5. DJIEKTPOHHAS CTPYKTYPA TBEPABIX TEJI

TBepoe Teno MOXKHO paccMaTpUBATh KaK OYEHb OOJBIIYI0 MOJIEKYIY, B
KOTOpPOH COOJIIO1aeTCs NajJbHUN MW ONVOKHMM MOPSAJOK PacHoOJIOKEHHUS aTo-
MOB WJIM MOJIEKYJI. JlaJIbHUI NOPSAJOK OTBEYAECT UACAIBHO PETYJSPHBIM KpH-
cTayjlaM, TPOCTPAHCTBEHHAs] CUMMETpHUs KOTOpbIX omuckiBaetcs 230 demo-
POBCKMMHM TpynnamMu. bIvKHUI NOPANOK XapakTEpeH I pealbHBbIX KpH-
CTAJUIOB € JAePEeKTaMy KPUCTATMYECKON PEelIeTKH, aMOP(HBIX TeJl, MOJIHMe-
POB M T.A.. Il HUX XapaKTEPHO MPOSIBICHUE JIMIIb JIOKATBHOH CUMMETPUH B
OIpe/IeNIEHHBIX (PparMeHTax CTPYKTYpbl — Kiacrepax. st Kakaoro u3 aTux
CIIy4aeB CYILIECTBYIOT CBOM CHOCOOBI OMHMCAHUS SJIEKTPOHHOU CTPYKTYpHI.
WneanpHble peryispHble KPUCTAIbl pAaCCMATPUBAIOTCS KaK OECKOHEYHO MpO-
TSDKEHHBIC (HAJTMYUE TIOBEPXHOCTH UTHOPHUPYETCS), M UX JIEKTPOHHBIE BOJHO-
Bble (DYHKIHUU ONpEAeNsioTcS C SBHBIM YYE€TOM CHMMETPHUH KpHUCTasia.
CTpyKTypbl HEKOTOPBIX HICAIBHBIX ATOMHBIX W MOJIEKYJIAPHBIX KPHUCTaJUIOB
npeacTaBieHbl Ha puc. 48. B TBepapix Tenax ¢ OMMKHUM MOPSAKOM, HECTe-
XHUOMETPUUYECKUX KPHUCTAJUIaX M MPU U3YYCHUU MOBEPXHOCTHBHIX 3 (HEKTOB
4acTO JIOCTATOYHO MCIOJIb30BaTh MOJIM(ULIMPOBAHHBIE MOJIEKYJSPHBIE MOJIE-

JIY, BBIJEIIUB HEKOTOPBIM ATOMHBIM WJIM MOJICKYJIIPHBIN KJIACTep.
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Puc. 48. Kpucrammuueckue ctpykrypbl NaCl (a), anmasa (0), 6enzouna (B)

U qudopuaa Maraus (T)

PaccmoTpum noapobHee, kak 06a 3TUX MMOAX0/1a UCTIOJIBb3YIOTCS IPU OMH-

CaHMHU XMMHUYECKOM CBSI3U B TBCPABIX TCJIAX.

5.1. OxHO3JIeKTPOHHBbIE BOJIHOBbIE (YHKIUN B 0€CKOHEYHbIX

MNEPUOAUYECCKUX KPUCTAJJIAX N METOABI UX pacucTa

5.1.1. TpancassumoHHAsi CHMMETPHS KPUCTAJLIa

CBolicTBa CHMMETPUHU MICANBHBIX KPUCTAILIOB MPOSBIIAIOTCS B CIEIYIO-
meM. B naeanbHOM KpuCTaiie MOXHO BBECTH TPH geKmopa mpancisyuil a, b
U C TaK, 4To (pU3MYECKHe CBOMCTBA KPUCTANIa B HEKOTOPOW MPOU3BOJIBHO BbI-

OpaHHOI TOYKE I' TOYHO BOCIPOHU3BOAATCA B JI000M qpyroi Touke I’ yaosie-
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TBOPSIIOLLEN YCIOBUIO

r=r’+T=r+na+nyb+nsc, (58)
rac nl, n2, n3 — IIPOU3BOJIBHBIC LCJIBIC YHCJIA. COBOKYHHOCTB TOYECK T, OoIIpC-

nensiemasi BeipaxkeareM (58), mpu paznuuHBIX N1, N2, N3 JaeT KpUCTAJLIHYE-

CKYIO PEILEeTKY, KOTopas SBJISIETCS T'€OMETPUYECKUM O0pa3oM pPEryJsipHOIo
MEPUOANYECKOTO PACIIOIO0KEHUSI aTOMOB B POCTPAHCTBE.
[Mapamnenenurnen, UMEIOIIHMA B KauecTBe pedep BeKTOphl @, b u € , Ha-

3BIBACTCS 2IeMeHmapHou sAdeuxou Kpucrtamia. [lepemenieHre B mpoCTpaHCTBE
AYEHKK KaK LIEOro, OIKUChIBAEMOe BekTopoM | = Nqa + n2b + N3C, Ha3bIBa-

eTcsi mpaucaayuel. BexTop TpaHCISIUU CBS3bIBAET JIOOBIE JABE COOTBETCT-
BEHHBIE TOYKHU KpHcTaiurueckoi pemetku (puc. 49). [locpencTBoM omeparimii
TPAHCISIUUUA DJIEMEHTAPHOU SYEWKOM MOYKHO 3aIlOJHUTh BCE IPOCTPAHCTBO
KPUCTAJJIMYECKOW CTPYKTypbl. Takoe CBOWCTBO KpHCTaJJIa Ha3bIBAETCSA

MPAHCAAYUOHHOU CUMMEMPUEL.

Puc.49 TlpumMep KpUCTAINTUYECKOM PEIIETKH, OMHUCHIBAIOIICH CTPYKTYpY
KpUCTauia. 4, 6, ¢ — BEKTOPBI dyieMeHTapHon sueviku, Tq u T, —BexTOphI

TPAHCIIALUN
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TpaHcaALMOHHAs CHUMMETpUS MPEnoJiaraeT OCCKOHEUHYIO IMPOTSHKEH-
HOCTb KpUCTasuia. B peaibHbIX KOHEYHBIX KPUCTAIIIIaX 3TO CBOMCTBO TEPSETCA
U, YTOOBI COXPAHUTh TPAHCIISAIMOHHYIO CUMMETPUIO TPU OMMCAHUN KOHEYHBIX
CHCTEM, HCTIONIB3YIOT yukiuueckue epanuytsvle yciogus (ycnosus bopua-don-
Kapmana). CyTh BX B TOM, YTO CHMMETPUYHO SKBHUBAJICHTHBIC TPYIIIHI aTOMOB
COBMEUIAOTCA JIPYT C IPYroM Tak, YTOObI FPAHMIIA MEXAY HUMH OTCYTCTBO-

Basa.
5.1.2. JN1eKTPOH B MEPUOTUYECKOM MOJIe KPUCTALIA

Baxxnenmme 3JeKTpOHHBIE CBOMCTBA HIICABHBIX MEPUOINYECKUX KPUCTAILIOB
BUJHBI YK€ B CiIy4dae OJHOMEPHBIX CHUCTeM. J[Jsl 1emouku Todek, m300pa-
KAIOIIMX aTOMbI, NEPUOJUYHOCTh PAaBHOCHUJIbHA W3TMOY LIETIOYKH B OKPYXK-

HOCTh OOJIBIIOTO pajnyca M COCAMHEHUIO MEXKIY COOOM KOHIIEBBIX TOYEK

(puc. 50).

— 7 I OOQ

Puc. 50. O6pa3oBanue MepUOTUISCKON CHCTEMBI Ha MPUMEPE OJHOMEPHOM

IICIIOYKH aTOMOB C IICPUOAOM

Ecnu ABWIKCHUC JJICKTPOHA, HAIIPpUMCP, BJA0JIb OCH X, HUYCM HC OI'PAaHU-

4eHO (CBOOOMHBIN 3JIEKTPOH), €ro BOJIHOBas (DYHKIIUS €CTh Oeryias BOJIHA

ikx
e . KI/IHCTI/I‘IGCKaﬂ OHCPIUA CBO60,Z[H01"O QJICKTpOHA paBHA

Eypue= p/2m=(kh)*/8r°m, (59)

(P — uMITyJTbC, @ A— JUIMHA BOJHBI AJIEKTPOHA), MOTCHIIMAILHASI SHEPTUS paBHA
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HYJIIO, 8 BOJTHOBOE YUCIIO K = 271/A MOKET MPUHUMATH JIFOOBIC 3HAUYCHUS.

[Tpn HaMMYUU TPAHCISAUMOHHON CUMMETPUU JBUKEHHUE JIEKTPOHA JaKe
B OTCYTCTBHE€ BHEIIHETO MOTEHLHMaja YK€ OIPAaHUYEHO B MPOCTPAHCTBE 3Je-
MEHTapHO! sTYeUKOM KpUcTaiia. DTOT Cily4yail paccMaTpuBalics B Kypce (hu3u-
k1 (3a7a4a O ABYDKEHUH DJICKTPOHA B SANIMKE ¢ OECKOHEYHO BHICOKUMH MOTEH-

LIMATIBHBIMU CT€HKaMH). ['paHHUYHEIE yCIIOBHUS, HAKIAABIBAEMBIE HA BOJHOBYIO
(yHKuMIO 271eKTpOHa, B 3ToM ciryudae xopomo u3sectHsl. H(0)=Ha) = 0 (a
— pasMep AIMKa). J[BIKEeHHE IIEKTPOHA B SAIMKE MOKHO OIKMCATh KaK CyIIep-
TMO3UIUIO BOJH, OEryIIMX B MPOTHBOINOJIOMKHBIX HAIpaBICHHUAX. BOIHOBBIC
(QYHKIMYU Pa3IUYHBIX COCTOSHHUI SIIEKTPOHA, JBHKYLIET0Cs B IEPUOAUYECKOM
IPOCTPAHCTBE, MMEIOT BU]

(6%, ¥ 2) :{g]_yzsin(kx ) u,(X,Y,2) =£§J_% cos(kx|

T.C. IPCACTABJIAIOT coOoi cTtossune BOJIHBI. M3-3a I'PaHUYHBIX YCJIOBI/Iﬁ BOJIHO-

BOE YHCJIO M PHEPIUs >IEKTPOHA MOTYT MPUHMMATh JIMIIb JUCKPETHBIE 3HA-
uenust: K=# (zla)n (n =1,2,3,...; N = 0 nckmouaercs Kak NPOTUBOPEUAILEE
YCIIOBUIO HOPMUPOBKU BOJHOBBIX (DYHKIMIT). DHEprus dJIEKTPOHA Tereph 3a-

BHUCHT OT BOJIHOBBIX YHCCJI H 3allMCBIBACTCA CJICAYHOIIUM 06pa30M:

2
I L A e (61)

2
E—h =—
8z m{ a

87°m

Bce ckasaHHOE CHpaBeUIMBO M MPH HEHYJIEBOM BHEIIHEM IEPHOIUYC-
CKOM IIOTCHIIMAJIE, CO3/ITaBAEMOM aTOMHBIMHU ocTtoBamH. Ctosarie BotHBI (60),

2
OHCPIrusd KOTOPLIX IMPOIIOPHMOHAJIbHA U , umeroT Y3Jibl U ITYYHOCTH B PA3HBIX

00J1acTSIX MPOCTPAHCTBA MO OTHOILICHHUIO K aTOMHBIM OCTOBaM. DTO O3HAUaeT,
YTO KaXK/1asl U3 BOJH YKa3bIBA€T MECTAa KOHIICHTPAI[UU 3JIEKTPOHOB B TOUYKaX

MMPOCTPAHCTBA, OTBCUAIOIIHUX PA3JINYHBIM 3HAYCHUAM l'IOTeHHI/IaJIBHOﬁ 9HCP-

ruu. Tak, B cilydyae HEYETHBIX N COSZ[(m'a)nX]: 1 npu X = a: 3HauwT, cTosyas
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BOJIHA u2 OIMMCBIBACT KOHLCHTPAIIMU SJICKTPOHOB BOJIM3M aTOMHBIX OCTOBOB,

TaAc OTpuULOATCIIbHAA IIOTCHHOHAJIbHAA OHCPIUA B3aI/IMOI[eI\/JICTBH$I «QJICKTPOH-
OCTOB» MaKCHMaJIbHa M0 aOCOIIOTHOH BennunHe. B ClIy4ya€ 4Y€THBIX N (I)YHK-
MU U; OIIMCBIBAIOT KOHICHTPAHMHU 3JICKTPOHOB MCXKIY OCTOBAMH, I'JIC IIOTCH-

HaJbHasl SHEPTUS AJICKTPOHA HE CTOJIb OTpHUIlaTeNIbHA. B cpemHeM 1o nepuo-
1y SHeprusi BoJHbI U1 BbIIE, @ BOJHBI Up — HUXKE, yeM y Oeryiieil BOJHBI,
OMUCKIBAIONIECH CBOOOHBIN 31EKTPOH. Pa3HOCTh 3TUX SHEPruil, BO3HUKAIOIIAS

npu Ki=*(z/a)nj xax cnencTBue TpaHCIANMOHHONW CUMMETPHH, HA3bIBACTCS

9Hepeemuueckou ujenvio 1 0003HaYACTCS Eg.
Puc. 51 nnnmroctpupyeT ckazanHoe s ciaydas N = 1 u N = 2 noBeneHue

BOJIHOBBIX CI)YHKI_[I/Iﬁ IMO3BOJIACT 3aKJIO4YMTh, 4YTO u2 COOTBCTCTBYCT CBA3bI-

BaOINM, a U] — pa3phIXJISIONINM KPUCTAITMYECKUM BOJTHOBBIM (DYHKITHSIM.

B kpucranie 3ieKTpOHBI ABUKYTCS B TPEXMEPHOM MEPHOJIUUECKOM TI0-
TEHIMaJIe ¢ mepuojgoM a ~ 1 A: V(r) = V(r + a), MOo’KHO IIOKa3aTh, 4TO B

3TOM clly4ae BOJIHOBask (PyHKIUHUS 3JEKTPOHA, 001a1aromiasi TPAHCIALUOHHBIMU
CBOMCTBAMHU U SIBJISIOMIASACA COOCTBEHHOM (DYHKIIMEW OMHOIJIEKTPOHHOTO Ta-
MUJIbTOHHAHA C TPAHCISIHUOHHO-CUMMETPUYHON IMOTEHIHAIBHON >HEPTUEH,

HUMCECT BU/T
uk(r) = Ne™ oy (r), (62)
rae d)k(r) — nepuonyYeckasl B Kpuctaummueckol pemerke ynkuus, N — HOp-

MUPOBOYHBII MHOXUTENb. OAHOANeKTpoHHAS QyHKIUS Uk Ha3bIBaeTCs pyHK-

yueti Broxa. Kpucranmueckue opourtamu Qk(F) — anamorm MO — cTposites

KaK JIMHeHHbIe KoMOuHanuu ¢pyHkuui bioxa (62):
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oK(r) = 2 ¢j(K)ugi(r). (63)
Oynxiuu brnoxa Qk(I), TakuM 06pa3oM, UIParOT B KPUCTAJLIE POJIb Oa3UCHBIX

GyHKIHUH.

X
d
2 > w? 2
us~ cos (nx/a) U4~ sin (nx/a)
4 .
’
X
Beryuas
o 2_ o
poHA: W "= Const

Puc 51. TIlpoduim pacnpeneseHns MOTEHIIMATBLHON YHEPTUHU AJICKTPOoHa (a)

BOJIH U1 1 U2 (0) BIOJIb aTOMHO# IIETIOYKH C IEPHOJIOM

WTtak, BCieACTBHE TPAHCISIUOHHOW CHMMETPUU BOJHOBBIC (YHKIUU
AJIEKTPOHOB KPUCTAIIA OKA3bIBAIOTCS 3aBHCSIIMMH OT BOJHOBBIX BEKTOPOB,
npoOerarmmux TUCKpeTHbIE («pa3penieHHbIe») 3HAYCHUS. JHEPTHH COOTBET-
CTBYIOIIUX DJICKTPOHHBIX COCTOSIHUI HA3BIBAIOTCS 9HEP2eMUYECKUMU YDOGHS-
MU, @ IX COBOKYITHOCTH (DOPMUPYIOT 9Hepeemuyeckue noaocsl Wi dHepeemu-
yeckue 30Hbl. CUMMETPHS TPSMOTO TPOCTPAHCTBA OINPEACISIET CUMMETPHUIO
NPOCTPAHCTBA BOJHOBBIX BEKTOPOB, KOTOPOE HA3bIBACTCSI OOpATHBIM TMpPO-

CTPaHCTBOM. Ba)KHO, 49TO B O6paTHOM IMPOCTPAHCTBEC TAKIKC MOKHO BBIJICIIUTD
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HaUMEHBIYI0 00JIaCTh, U3 KOTOPOW OMEpalusiMi CHMMETPUH CTPOUTCS BCE
o0paTHOE MPOCTPAHCTBO. DTa 001aCTh B K—IPOCTpaHCTBE HA3BIBACTCS TIEPBOM
30HOIM BpuiuIiooHa; B 0OJJHOMEPHOM cllydae OHa JEXMT Mexay - 7/a u +m/a
(puc. 52). 3aBUCHMMOCTDh PHEPIHU 3JEKTPOHOB OT K B 0Gojice BBICOKHMX 30HAX
BpuiutionHa, 0XBaTBHIBAIOMINX BCe K—MPOCTPAHCTBO, MONy4YarOT U3 MH(OpMa-
IIMA O MEpBOi 30HE. [T 3TOr0 JOCTATOYHO CIABHHYTH KPUBYIO, OMHCHIBAIO-
IyI0 3Ty 3aBHCHMOCTb, BIOJIb ocu K Ha BenwuuHy, kpatHyio 27/a (puc. 53).

Takoe npeacraBieHUE HA3BIBAETCSA CXEMOM ITPUBENCHHBIX 30H bpriutrosHa.

3-9 30Ha SHeprus 3-A30Ha

BpunniosHa ! ' E ! Epunnto3Ha
! 1 I .
i | | |

2-A130Ha 2-A30Ha
BpunntosHa BpunntosHa PaspeweHHue
-— YPOBHH

| ! i i 3Heprum
i i 1-A30Ha Epunnmsua% i
! | i |
i i i L
! 3anpelyeHHas 30Ha i
I pew i g
| 1 l
I 1
i i PaspeweHHue
| i “———  ypoBHM
E i IHepruu
1 |
i 3anpelieHHas 30Ha E, |
! ! P O 9 i «— PaspeweHHue
| v i YPOBHU 3Hepruu
| 1 | L

k- -

-2n/a  -m/a 0 n/a 2n/a

Puc. 52. DHeprerndeckue 30HbI KpHcTaiia: Eq — Ienb B SDHEPreTH4ecKoM

CIICKTPC SJICKTPOHOB

B mpenenax xaxaon 30HbI bpuiirosHa BBIpaKEHUE IS KUHETUUYECKOU
SHEPIruU JIEKTPOHA MO-TPEKHEMY UMEET BUJ, OJM3KUM K TaAKOBOMY JJIsl CBO-

ooanoro snekTpona (59). OxHako Mo Mepe NPUOIMKEHUS K TPaHUIIAM 30H H3-
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3a BJIMAHUA ICPUOANYCCKOIO IMTOTCHIIMAIA KpHUCTaJl1a (I/I TCIINIOBOI'O IBHKCHU S

aTOMOB) TapaboJinyeckas 3aBUCUMOCTb SHEpTruu oT K Hapymaercs.

L
AE 3an DPETHIEHEAA

T 30H(1

4
AE . 3anpenieHnan

v_rg SOH(
- > Kk

—71/a T/a

Puc. 53. Cxema npuBezieHHBIX 30H bpuiitosna

Ha rpanuiiax 300 bpuinirosHa cpeau Bo3MOXHbBIX (“pasperieHHbIX”) 3Ha-
YCHUH SHEPrHM TOSBISIOTCS SHEPreTUYCCKHE IIEIM: OHM YKa3bIBAIOT Ha TO,
YTO DHEPreTUYCCKUE COCTOSIHUSI AJIEKTPOHOB [UIS OMPEACICHHBIX 3HAYCHHIA
BOJIHOBBIX BEKTOPOB B KPHCTAJJIC HE CYIIECTBYIOT. KOHKpETHBIC 3aIpericH-
HBIC BEIIMYHMHBI BOJHOBBIX BEKTOPOB K IMKTYIOTCS CHMMETpHEH KpUCTaIa, a
UX COBOKYIHOCTh Ha3bIBACTCS 3aNpeujeHHol 30Hol. 3anpenieHHbIC 30HbI BO3-
HUKAIOT MEXIy 30HaMU BpuiutiosHa, HOMepa KOTOPBIX OTIHUYAIOTCSA HA CIU-
Huiy (puc. 52).

Uwucno paspelleHHbIX 3HAYCHHH BOJHOBOIO BEKTOpa K B KaXmod 30HE
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BpuitosHa, npu KoTopbix (GyHkius brnoxa Uk(X) ormuuna ot Hyss, ompene-

JSIETCST YUCIIOM DJIEMEHTApHBIX SUECK KPUCTAJUTMUECKON perreTkn M u dmc-
JIOM aTOMOB B OJIHOU siYe€iike G; OHO paBHO M-c. Puc. 54 ummtoctpupyer npo-
necc GopMHUPOBAHUS BEPXHEH 3alOJHEHHON 3JIEKTPOHAMU S-30HBI U TIEPBOM
CBOOOHOI P-30HBI B OMHOBaJAcHTHBIX menounbix Meramiax (Li, Na, K, Rb,
Cs). Ecim paccMarpuBaeMblii YpOBeHb 3Heprum B arome umeeT (21+1)-
KpaTHOE BBIPOXKJEHHUE, TO COOTBETCTBYIOIIAs JHEpPreThdeckas 30Ha B KpU-
craiuie coctout u3 (21+1) momypoBHe. YpOBHH B KKIOH 30HE PACIIOIOKEHBI

JOBOJIBHO OJM3KO APYT K APYry: NMpH LIMpuHE 30HbI ~ 1 3B, paccrosiHue mex-
-22
ny ypoBHsMH coctaBisgeT ~ 10— 5B. DT0 HacTONBKO Maslo, YTO MOXKHO CHH-

TaTb 30HbI HCTIPCPLIBHBIMU.

OTAenbHble Kpuctannuueckum
aToMbl MeTanna MeTann
= 2p _E:::“"-—._ —_— : P
- ""'\-—__
[ —
=3 Rt
Q —_—
T .
m
1 2 3 4 ..., N

Ynucno aToMOB, CBA3SbIBaAOLWMUXCA B KpUcTann

Puc. 54. Cxema 006pa3oBaHus S- U P-30H B IIEJIOUYHBIX MeTajIax



119

[Tpn aOGCoNIIOTHOM HYyJIE 3JIEKTPOHBI KPUCTalIa B OCHOBHOM COCTOSIHUU

MIOCJIEIOBATEIbHO 3aHUMAIOT YPOBHHM, HAUMHAs C HAUMEHBIIETO IO YHEPTHH
yposus (Nx = Ny =Nz = 0) mo mexoroporo rpanmunoro. Kaxmelii sHepreTu-

YECKUW YpPOBEHB, BCheACTBUE NpuHIMMa [laynu, MoxkeT ObITh 3aHIT ABYMS
AJEKTPOHAMU C MPOTUBOIIOJIOXKHBIMHA CHUHAMU. BpICIIMN 3HEPreTUYECKUU
YPOBEHb, 3aMOJHEHHBIN 3JICKTPOHAMHU B TBEPJOM TEJE, HA3BIBACTCS YPOGHEM
Depmu, a ero Heprus — snepeuet Pepmu. CuMMeTpusi 0OpaTHOW PEIICTKU
KpUcTalljla B OOIIEeM Claydae TaKoBa, YTO kX E= ky * kZ , @ UHCJIO 3aHATBIX
9JICKTPOHHBIX COCTOSHUH C MaKCHMaJbHBIMH BEJIMYMHAMU K B pa3HBIX KpH-
CTajljlax Pas3juyHO, MO3TOMY TOBOPAT O MOBEpXHOCTH Depmu, KOTOpass MOKET
UMETh BEChbMa CIIOKHBIM BUA B  K-mpoctpaHcTBe. [IpuMepbl MOBEPXHOCTH

®epMH pazIMYHBIX METAIOB [TOKa3aHbl HA PUC. D5,

Puc. 55. [loBepxHoctn @epmMu pa3InyHbIX METAJIOB

DNEeKTPOHHBIE CBOMCTBA TBEPABIX TEJ CHJIBHO 3aBUCAT OT UX COCTaBa U
XuMHU4ueckoil cBsi3u. COOTBETCTBEHHO, OMMCAHUE PA3HBIX KPUCTATIIOB CYIIECT-
BEHHO OTJIM4aeTcs. MOXHO BBIIEIUTH JIBA MPEIEIbHBIX CiIy4asi, KOTOpPbIE TH-
MUYHBI JUISI METAJIJIOB.

1) BajieHTHBIE 2JIEKTPOHBI HAXOASATCS HAa BHEIIHUX S- U P-OpOUTAIIAX, KOTO-
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pbie c1ab0 CBsI3aHBI C aTOMHBIMH OCTOBaMHU. MHTepdepeHIrs BOJTHOBBIX
(GyHKIMI BeMKa U BaJICHTHBIC S- U P-DIICKTPOHBI KOJUICKTUBH3HPYIOTCS U
IPUOOPETAIOT CIIOCOOHOCTh MEPEMEIAThCS B KPUCTANIMYECKON peeTke. Ta-
KUE 3JICKTPOHBI B TIEPBOM MPUOIMIKEHUHA MOKHO CYMTATh MOYTH CBOOOTHBIMU
¥ OIHUCHIBATh IUIOCKMMHU BOJIHAMH, C1a00 MOAUDUIIUPOBAHHBIMH MEPHOINYC-
CKHMM MOTEHLMAJIOM PELIETKUA. DTO MPUOJIMKEHUE B (PU3MKE TBEPIOTo Teia Ha-
3BIBAIOT MPUOTMKEHUEM CIIa00H CBS3H.

2) BayieHTHBIEC DJIEKTPOHBI HAXOIATCSA HAa BHyTpeHHuX 3d-, 4d-, 5d- u 4f-
3JICKTPOHHBIX 000JI0YKaX, Pa3Mepbl KOTOPHIX CYIICCTBEHHO MEHbIIE, YeM
BHEIIHUX S- U P-opOutanei. Murepdeperuus d- u f-opbutaneit cimabas u jo-
kanm3anus d- u f-3JeKTPOHOB COXpaHSETCs MOYTH B TOM ke CTEIEHH, YTO U B
aromax. B 3ToM ciy4yae Ais OmMMCaHHWS BOJHOBBIX (DYHKIIMH MPUMEHSCTCS
npuommxkenue JIKAO, kotopoe B Gu3uKe TBEpAOro Tejia HAa3bIBAIOT MPUOIIHU-
’KEHUEM CHJILHOW CBSI3H. DTO MPUOIMKEHHE XOPOIIO OMUCHIBACT HEMEPEXO/I-
HbIC METAUIBI C 3allOJHEHHBIMH JJIEKTpOHaMu BHyTpeHHuMU d- wu f-
000JI04KaMH, a TaKXKe MEPEXO/HbIC M PEIKO3EMEIbHbIC METAILIBI, TPOBOIH-
MOCTh KOTOPBIX OOYCJIOBJIEHA OTCYTCTBHEM 3JHEPreTHUECKOW IMICIH MEXIY
CBSI3BIBAIOIIMMU M PA3PBIXJISIFOIIAMHU 30HAMU HJTU IIEPEKPBITHEM 30H.

JInst pacueTa OJHOIIEKTPOHHBIX BOJHOBBIX (DYHKIHI B KpUCTALJIaX HC-
TIOJIB3YIOT JIBA OCHOBHBIX METO/IA.

- Memoo Xapmpu-®Doka-Pymana. ®yukiuu (62) ucnoiab3yroTcs Kak Oa-
3UCHBIE, @ IEPUOIMIECKUE B KPUCTAIUIHYECKOH pemeTke Gynkuun Pk(r) gaime

BCETO MPEACTABIISIOT COOOM JOKaIM30BaHHBIE aTOMHbIC opOuTanu (mpuoIu-
KCHUE CUJIBHOM CBSI3M), KOTOPBIC CTPOSTCSA M3 T'ayCCOBBIX opoOuTaiei. M3-3a
ydeTa TOJbKO OOMEHa 3JIEKTPOHOB W MTHOPUPOBAHWS MTHOBEHHOW KYJIOHOB-
CKOM KOPPEJSAIUU SJEKTPOHOB METO/I MEPEOIICHUBAET MIMPUHY 3aMperieHHOM
30HBI B 1,5-2 paza. Meron HenmpuMmeHUM il pacueta DepMHU-TIOBEPXHOCTH

MCTAJIJIIOB.
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- Memoo Kona-Ill>ma OTHOCUTCS K Trpynre METol0B (yHKIMOHANIA IUIOT-
HOCTH, OCHOBaHHBIX Ha MPEANOJIOKEHUH, YTO JIEKTPOHHYIO INIOTHOCTh MOX-
HO paccMaTpuBaTh KakK HEOJHOPOIHBIM 3JEKTpOHHBIM ra3. Kunernueckas
DHEPIrusl JEKTPOHOB OMMUCHIBAETCS B NPHUOJMKEHUU HE3aBUCHUMBIX YACTHII, a
OOMEHHBIE U KOPPEISALUOHHbIE A((EKThI YUUTHIBAIOTCS C IOMOIIbIO BbIpaXKe-
HUM, TOJIYYEHHBIX NIPU aHAJIN3€ CBOMCTB OJHOPOIHOIO AJIEKTPOHHOIO ra3a u
MOIU(ULIMPOBAHHBIX € ydyeToM HeogHopoaHocTu JII.  OpHO’NEKTpOHHBIE

ypaBueHus Kona-111sma umerot By (B aTOMHBIX AMHUIAX):
[-L/2V3VN()Hp(F)(F-F)dr+VyJopn=Ei(K)ou(r) . (64)

3nech VN —moteHiman saep, p(r) — 3JeKTpOHHAS TUIOTHOCTh, a Vye — 0OMeH-

HO-KOPPEJSAIMOHHBIA TOTEHIMA, WHICKC | HyYMEpyeT YPOBHH C JHEpruei

Ej(K). Basucubie dynKkimu MOryT CTPOMTBCS M3 aTOMHBIX OpOHTAasei, HaGo-

POB INIOCKUX BOJIH, a4 TAKKC U3 UX KOM6HHaHHﬁ. HCI[OCTaTKOM 9TOr0 METOAAa

SIBJISICTCS HETOOIICHKA IIUPHUHBI 3alIPEIICHHOMN 30HBI.
Kosdpuuuentsr pasnoxenus Cj(K) n3 (63) HaxomaT BapHalMOHHBIM Me-

TOAOM, UCITOJIb3YS OJIMH U3 NEPEUUCICHHBIX METOAOB. B oTiinune ot Monekyn
CHUCTEMAa YPAaBHEHUM IIPU ITOM PEIIAETCs I KaXAO0r0 Pa3pelIeHHOro 3Hade-
Hust K u3 mepBoit 30HbI bpusuttosna. BoiaHoBbIe QYHKIIUKM MOAYUHSIIOT TaKUM
IPAaHUYHBIM YCIIOBUSM, KOTOPBIE 00ECIEUNBAIOT UX TOXKIECTBEHHOCTh Ha MpO-
THUBOIIOJIOKHBIX T'PaHAX JJIEMEHTApHOM sS4yerku. Mcmonw3ys cBOWMCTBAa CHM-
METPUN KPUCTAILJIA, YUCJIO YPABHEHUM MOYKHO 3HAYUTEIIBHO YMEHBIIUTH, HO

BCE ’K€ OHO OCTAeTCs JOCTATOYHO OOJIBIIHM.
5.1.3. 3oHHasi CTPYKTYpa U CBOMCTBA TBEPABIX TeJl

Wtak, n3-3a NepuogNYHOCTH KPUCTAIIIMYECKOU CTPYKTYPBI, JIEKTPOHBI B

KpUCTAJIC OKa3bIBAIOTCA PACHPCACIICHHBIMU 110 S3HCPIrCTUYCCKUM 30HaAM (HO-
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J0caM), COCTOSIIMM U3 YPOBHEH SHEPTHH, OTBEUYAIOIIUX BOJTHOBBIM (DYHKITHSIM
C pa3pelIEHHBIMU CUMMETPHUEN BOJIHOBBIMH BekTOpaMu. CBOWCTBA 3THUX 30H
3aBUCAT OT KBAaHTOBBIX YHCENl 00pa3yIOIIUX UX 3JIEKTPOHOB U OT XMMHYECKOU
CBSI3U MEXKJ1y aTOMaMH.

XOTs 3HEPreTUYECKUE YPOBHU B KaXKJIOW 30HE PACIIONIOKEHBI I0BOJIBHO
OJIM3KO JPYT K APYTY, pacCTOSHUSA MEXAY HUMHU Ha KpasX 30HbI MEHbIIIE, YEM
B cepenuHe. M3-3a 3TOro MIOTHOCTh pa3pelieHHBIX YPOBHEH (YUCIIO ypOBHEH
B CIMHUYHOM HWHTEPBAJIC YJHEPTUHU) HE OJJMHAKOBA 110 BCEHl 30HE: Y KPAeB 30HBI
IUIOTHOCTH BbIIIe. [103TOMYy BakHOM XapakTEepHUCTUKON SBISETCS (GYHKIUS
E(K), koTopasi ONMMCBIBAaET 3aKOH JUCIEPCHH YHEPTUU BHYTPHU 30HBI bpuiniro-
sHa. Ee HaswpBatOT cmpykmypoii 30Hul (n010CHI) M CUUTAIOT HETPEPHIBHOM.
Pacnipenenenne 3HepreTHYeCKUX YpOBHEW B 30HE XapaKTEPU3YET IUIOTHOCTH

COCTOSTHUM:

g(E) = dN(E)/dE (65)
Mosxno nokasats, uto npu 0 K g(E) ~ VE; IpU TEMIIepaTypax, OTIUYHBIX OT
HYJIs, 3Ta 3aBUCUMOCTb HOCUT 00JIee CIIOKHBIN XapakTep (puc. 56): pacmpene-
JIEHHE PHEPTeTHYECKHX YPOBHEH B pa3HBIX 30HaX pasziudHo, a pyukuus §(E)

ommyHa oT mapabonsl MaTerpuposanue ¢pynkuun §(E) no dE no yposms
depMu TaeT MOTHOE YUCIIO 3aHATHIX SJEKTPOHAMH KPUCTAJUIMUYECKUX OpOuTa-
neit N.

Pa3HOCTh MeX Iy BBICIIMM M HU3IIUM DYHEPTETUICCKUMH YPOBHSMH B 30-
HE Ha3bIBAIOT wupurotl 301el (puc. 56); oHa TakKe XapaKTEPH3YeT OUCNEpCUIO
sHepruu. [lupuHa 30HBI ONPENECISAETCS BEIUYUHON B3aUMOJECHUCTBUS MEXKIY
aTOMaMH B COCEJHUX SYEHKax W 3aBUCUT OT CTENEHU MHTEP(DEpPEHIIUU COOT-
BercTByromux AQO. [Ipu Bo3pacTaHuU pacCTOSHUA MEXAY aTOMaMH IIUPUHA

30HbI YMCHbIIACTCA.
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Puc. 56. CtpykTypa SHEpPreTU4eCKux 30H

Kak ormeqaocs Bbllle, MAKCUMAJIbHO BO3MOYKHOE YHCIIO YPOBHEU B Ka-
XKIOU dHEpreTHdeckoit 30He paBHO M:G. OT TOro, Kak (haKTUYECKH 3aIrloTHeHa
BAJICHTHAs 30HAa M KakoBa IIMPHUHA 3aIPELICHHON 30HBI, 3aBUCIT MHOTHE
CBOMCTBA KPUCTAJUIMYECKUX BEIIECTB. PacCMOTPUM HX DIIEKTPUYECKUE CBOW-
ctBa. [lo xapakrepy 27I€KTpOIPOBOAHOCTH BCE BEIIECTBA JIEIATCS HA TPU OC-

HOBHBIX KJIacca: METaJUIbI, TIOJIYIIPOBOIHUKHU U TUdIeKTpukH (puc. 57).
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Puc. 57. Cxema 3anmoiaHeHus QJICKTPOHAMH BAJICHTHBIX 30H U 30H ITPOBO-

AUMOCTH B JUBJICKTPUKAX, ITOJIYIIPOBOAHHUKAX, MCTAJIJIaX U IMOJYMCTAJJIaX

1. Ecnu BajeHTHass 30HA 3allOJIHEHA JJIEKTPOHAMU YacTUYHO JHOO
IIEPEKPBIBAECTCS C 30HOM ITPOBOAMMOCTH, TO BEIIECTBO HA3BIBAETCA METAIIIOM.
JU1s MEeTajuIM4eCKOM MPOBOAMMOCTH XAapAKTEPHO YBEIUYEHUE IIPOBOAUMOCTH
IIPY IOHWKEHNUH TEMIIEPATYPBI IIPU MOCTOSHHOW KOHUEHTPALUH HOCHUTENIEH TO-
ka. 2. Ecnu BaneHTHas 30HA MOJHOCTBHIO 3aIOJIHEHA JIEKTPOHAMHM, a IIMpPUHA
3anpelleHHoi 308l Eq > 2 3B, BemecTBo Ha3bIBaeTCs OUINEKTPUKOM. B nwm-
AJIEKTPUKAX CBOOOIHbIE HOCUTENU TOKA OTCYTCTBYIOT.

3. Ecnu BaneHTHas 30Ha MOJHOCTHIO 3aMOJHEHA AJIEKTPOHAMHM, a MIMPUHA
3anpeleHHol 30Hbl Ey <2 3B, To BelecTBO Ha3bIBACTCS MOJIYNPOBOJAHUKOM. Y
YHUCTHIX MOJYNPOBOJHUKOB MX COOCTBEHHAs] MPOBOAMMOCTDH 3KCIIOHEHIMAIBHO
YMEHBILIAETCs MPHU MOHMKEHUU TeMIlepatypsl U oOpamaercs B Hyab rnpu 0 K.
CrnenoBarelibHO, HOCUTENIU TOKa B COOCTBEHHBIX MOJIYNPOBOJHUKAX TMOSBIISIOT-

Cs TOJIBKO B PE3YyJIbTAaTC TCPMHUICCKOT'O B036Y)KI[CHI/I$I.
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HexoTopsie aTOMBI, UIMEIOIIHE 110 5 BaJleHTHBIX 3JiekTpoHoB (AS, Sh, Bi),
00pa3yrT B KpHCTAJIC 3JICMEHTApPHbBIC SYCHKU C IByMsi aToMaMmu. JlecsTh Ba-
JICHTHBIX 3JICKTPOHOB B sIUCHKE MOYTH TOJHOCTBIO 3aMOJHSIOT 5 dHepreTuye-
CKUX 30H, TIPUYEM OJ[HA X HHX IMEpeKpbIBaeTcs ¢ 6-it 30H0H (puc. 57). U3-3a
3TOT0 BaJICHTHAs 30HA 3allOJIHCHA HE IMOJIHOCTBIO, a YacTh AJIEKTPOHOB CMe-
I[eHa B 30HY MPOBOIUMOCTH. TaKkue BEIIECTBA HA3bIBAIOTCS MMOJYMETAIAMH.

Paznuurie B AIIEKTPUYECKUX CBOWCTBAX TBEPHABIX TEJ OIPEHICIseTCs,
HPEeXJIe BCETro, XapaKTepOM XUMHUYECKOW CBA3U. [IpakTHYeCKHu BO BCEX OIHO-
¥ JIByXaTOMHBIX MOJYIIPOBOJHUKAX U JUAJICKTPUKAX CBSI3b HOCHT KOBAJICHT-
Heiii (Si, Ge) wnmu nonspHo-koBasneHTHBIN (GaAs, InSb) xapakrep. TTosTomy
AIIEKTPOHHOE PACHPECICHHUE XOPOIIO OMUCHIBACTCS JIOKATHU30BAHHBIMH MO-
JeKYJIIPHBIMU opOuTasissMu. Takum 00pa3oM, MOTYIMPOBOJHUKHA U TUIICKTPH-
KU CJIeyeT pacCMaTpWBaTh B PaMKax MOJEIHM CWJIBHOW CBsi3u. B merammax
BAJICHTHBIC AJICKTPOHBI B 3HAUYUTEIBHOM CTEMICHH JCTOKAIN30BAHbI, U I HHUX

0oJiee MOAXOIUT MPUOIMKEHNE CT1a00M CBS3H.
5.2. Knacrepuas moaeib

Yacto (Hampumep, MpH pacyeTax HECTEXMOMETPHUYECKUX KPHUCTAIIIOB)
1[eJIeCO00pa3HO PacCYUTATh JIUIb HEKOTOPHIA MHOTOATOMHBIM HIIM MOJIEKY-
JSpHBIA parMeHT KpucTaia — kiacrep. OCHOBHOM METOJ, UCTOIb3yEeMbIN

TSt 9TOM 1enu — meto Xaptpu-Doka. Hanbonee gacto st 3TOH 1ienu mpu-

MEHSIETCA ero KiacrtepHas Moaudukamus, u3BecTHas kak Xg-meton. Kymo-

HOBCKOC BSaHMOHeﬁCTBHC QJICKTPOHOB B 3TOM MCTOJC ITO-IIPC)KHEMY YUMUTLI-

BacCTCHA JIMIIb B CPCOHEM, d 06M6HHBII>'I moTcHuUall IpCACTABIIAACTCS B BUAC
Vy(r) = -3a[(3/87)p(r )]I*° 0,67 <a <1 (66)

Pasmep kimactepa orpanuduBaioT chepoil onpesesieHHOro pajanyca, a Kax-
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JIBIA aTOM KJIacTepa OKPYKaroT chepoid, paauyc KOTOpoi OJIM30K K ATOMHOMY
panuycy. YpaBHeHus Xaptpu-dPoka ¢ 0OMEHHBIM MOTeHIMAIOM Buaa (66)
pelaroT YUCICHHO ISl KaXA0ro aTOMHOTO (pparMeHTa, UCHOJIb3ys 3HAUCHUS
Ol, HaWTy4yIrM o0pa3oM BOCTIPOM3BOJSIINE aTOMHbIE cBoiicTBa. Ha rpanuimax
MeXay (parMeHTaMHu OpOUTANIM «CIIMBAIOT», HAKJIaAbIBast TpeOOBaHUE UX He-
MPEPHIBHOCTH U KOHEYHOCTU UX MPOU3BOIHBIX.

HecMoTps Ha KaXyIyrocs M3JIMIIHIOK MPOCTOTY, X,-METOA JAeT XO-
poliee  KOJWYECTBEHHOE OMNMCAHUE  JIOKAJW30BAHHBIX COCTOSIHUM W
MOBEPXHOCTHBIX 3¢ (dexToB. Ero MOXHO NpUMEHSATh M B pacuerax 30HHOU
CTPYKTYPBI TBEPIBIX TE€J, UCHOJB3YSI METOJ «IOTPYKEHHOTO» KJIACTepa: MpHU
ATOM OJIHOAJIEKTPOHHBIE (QYHKIIUU PACKIAABIBAIOT MO 0A3UCY, BKIIOYAIOIIEMY
KaK JIOKalu30BaHHble opOuTanu, Tak U (pyHkuuu bioxa. Takoil moaxon
YCIEUIHO MPUMEHSETCA Il U3YUYEHUST XMMHUYECKOU CBS3M B TBEPHABIX TEAX,
VX MarHUTHBIX CBOWCTB U JIp.

KitacrepHast MOA€Nb JIETKO NOIYCKAET y4ET KOPPESLMHU JIEKTPOHOB,
KOTOPBIN MOXET ObITh peaJu30BaH KaK C MOMOIIbI0 METOJja KOH(PUTYpaAIMOH-
HOIO B3aMMOJECHCTBUS, TaK U B pPaMKaxX TEOpUM BO3MylUleHUHM MEéEmepa-

[Tneccera. BpeMs pacdeToB mpu 3TOM 3aMETHO BO3pPACTACT.



