeTcs
RBasuynpyrofi, T. ¢. Fi=xx. To, 410 Npu MaAHX cMelleHusix X 3T0
TaK, HeTPYHEHO IOKa3aTh Ha NpuMepe oficyxaaeMoli BOZOPOAOIO-
Aobuoii Mozesnm aroma. M3 pue. 9.2 BEAHO, uTO BoaRpamamwasn
CHJla TpeacTaBAsieT coGoft NPOEKUUI0 CHIR TMPHUTIXMEHHS MEXAY
H,H.pOM H 3NMeXTpOHOM Ha Hanpan.ﬂeime HanpsAXeAHOCTH Nons, T. €.

Fi=F-sinq. (9.12)
ITockonnky
e {9.13)
T dmes(rr+a?) -
sin o= — ", (9.14)
Vrz_!_xﬂ
TO R
F, ex (9.15)

4 mee{ri+x2)37 "
Bremnne nons oObuHO 3HAUUTEJNBHO MeHbIie BHYTPEHHEro
AEKTPHUCCKOTO TIOAR B aroMe, [losToMy CcMellenHe X HeBeJHKO,
Tlpu x&r u3 (9.15) nonyuum -
dreyrt '

T. €. HNeRCTRHTENr:O BO3RpAIIAKILAA CHJId NPONOPUHOHAZNbHA CMe-
menuo. Mz (9.16) caegyer, uto xoa(dHuKEAT yRpyrocTH

F, {9.16)

F, et
— = 9.17
K X drear® ( )

[loxcrapans noayuennoe Bupaxeuuwe g £ B (9.11), HalizeM
ce==4 n e s (9.18)

BujiuM, uTo 3JeKTPOHHAA HOJHPH3YEMOCTH AaTOMa Onpelessercs
€ro pajHycoM.

HRTepecHo CPaBHHTh JKCIEPHMEHTAALHHE 3HAYEHHA (e C BH-
YHCAeHHBME 0 dopMyse (9.18). Paccmorpnm, HanpaMep, noaspy-
3yeMOCTh aTOMOB aproHa. JKCHEPUMEHTAJbHO® 3HAYeNMe ¢, OJA
31Or0 rasa pasHo 18310 &.m% ArtoMuu# paguyc aproma r==
=191.10-* v, TloacTarasa s1o 3Hayenne B (9.18), HaxonuM o=
=7.10-% ®.m2 BuiyucJCHHOE 3HAUECHHE oL, KOHEUHO, BOJIblIe Ha-
GmonaeMoro na onwte. TeM He Menee, OAXAAKOBHA MOPSAOK ITHX
ABYX BeJIMYHH ZaeT OCHOBAHHE CYHTATh PACCMATPHBAEMYIO KapTH-
HY sIBJEHHS JTeKTPOHHOA NONSpu3auMK B OOUHX UepTaX NPaBuJb-
HOA. CTporu#t KBaHTOBO-MeXaHRUeCKHA pacyeT faer pe3yanTaT, no
TOPSAKY BEeJHUHHBI, CORnafaiomwes ¢ (9.18).

Gopmyaa (9.18) HenmpuMeHHMa AAS CAOKHMX aTOMOB, OAHaKO
SICHO, YTO TOMSIPH3YeMOCTh TAKMX aTOMOB TaKke AOMKHA CHJABHO
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BO3pacTaTh C YBEJNHYEHHEM PpagHyca 3ACKTPOHHBX 000J09eK, Ho-'
CKOJLKY CBH3b MEWLY SAPOM H IJEKTPOHOM TPH ITOM YMEHbLIaer-
cd, Haulonee cnabo cBA3aHW ¢ SApOM BAJSHTHHE 3JEKTPOHH, MO-
3TOMY OHH MUCRHHTHBAIOT NToX JeHCTBHEM N0Jgd9 HaHbOAblIee CMée-
" lienHe,

A MHOTHX AUBJEKTPHKOB (HOHHBlE KPHCTAJIH, amopdHHe
BEeIeCTBA) BaXKHO 3HATh 3IJNEKTPOHHVIO NOJAPH3YEMOCTh HOHOB.
Tloasipuzanysi HOHOB KMEeT NPUOJIM3HTENBHO TOT XK€ XapaxTep, ¥To
# nmonrpusanua aroMoB. HauMenswefi noaspuayeMocrbio 06AaganT
TdKHe HOHBI, ¥ KOTOPHMX 3JeKTpoHHAA 060J0uKa COOTBETCTBYET
3JeKTPOHHON 06070YKe RHEepTHOrO rasa. MMeercsi npsmasi cBA3b
MEXAY NOAAPHIYEMOCTBIO KOHA Y TMOTEHUHAJIOM HOHH3alHH, 3Ha-
ueHHE TOTEHIHAJ2 HOHH3AIHM 32BHCHT OT YHEPTUHM CBA3H 2JEKTPO-
Ha ¢ AapoM. YeM BHIUE 312 9HEPIHs, TeM ycTofiyHBee 3JEKTpOHHAN
000J0UKa, T. . TeéM BHUle NOTeHI®a l HOHH3IANHH H MeHblie NOJA-
PR3VEMOCTE.

9.3. HOHHAf ¥NIPYTAfA NOJIAPH3ALHS

B pH3MeKTPHKAX € UOHHMM THIOM XHMHUECKOH CBSI3H noj AeH-
CTBHEM 3/IEKTPHYECKOTO {10J14 HNPOMCXOAMT cMelleHHde NOJ0XHTEb-
HWX HOHOB OTHOCHTEIBHO OTPHIATENbHHX. Bo3HHKAjOlas TAKHM
o06pa3oM NONAPH3ANHA DONYUd/Ia HA3BRAHHE LONHOL ynpyzol noAf-
pusayuu. BpeMs ycTasoBJEHHS HOHHOH NOJAAPH3IaLHE COCTABJNET
obbiuso 10-1%—10-15 ¢, 310 o3Havaer, uyTo AadHAX NORAPHIANHUS
MOJHOCTHH) YCTERaeT YCTAHABJAHBATHCR B NEPEMEHHHX MOJAX,
BKJIOYAR cBeprBhHCOKOuactoTHe (10%—10" Tu). B 1o e Bpems
8 nndpakpacuofi o6hacTH chnekTpa HaGJiofaeTcs 3anasAMBaHHe B
VCTAaHOBJIGHHH HOHHON TNOJAspH3anmud. B KauecTe npocTedilero
NpUMEpa PACCMOTPHM NOJAPH3ALMIO OLHOH MOJEXYJH, COCTOsDied
U3 ABYX pa3HOMMEHHHX HOROB, HampuMep, Nat+ u Cl—. Bynem cyu-
TaTh, UTO 3apsj CKOHLUENTPRPOBAH B HeuTpe moHa (pHc. 9.3).

B ri. 2 6WJ0 NMOKA34HO, YTO 3ABHCHMOCTE SHEPTHH B3aHMOneH-
CTBHS OT pACCTOsiHHR AJA HOHHEIX MOJEKYJA MoXeT OHTh BHpaKe-
ia popMymoit . :

ALLL L (9.19)

4enr rh

Ulr)=—

Tloka3zaTedn cTeneHd B GTCHUBARE OTTaNKnBanud Bopna nns pas-
JUIHHX BeluecTs KoJae6iercs obmuuo or 7 xo l1. Kosbbuukenr b
onpesgalM H3 YCIOBHS MHHUMYMa 3Hepirid

ov =0, (9.20)
dr =
Drcioaa; 1
b::_.Zl dezfﬁn_ (921}
dnan
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-E* Pre. 9.3, Honaan mo-
JlﬂpHSaU.I{ﬁ MOJ]&KYJ]H
Ng* CL° Nat  (1” ita NaCl

@ :
R OAS

C VyeToM 3TOT0 MNOaVHdeM AJsd OMHOKPATHO 34DAMCHHBIX HOHOB

e pgn—1 e?
Jry= — 922
(r) dnegonre 4 et ( )

B sgextpuueckom mose E npoMCXoART cMelleHHe HOHOB. Ecin
10Je HEBEJIMKO, TO cMemenne x OyAer uvaimm. Tak Xe Kak M B
caydae 3/JeKTPOHHO# MOJAPH3AUMH B CHCTEMe BO3HMKaeT BO3Bpa-
mawollas yopyrast cgaa KX AHanoruyHo ToMy, Kak 3To GBIO
CAeNaH0 paHee, 3amulreM

¢ E=xx; (9.23)
ex=o E. (9.24)
Ortciona MOHHAS TIOIAPU3YEMOCTh
2
ms= i_. .
K

Oas OTHICKaHHs «ynpyrofi» NOCTORHHOR K BOCHONLIyeMCa CAeIyIn-
HIUM QUEeBYIHMM COOTHOUIEHHEM

Ulred-x)—U (ro) = I kxdx= —K2£. (9.25}
[ponuthdepennuporar apaxAW JeBY0 H npabyw vactd (9.25) no
£, MOJYYHUM

U (rotx)
] K= 3 {9.26)

Ilaa Haxoxjedds BTOPOfA NPOH3BOIHOR BOCNOJAb3YEMCS BHaKEHH-
em (9.22), B koTopoe BMecTo r noictanuM (re4-x). [Tocne nudde-
peHHHPOBAHKA OVIEM HMETh:
Zl Zz 82
k= ——— (n—1). 9.27
4 n gare® ( ) (9:27)
Tlps Buieoze dopmynu (9.27) 6piao yuteHo. ato x<&re. [loicra-
BHM HaBIcHHOE 3HaueMHe K B BHPAXKEHHE JA¥ HONHOA noJaspHaye-
MOCTH '
41 eord
o= —. 9,28
= (9.28)
Ecag cuuTaTh HONH «HeCTKHMu® chepaMu, 10 ro=ry+rx, 118 fo U
r« — PajRych aHHOHA M KaTuoHA. TakuM ofpasoM,
4eo(ratre)?
o= ( T ) (9.29)
n_
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HoHnasn NMOIAPHIYEMOCTE MOJICKY R Cnoegensierca npaKkTHUeCKH
pagHycaMud HOHOEZ, M, C/el0BaTa’bHG, IfU (TOpPAAKY BeJIHYHHbI OHa
Gau3Ka K SJ"IEK"I‘[}GHHOﬁ NONAPH3YEMOCTH 4dTOMOB H HOHOB.

9.4. IMNIOJNbLHAS YNPYTAS HOJAPH3ALNS

Bo MHOTHX AK3INEXKTPHKAX HMEITCH MOJEKYJH, KOTopHe o6na-

-
a7 coBCTBERHBIM 9JEKTPHYECKHMM MOMeHTOM Py, T. e, OHu mpel-
CTABJSIIOT cOGO# ANMONH faXe B OTCYTCTBHE BHEHIHEr¢ 3JeKTpHue-
cxkoro noast. B pape cayuaes npH u3MeHeHuM HAMpABTEHHS OPHEH-
TalliH AUOOJEH BO BHEWHEM 3JeKTPHUECKOM MOje BOZHHKA©T Vil-
pyrde Boappamammue cunul, Ouepkgro, uro 310 Habawzaercs
TOCAA, KOrfia ZUnoNg Godece Ha¥ MeHee XeCTKO CBH3AHH, T. . YI-
pyras AMDOAbHAA TMOJAPH3AUUA UMCET MecTO B TBEPAHX AHINEKT-
PHKaX -— NOASPHBIX KpHCTAaLIaX.

B rasax u XHIKOCTAX, 4 TAKXKe B HEKOTOPHIX KPHCTALTHYUECKHX
AU3AEKTPUKAX NOJIAPHBE MOJEKy/bl pPA3OPHUEHTHDOBAHHK 33 CYeT
TEMJGBOrO ABHMXEHHA, TAK YTO De3yJbTHPYIOIAH MNOJAPHIALHA
pasua uymo. [loa geficTBHeM BHeINHETr0 NoJA yCTaHABJWBAETCH He-
KQTOpas NpeMMyUleCTREHHAd OPHRNTANMA JunoJeli B HANpaBJenHy
moJsi. ITOCKOABKY OpHEHTAUHA AWNONefl B 3TOM CNy4Yae 3aBHCHT OT
TENJIOBOTO ABHMEHAS, MeXaHH3M TOAAPH3AUBH NOAYYHJ Ha3BaHHe
TeRJOBOR IMNONLHOR NOAApH3AUHH.

[Mpocrefineit nonsipHok wonexyaod seasercs Moaekyiaa HCL
ITH HECHMMETPHUHHE MOJEKYJH, HaXoisuliecs B ra3006pasHoM
HAH B MHAKOM COCTOSIHHH, MOIYT NPHHHMATh VYaCTHE TOJALKO B
Ter1oBofi monapusaugk. B To ke Bpems tpu T<<98 K cosspas
KHCAOTE HAXOAHTCA B KDHCTAMIHUECKOM COCTOSHWY X AHNOAH 06-
pasyT YNOPHACQUEHHYIO CTPYKTYpy. BceaeactsHe 3Toro ynopsauo-
YeAUA /JAHI0JeRl B NOJSPHOM KPHCTAAJE CYWIeCTBYeT BHYTpeHHee
3JeKTpHYecKoe nose. Bo BHEIREM 3NEKTPHYECKOM NOJe- HMEeT Me-
(TG YOPYroe OTK/JIOHeHHe AHNOJbHBIX MOMEHTOBR OT PaBHOBECHOH
OpHenTaluH.

PacemorpuM npoctefiulyio Mojiesh, W3 KOTOPOA MOXHO paccyu-
TATb TOJAAPHIYEMOCTb JHIOJBHOA YNpy-
rofr noaspusaudn. [lycTh AWNOAL ¢ MO-

-+

MerroM P, opueHTHDOBAH BHYTPEHHHM

—

aNeKTpHueckiy noaeM E., Ilox ged#cr-
-

BHeM mueiurero noas E, HanpabBieRHoro

—-

mox yraom $ x Egy. AHDOSL NOBOpAYH-
Baerca Ha uebonewolt yroa y (puc. 9.4).

sopor punoas Py so IIpu OTKJAGHEHKHR AMTUOJS OT MOJONKEHUS
sHenrneM tonte E PABHOBeCHf BO3HHKAET KRA3UYNpyrad

Ty

Pre. 9.4, ¥npyruk mo-
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—p

prozBpamjaioman cuaa F. TlpeanoaoxuM, ytro E<ZEyy. HafineMm no-
JASAPH3YEMOCTb, CHUHTAR, UTO H3MEHEHHe 3/EKTPHUECKOTO MOMEHTa
CHCTEMH BO BHEIIHeM TNigJe TPONOPIHOHANRRO HANPAKEHHOCTH NOQ-
Ast, T. €,

o P=egy E.
3a cuyer nosopoTa JHNIONA Ha Yroj y H3MeHAeTCHA [NpOCKUHA IH-
e

NOJRHOTO MOMeHTa Ha nanpaBienue mons E. 3To paBHOCH/IBHO
BO3HHKHOBEHHIO MOMEHTA B HanpapiICHHH TIONA. Hamenenne npoeK-
uuy P nerxko BHUNCAHTh #3 pHC, 9.4:

P=Pgcos(f—y)}—Pocos p. (9.30}
INepenuueM 5T0 BHPaXeHHE B BHAE

P=Po( sin B sin y—2 cosﬁsinzg—) . (9.31)
Beauuunok sin? —% MOXHO NpeHebpeus MO CpaBHEHHI ¢ siny,

MOCKOJBLKY B CHAY YCa0BHH E<CEp, yron ¥ Marx C yueToM 3TOrO
H3MEHeHUe AUNOJBHOrO MOMEHT4 PABHO

P=Pysin psiny. (9.32)

B cocToAnud paBROBeCHH BPaIIAOIME H BO3BpAWAWOLIAR MOMEH-
TH PaBHH, T. €. :
Py E sin{p—y) = Pos Epusinn y. (9.33)
Orciofa HafizeM siny. Jas atoro ynpocram (9.33). Ilpu E<TE.
sin(f—y)} ~sin §.
Takum ofpazoM,

siny= -§— sin f (9.34)

BH

H
P=p,

Fo sin® B, {9.35)

B kauecTBe XapaKTepHCTHKH CBA3H OOBIUMO HCHOMB3YIT He HA-

NPpAMEHHOCTE BHYTpEHHErO noOJIA Enr‘r, a4 3Heprylc QUNOJAA B NoAE
EBI:

Ve=—PFp Esncos Yz—PDEBH- (936)
Orciojga Eze= EI%.L' IMoacrapass 970 sHauenue Epy B (9.35),
0AYYHM Psintp
sin
p= L E 9.37

337


http://www.print-driver.ru/?demolabel-ru

Taxum ofipasoM, NOJAPHIYEMOCTE AHNONBHQHR YHPYTOR NOJApH3A-
ItHH

2

P?
e . 9.38
od [Tl sin? p (9.38)

BuauM, uTO ¢g 34BHCHT OT HANpaBJAEHHH 3NEKTPHYECKOrO MOASA.

It 3n
Ona MakcHMannhHa nipH fe= 3 oH
paeHa HyAw, Korja Ei|Ers. Takum o6pasom, BEJNaJ 3TOT0 BHAA 10-
JSAPUBALHM MOKET OGYCAOBAHBATE AHH3OTPONHIO AUINEKTPHUECKOH
npoHYIaeMocTH. [loaspu3yeMocTh YNPYTo CBA3SAHHHX NOMAPHHIX
MOJeKya 3aBHCHT TAK¥E OT BeJHIHHE MOMERTA Ka}K,ELOﬁ MOJeKY-
JH M 9HEPrHd MEeXMOJeKyJapHHX cBazeit |Usl.

T, & ¥orga E_L1Em, 4

9.5. OCOEEHHOCTH TENJIOBOH NONSAPHIAULHH

BaxHHM OTAHUHEM TeNNOBOA NONAPH3ALHK OT YMPyrof sBJS-
eTCs CHABHAS 3ABHCHMOCTb TOJIAPH3YEMOCTH OT TeMmepaTypel. U3
H3JOXKEHHOTO BHINE CASAYeT, UYTO NpH TENJOBOM Xapakrtepe moJifl-
PH3ANMA MHEAYLHPOBAREH BHENIMHM MOJEM THAOJIbHBIA MOMEHT
onpegefsercs He TOJABKO HaNpsSmeHHOCTHI) 3JIeKTPHYECKOTO NOJA,
HO H YHTEHCHBHOCTHI) TENJIOBOTO [BMIKEHHS uacTull, YUACTRYIOWIHX
B nonApusaumuH, TakuMH yacTHRAMH ABJAAKTCA AHNQMH, HOHH H
3JeKTPOHH. B COOTBETCTBHH € 3THM DPa3NRUaioT GUROALHYID Tenao-
BYI0, HORNYIO TERAOBYI U 3ACKTPORRYIO TORAOBYIO NOAIPUIHUL.

B orauuye OT ynpyrof RNoMAPH3ALHA TERJOBAA MNONAPH3AUKA
YCTaHABAHBARTCH AOCTATOMHO MedJeHHo, [lpuioxeHWe BHEHIHETO
IEKTPHUECKOTO N10R K AUIJEKTPUKY, HAXOAAUIEMYCH B COCTOAHHH
TEPMOAMHAMHUYECKOTO DAEROBECHS, NPHBONMT K ONpeAeneHkofl ne-
pecTpofixe cucTeMbl (A#3exTpuka). B pesyaprate aToro uepes ue-
KOTOpOe BDeMs, HA3HBAEMOE BpeMEHEeM PeAAKcauul, YoTaHaBIHBa-
eTCAl HOBOE MOJSpH30BAHHDE PaBHORECHOe cOCTORHHe. Eciy anekr-
pHUECKOe noJe BHKIIOUYHTDL, TO 33 cyeT TelUJoBHIX KonelaHHE # ne-
peMeilleHuAl YACTHH BOCCTAHABJHBAETCS X20THYECKAs OpHEHTALUA
AMNONe M X20THUECKOE pacnpegeseHie JIEKTPOHOB H HOHOB B
<norymKaxs. [londapusnBaHuoe coCTORMMe ueped HEKOTOPOe BpeMst
HCUE3aeT. YMeublleHHe MNOASPRIAUKHM CO BPEMEHEM ONHCHIBACTCA
BHIpAXKEHHEM

P=Pyexp{ — } ). (9.39)
B (9.39) Bxoaur mapaMerp t — BDeM#f, B TEUeHHe KOTOPOTO NO.1s-
pH3alus YMEHBIHAGTCH B € Pa3 Mo CPABHEHHIO C IavadbHOH BeaH-
uypHOH. 3TO M ectb Bpemu peaaxcaund, OHO XapakrepHsyer He
TOABKO CKOPOCTh KCUE3HOBEHHS MONAPH3ALNH I10CAE BBHIKIOUEHKS
noas, HO W CKOPGCTHL BO3pACTaHHMA P mocle BRAWUEHHH TNOJA.
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HHorga TemyioBYl0 MONAPU3ALMKI0 HA3HBAT TAKKE pPLAAKCALUON-
Hodl. :

Heo6xonumo samer#Th, 4To VOpYyras NOJSPH3AUMS YCTAHABJH-
BaeTCA CO CKOPOCTbIO, BO MHOTO pa3 Gojplilledl CKOPOCTH YCTaHOB-
JEHHs TePMOAMHAMHYECKOro paBHOBECHA B CHCTEME.

Han6onee npocThM BHAOM NOJMAPH3ALMK, 3aBHCsulelt OT Ten-
JOBOTO JBHIKEHHA UACTHI, ABAAETCA NOAfApH3auus, o6yC/OBJeHHAA
ABHKEHHEM OTAeNEHEX HOHOR BHYTPH IH3JEKTpHKa. B cadsnm ¢
3THM DAacCMOTPHM CHAYa 2 OCHOBHHE 3aKONOMEPHOCTH TeIOROi
HOHHOH MOJIspU3aLHH.

9.6. HOHHAR TENJIOBASA NOJMRPH3ALLHA

Bo MHOTHX A43AeKTpHRaX UMEwTCH ciafocaa3anHble HOHH. JTO
MOTyT GHTE HOHH, HaXOAMIIHECS B MEXAOV3JIHSX, KJAR HOHH, J0-
KaJH30BaHHble BOJU3H CTPYKTYPHHX AedeKToB. 3a CueT TENJORHX
HAyRTYauul HOHH MOTYT NEPEXOAMTL H3 OAHHX NOJOMKEHHE DAaBHO-
BecHsl B APYr#e, NpeoAo]eBas MNoTeHnKainHbe Gapbepul. Ilpu
OTCYTCTBHH BHEINHEro SAEKTPHYECKOTO MOJSI TakRe [epeMellleHud
ABJISIOTCS CAYYAHHEIMH K IZHIJIEKTPHK OCTAETCH HENOIAPHIOBAH-
oM, Tlog Ae#cTBHEM NOAH H3MEHRETCA HNOTEHHRANLHHE peawed #
MOABJASIETCE HEKOTOPOE NPEHMYIIECTBEHHOE NMepeMelleHne HOHOB B
gedekTunx obaactax. Takum o6pa3oM BO3HHKAeT MNOJAAPH3ALAS.
B 3aBHCHMOCTH OT OCOGEHHOCTEH CTPYKTYpHl AK3JMEKTPHKA H THNA
Ae(eKTOB BpeMs pefakcCaliH¥ HOHHOH TENNOBOW NOAAPH3IAUMH NPH
KOMHaTHON TeMmepaType KoaeGaercs ot 10-8 mo 104 c.

[IpeanonoxyM, yTo OBHKEHHE HOHZ MOXKET MPOHCXOLHTH JHLIIb
B orpandueHHo# obaactH. [IycTe 3aBHCHMOCTE NOTEHUHANBHOH
SHEprHY HOHA OT DACCTOSHMA B 3TOR 00MacTH #MeeT BHA, NoKa3al-
HH Ha puc. 9.5. MoH, HaXogamuics B paBHOBECHOM NOJOXKEHHKR i,
MOXET TMEPECKOYUTE B LPYrOe paBHOBECHOE NOJOXKEHHE 2, HAXOAS-
lleecs Ha pacCTodHum § OT NepBOro, ecyy ero 3HepPrds B KaKOH-TO
moMenT Oyzer ==Uo. TMMockonbRy BepoaTHocTh nepefpoca paBua
_Y%

#pT
e , UHCJO YAacTHI B eAnHule 00beMa, NpeoaoneBalomux 6aph-
ep B HanpaBJeHHH X B €IHHHLY BPEMEHH, PABHO

=7 exp (- o) _
= vexp pre R (9.40)
3aech f; — obIee YHCAO CIA6OCRA3AHHEIX HOHOB B eAMHKLE 00%-
eMa, v — uacToTa koaeSaunit wona. B cnpaseanusocti (9.40) ner-
KO y’ﬁEI{HTbCH, ﬂeﬁCTBHTeJ{bHO, H3-34 XaOTHUMOCTH TENJOBOro JIBEH-
WeHHs MOXHO CUHTATH, YTO BAOJbL KaKoof u3 TpeX B3aMMHO nep-
NeAARKYAAPHEIX ocell ABHXKETCH oZHA TpPeTb HOHOR. ITosoBuHa M3

HHX, T, €. %ﬂ-, ABHAKETCS B MOJOKHTENRHOM HANpaRJedRH OCH X.
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Pie. 9.6. 3apucumocts Puce. 9.6. 3apucAMOCTE  To-
noTeHUHAMBHOR  3Hep- TeHUMANLHOR SHEPTEH HOHZ
'R HOHA OT paCCTOH- OT paCCTOHHHﬂ ]ipH HAAETHH
HHA EpH  BHEHIHEM pBHEIHETG NOAA
SUIEKTPHUSCKOM [OMe

E=0

Tak kak xaxanf koneOMOWKACH HOH v Pa3 B CEKYHAY ABHKETCH
B MOAOMUTENBHOM KANPABJICHHH OCH X, YHCIO «MONHTOK» MEepecKo-

. o
yHTL Oaphep B eIHHHUY BpPeMEHH PaBHO L QupHako Gapeep
npeonoaeBaioT He BCe wyacTHubl., UYToOB NOJYUHTH YHCJIC YACTHI,

I
NePECKOUHBINAX Uepes Gapbep, HYMHO ——v YMHOXHTL Ha Bepo-
. o,

x T

STHOCTE NEpeckoka £

B oTcyTcTBHME BHeluHero noJs  Bce HanpaBjgeHus nepeGpocom
HOHOB d4epe3 NoTeHUnanbiuf Oapbep paBHoBepoaTHd. [loatomy
pacnpenelteHde HOHOB PABHOMEDHO.

Hanaoxenne BueIUHEro oAHOPOHOTO NOJA BAOJAb OCH X H3MEH:-
eT 3aBucumocT, U (x). TlotenuranbHas SHEPTHS HOHA B 3TOM NoJe
QOJKHZ H3MEHATBCA ¢ paccroanveM auHedno, Takwu obpa3zom, pe-
ayabTHPYIOmMan xpusasg U{x) Gyner mpencrasaath cololi pesy.ab-
TAT HAJOXKEHHN 3aBHCHMOCTH, H3oOpaxeunofi Ha puc. 9.5, 4 na-
#1onuofl npasolt (puc, 9.6), Ma puc. 9.6 caenyer, uto BEepORTHOCTL
mepeckOKa HOHd U3 NOJOXKeHHH | B HoJoKeHHe 2 yBeJHYHBASTCH,
4 BEPOATHOCTp OGPATHHIX NMEPEeCKOKOB yMeHbIlaeTCA. JT0 NPOHCXO-
AMT NOTOMY, YTO 3a CUET HaJ0MEHHA Nojg HoTeHHHANbHH{ Sapebep

B MepBOM cayuac vMeHewaercs na AU/, a Bo BTGpoM — vRemwui-
eES
paercs na A U. Ecam 3apaa noHa paeeH e, To A U= - Eec-

TECTBEHIO, UTO YHCAO NEPECKOKOB B eNHIHLY BPEMEHH B HaNpagsde-
Hui 1 —2 Oyger temeps Gosbiue, uem B 0BPAaTHOM HARDABJISHUA.
B pesy.bTare 31000 B IH3JIEKTPHKE YCTaHABIHBASTCA ACHMMETPUY-
Hoe pacnpeie’edne 3apsjos, T. ¢ CO31aeTCA HEKOTOPHIA JHIOJIL-
HbIH MOMEHT.
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Ofo3Hatium uepez Afn yMeHpHIeHHE WHCJIA HOHOB B IOJOMKEHHH
1, paBHoe yPe/qMUeHHI0 YHCJA HOHOB B HONOXKeHHH 2. OueBHAHO,
YTO Yepes HeKOTOpoe BpeMH Nocle BKAWUeHHA [oas -

=0 _Any m= 2 A (9.41)
6 6
Kaxaui#t n3futouno nepeGpolieHHHf depes Gapbep HOH co3jaer
JAHNOALHHHA MOMEHT, paBHMHA ¢8. [losToMY 3JeKTpHIeCKHl MOMEHT
eRHHHUN 00BeMa
P=Aned. (9.42)

DKBHBaJeHTHAA NOAAPHIYEMOCTh, T. €. MONAPHIYEMOCTh B pac-
yeTe Ha KaXAHH# cAafockazaHubfil HOH, paBHa

P An ed

e = -
T mE ne E
Ans BHuMCHEHHS try HeoOXOJHMO HalTH 3aBACAINYI0 OT Hampi-
*KEHHOCTH NOJ H TeMNepaTypH BeiumyHny An. $lcno, uto

(9.43)

d(An)  dn
it S dt
dn
B crow ouepeab, - T, BHpAMaeTCa yPaBHeHHeM
i ny - ( Uﬂ—é_l{_)
T ~fy V eXp T +
-A L
v exp( — &_—Lé—ﬁ ) . (9.44)
Kn T

[lepeuit unen B (9.44) npeacraBnsieT cofofi 9HCAO YacTHL, NOKH-
HYBIUIMX ToJoXeHue 1, RTopofl — HepelleflIHX B nonoxexne 1 H3
nodoxenna 2. Toacrapaas B (9.44) snavesus n u n, na (941},
NONYYHM

N AU AU
sy 50
T x T
+Anfe B e ® )]. (9.45)

Pacemorpum cnyuafl cnabrix 23eKTPHUECKHR HodeH, AAA KO-
ropax AU&ZxpT. Torga

T . E
e "a m!;]:AU =14 e8
Kp

T 2!CBT )
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C yuetom 3Toro ypaBHenne (9.45) npHHHMaeT BHA:

dﬂ.] _ ( Ul]
7i 2Anvexp T )--
mpebE ( U
~BraT -2vexp T ) (9.46)

Hafitn 3aBHcaMocts A n(l) n3 (9.46) me mpeacTaBnsier Tpyaa,
ecid CYHTaTh, YTO NOJe, AHCTBYIOIlee HA KamjwH HOH, paBHo
cpeiHeMY MaKPOCKONHYECKOMY HOMI0 B JAU3JeKTPHKe H, CleJoBa-
TEJILHO, NPH YCTAHOBAEHHH HONAPu3alHH He Menderca. Ha camom
Aefie 3TO He TaK, HO AMA yApomeHHa 6yaeM cuHTaTh, yro £=const
u A U=const. OnpapgaHueM Takoro MpeANOONKEHHS MOMKET Cay-
XKHTh TO, UTO Bosee rpoMo3aKue pacueThl IPHBOAAT K TEM e OC-
HOBHEIM De3ybTaTaM.

OGosnazum B (9.46)

e )=_1_ moebE _
T ¥

’CBT 121{:3?‘ C.

2vexp (_..

Bennunna T HMeeT pasMeploCcTs BpeEMEHH M ARBJAERTCA BpPeMeHeM

pestaKcanuH. 3aMeHsd o Ha —M HOJYHHM
di di '
d(An) - An-C
dt =

Pewenne 37T0ro YpaBHeRHSA
An=C+Bexp(——i—) .

MocTosnuyo HHTerpupoBanns B HalifeM W3 HadYa/bHHX YCAOBHEL
MMpu (=0 An=0 Orciopa B=—C. Takum o6pa3oM, HaXOZHM
- _
noe b ——
An=—r—r—F(l—e *}. 9,47
Tl ) (9:47)
[MogeraBass (9.47) B (9.43), moayvaeM BbpaxesHe A HOHHOM
TRIVIOBOM NONMRPHIYEMOCTH
e 6 -
= e (| —& T ), 9.48
=5 ) (9.48)
Ecau none gefictByer B TedeHue AJHTENBHOrO BpeMeHH, T. e.
f-+o00, TO YCTAHABJMBAETCA HOCTOAHHAA HOAApHIALHSA
e? §°

i 9.49
= kAT (9.49)
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TTonspHayeMOCTh YMEHBINALTCA ¢ YBesiHUeHHeM TEMMepPaTypH, T, K.
TENNIOBOE JBHXEHHe NPENATCTBYET YNOPAIOUEHHOMY pacmpepese- |
HHIO HOHOB,

B aakmouenne orMeTuM, uTo HalZedHasl HaMu 3KBYBaNeHTHAA
TeANoBaA NOAADHU3YEMOCTh Gy Kaxjoro nosa (9.49) cyulecTBeHHo
OTAHYAETCS OT MOHHOH MOJAAPH3YEMOCTH MpPH YOPYIOM cMeUleHHH
o Bennunna o Gwnia onpepgeneHa (cM. § 9.3) xak xosddunment
NPONOPUHOHANBHOCTH MEXJAY AHMONbHBIM MOMEHTOM H BHEINHHM
foJeM M BHpaXanach OTHOUIEHHEM KBaJpaTa 3apRfa HOHA K KO-
s huLHenTy YNpYrocTH cas3d. B cayuae TennoBoHl noaspH3auuu-
IUNONLHHWA MOMEHT, BOSHHKAWWHA NPH NepeMeilesHH KaXZOoro
HOHA, JI