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rae V,—3HaueHHe BeqMUHHBL V), NI GaMKafIIero cocegHero
y3ja (B KyOHYECKOM KpHCTaJJe JJs BCEX ILIECTH COCEIHHX
v3JI0B BeJaHuMHa V), OyjeT oAHHaKoBOH). [las BaieHTHOrO
3JIEKTPOHA CJCAYET yJepKarb eIle HEeCKOJbKO CJaraeMbiX
kak B Vp, Tak u B [,. linTepsan sHaueHud, B KOTOPOM
usmensiercsl €, (k) npu usmenenun k, nmaspiBaeTcsl IIHPHHOH
30HH, B MPHUMEpE, K KOTOPOMY oTHOCHTCS ¢opMyaa (14.51),
sTa BeauuuHa paBHa 12|V,|. YUroObl BHYUHCAHTE IIHPHHY
30HBI, MBI JIOJ2KHBI, KOHEYHO, BHIOpaTb HEKYIO MOJEab AJs
nepuojuueckoro Mnorennuana V (r). Hampumep, B rauectBe
npocToro npHOaMmKeHHs Aaf V(r) MOXHO BBHIGpaTb CyMMY
aTOMHBIX NoTeHnuanoB V,, (r):

V(r) = 2 Vo (r—n). (14.52)

[Ipu TakoM BEeIope cIBUT V, MaJ mo BeJHYHHE H OTpHIia-
TeJeH, IIOCKOJBKY BXoisuice B Bulpaxenue (14.50) Bosmy-
menye OYEHb MaJo B IIEHTPANbHOH siuelike, i€ BOJIHOBbLIE
¢ynxuuy @, (r) BeTUKH, H, KpOME€ TOTO, BCIOAY OTpHILa-
teapHo. Ilo Tof ke npuuuHe BesnuwumHa V, BCioAy oTpHIla-
TeNbHA.

B Gosee TOYHBIX BLIUMCICHHSX 30HHOH CTPYKTYpH [3, 4]
HeoGxoxuMo BhIGHpath V (r) Gosee TILATENBHO, NOCKOMBKY
npu BuiGope (14.52) naspHOmefCTBYHOWUA XapaxTep aToM-
HOro NOTEHIWana NpuBeleT K ToMy, uto paubt (14.49) 6yayr
CXOIUTbCH JIMIIb OUeHb MeNJeHHO. ¥ jo6uee Buibpath V (r)
B BHJE CYMMHl JIOKa/M30BaHHHIX NOTEHIHA/OB, NOJOOHBIX
noTeHIlHa/laM CBOOOJHOTO aTOMa KJIM HOHA B MaJoi o6acT
aTOMHOI'O pasMepa M PaBHBIX HYJIO BCIOLY BHE 3TOH 06JacTH.
Torpa smepruu e,, cjenyer BHIUHCAATH QA 3THX IMOTEH-
1026 00): B

§ 5. KOJIEBAHH S PEHIETKH

Kose6anus pemeTky MOXKHO HCCJAEN0BATh METOAAMH, U3JI0-
XEHHBIMH B T, 6 ang MosekyJ. Mbl HauHeM C OJHOMEPHOH
MOJEJNH OJHOATOMHOTO KpHCTanaJa, T. €. COBOKYIHOCTH TOXK-
JleCTBEHHBIX aTOMOB, DACIOJOXEHHBIX BJOJb NpPSAMOM JHHHH
Ha PaBHBIX PaccTOSHUSAX 4 OJUH OT Apyroro. B nampHedinem
Mbl 0606MM pe3y.IbTaThl Ha CcJyyad TpexX H3MEpeHu# ¢ nHe-
CKOJIbKUMH aTOMaMH B 3/eMeHTapHOH suelike.
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A. OpHomepHas OJHOATOMHAasA pelleTKa

Kak 6b10 mnokasaHo B Ii. 6, HopMaJbHBIE KoJeGaHus
(MOZBI) JOJIKHBI IPeo0pa3OBEIBATBCA COTJIACHO HENPUBOAHMBLIM
NpeJCcTaBJIEHUSAM I'PYNNE cHMMeTPHH. B naHHOH 3apaue ato
03HAyaeT, 4YTO HOPMaJbHble MOJB! JOIXKHBI KJACCHQHIMPOBATh-
€5 O HHJEKCY &k, MPUYEM OHH MOTYT GHITH IIOJIYUeHBI MyTeM
NpoeKTHpOBaHusI. XOTS B paccMaTpUBaeMOH 3Jlech NPOCTOH
3ajiaye ¢ PAaBHBIMUH MacCaMH NMPUHIMI «B3BELIMBAHHS» BeJHUHH
MOXKHO HE NPUMEHSITh, MBI BCE 3KE COXPAHUM €r0 H HCHONb3YeM
HenocpeicTBeHHO (opmyJsl H3 Ti. 6. OCIMME BHA cMeleHUA
3ajlaeTcd BEKTOpOM ( B BEKTOPHOM IPOCTPaHCTBe, pasMep-
HOCTb KOTOPOTo paBHa uyHcty aroMoB. OGo3HaunM uepes e (1)
CMellleHHe n-To atoMa Ha BeauwuHHy M=-'/: u BBejeM 0603Ha-

o
yenne q= 2 q,M":e(n), Tae g,—CMelleyne n-ro aroMa,
n

umemwomero maccy M.

Torna cmemenue u'®, obGnaparoniee cuMMeTpHeli R, MOXKHO
HOMYYUTb NyTeM npoekTHpoBaHusA ¢ e (0) [aHaJOrHyHO TOMY,
Kak 3To clenaHo B dopmyane (14.39)]:

u'® = Ylexp (ikna) T (n) e(0) =
= Y exp (ikna) e (n). (14.53)

B srom oxHOMepHOM cayuae k= |k[=2nk,/a [B Tex xe
ob6osHaueHHAX, 4To H B ¢opmyne (14.9)]. Dro paBeHcrso
aHaJorHyHo paBeHCTBY (6.34) B 3amaye O MOJEKYJSIPHBIX
KoJe6aHuAX.

CumeuteHue u'®, moJiyyeHHoe TakUM crocoboM, sIBasfercs
eJUHCTBEHHBIM, TaK K4K [pPOEKTHPOBAHHE CO CMEIIEHUS HA
ApyroM yane ‘Jajo Obl TOYHO TAaKOE XKe CMEIleHHe (XOTA,
MoXeT ObTb, M C JApyruM (asoBbM MHoXHTedeMm). Orcioga
caenyer, 410 u'® JOMKHO GbITb HOPMAABHBIM CMEINEHHEM H
4TO NpPH KaXJIOM R MMeeTCs BCEro JHilb OfHA HOpMaJbHAs
Moza.

UYacroTta 3Tofi HOpMaJabHOH MOAK! JaeTcs dopmyoil (6.35)
M NOJyYaeTcss cpasy, €cJH U3BecTeH BUJ MNOTEHUHANbHON
SHEPrHH KpHCTa/qsa NpH JIOCBX CMEIHEHHAX ero aToMoOB.
Ecay npuHATh A5 Hee BoipaxeHue (6.1), nonmyckas gowmi-
JIEKCHbIE 3HAU€HHS BEJMYHH g,

1 .
V=32 BunGidms (14.54)

n, m
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rje B JaHHOM cJyyae ¢,—CMeIleHue n-ro atoma, To ¢op-
myJaa (6.35) npumer Buj

2 M=1B,,, exp (— ikna) exp (ikma)

P= L= . 1 .55
Ok Z exp (— ikna) exp (ikma) §,,,, (14.55)

n,m

[TIpn 3ToM, MOCKCJBKY cMelleHKe ‘¥’ KOMIJIeKCHOe, CJIeAyeT
HCIOJIb30BaTh KOMIIEKCHYIO GopMy (3.7) Aasl CKaasgpHBIX
npoussefiennit B Gopmyae (6.35).] B cumy TpaHCAANHOHHON
WHBAPHAHTHOCTH TIOCTOSIHHBIE B, MOTyT 3aBHCeTb JHUIIb OT
pasHOCTH n—m; NO3TOMY, BBOAS NEPEMEHHYI0 p=n—m
u sanuceiBas B, smecto B,,, nosayuaem

or=M-"TY [2 B,exp (— ikp'a)] /2] ] =
n p n
=M= 3 B, exp (— ikpa).} (14.56)
p

CucreMmofi ONUCAHHOTO THIA ABJASETCH, B YaCTHOCTH, OLHO-
MepHAsl Lenouka aTOMOB paBHOM Maccel M, kKaxApiil U3 KOTO-
pbIX CBf3aH €O CBOMMH OJIHMKaHIIUMH CcoCeJsMH 3aKOHOM
I'yka ¢ moayaem yopyrecTn A. IloTeBluanbHYIO ZHEpPTHIO
MOXKHO 3alucaTb B BHJe

1 1
V=g Mea— )= » 25— 2 mr+ )
n n

uau (mocsie 3aMeHbl «HEMOTO» HHJEKca CyMMHPOBanHs B He-
KOTOPBIX CJlaraeMbix)

F 1 .
=-§_-. }LZ (qu‘_qnqn-l_qnqn+1)-

Taxum o6pasom, noTeHUKaAbHas sHeprus V umeer BUA (14. 54).
rae B,,=2k, B,,=—»A Ias OauxafUliX COCEJHHX Y3JI0B
¥ B,,=0 a1 BCex oCTajbHBIX nap aromos. M3 ¢opM yint
(14.56) noayuaem

w0} = 37 [2h—Nexp'(— ika) — M exp (ika)] =

2M
= A—/r?(l —cos ka).
Tpadux zaBucumocts ‘w oT 'k mpepcrassieH Ha puc. 14.7.
I'pannus sonbl BpunniosHa HAXONATCSA NPH 3HaueHHsX —=1/a,
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a noJiyueHHasl KpuBas uMeeT GoJibllloe CXOJACTBO C COOTBET-
cTByiomell KPUBOH JJIsl HUSIIEH 30HEL COCTOSIHHH 3JIeKTPOHOB
B MOJieJi CBOGOAHBIX 3JEKTPOHOB. BHIPOXKJEHHE COCTOSHHH
C DPOTHBOMNOJIOXKHHIMH 3HAYEHHAMH £ 00YCJIOBJIEHO TEM, YTO
paccMaTpuBaeMblll  KpHcTaan o6aafaeT ToueyHOH TIPymnmoH
¢ uHBepcHOHHOH cummerpued (§ 9).

o

S
P H

0
Puc. 14.7.

CyuiecTBeHHOE Pa3iiMyHe MEXIY Pe3yJIbTaTaMu, MOJAyYeH-
HBIMH 37¢Ch ¥ B TJI. §, COCTOMT B TOM, 4YTO B rJ. 6 CHekTp
4acTOT HOPMaNbHBIX KosedaHul OblM JIMCKPETHHIM, a B JaH-
HOM CJydae OH OKAa3aJCsd HENPEepPHBHLIM. DT0 00bACHALTCA
TeM, YTO Mbl B3AJAM OGECKOHEYHVIO Leloyky. Ecau orpasu-
YHTbCA LENoYyKoH KoHewHoH mmiuni (¢ N aromavu), to He-
npepolBHas KpuBas puc. [4.7 pacnagerca na N OTAGTBHLIX
TOYEK, COOTBETCTBYIOUINX N  SKBUAMCTAHTHRIM  3Haue-
uusaM k. Ho B peanbunix kpucrasnax uucno N CToJb BeJHKO,
4TO PasJuyHe MeXAY ZUCKPETHBIM U HEMPEepLIBHLIM CIIEKTPAMU
IPaKTHYECKH CTHPAeTCH.

b. TpexmepHble KPHCTAAABH ¢ HECKOJABKHMHA aTtomMamH
B 3JIEMEHTapHO# guelixe

OGofmuM H3noxKeHHOe B i, A Ha ciayua#l TpexmMepHoro
KpUcTanna ¢ § aroMaMu B OJHOH 3/JeMCHTAapHOH suefixe,
NOCTPOUB 3S OPTOHOPMHDPOBAHHHIX GA3HCHBIX BEKTOPOB, Tpe-
006Da3yIomiXCsa COrVIaCHO NpeAcTaBieHuIo k TpaHCaAUHONEON
rpynnel &, NyTeM IPOEKTHPOBAHHA HA KAXK/IOe H3 3s MUHEHHO-
HEe3aBHCHUMBIX aTOMHLIX CMellleHHH B oJHOH sdeiike. Kak u
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B Bhipaxenud (14.53), Takue cmeimieHus GyAyT UMETb BHJ
ul® = Y exp (ik-n) ey; (n), (14.57)
. n

rje e4; (n)—eauHHYHOe cMelleHue (BO «B3BELICHHOM» CMBICJIE)
i-To aToMa B fuelike n; HHJEKC =X, Y, Z YKasblBaeT Ha-
npaejenue cMmemenus. HopmanbHbie Monpl OyAyT HpeAcTaB-
JATb CO60H JuHeHHBle KOMOUHAUMH STHX 3S BEKTOPOB:

u® = 2 chuly). (14.58)

UtcCri HalTH HOpMaJbHBIE YacTOTH M KO3(PHLHEHTH
¢k, mocjefyeM MeToly ra. 6 M JAHATOHAIM3HDYEM 3sX 3s-
MaTpuly NOTeHUWaJbHOH 3Hepruu npu cMmemeHuax (14.58)
B Gasuce (14.57). B xauecTBe oueBujHOro 0GOOMEHUS BEIPa-
:kenusa (14.54) BoipasuM npexpe Bcero V uepes o6biuHblE
KOODJAMHATEL

1 *
V=35 E Biin, ¢ jmqGy (1) grj (M), (14.59)
£t iy jynygm
Tie ¢y (N)—IeKapToBH KOMIOHEHTHI (B {-M 'HampaBJIeHHH)
cMeleHust atomMa ¢ B sAuefike n. Torga us dopmyn (14.57)

u (14.58) BHAHO, 4TO MOJAEI, OTMeUYEHHBIE HHJIEKCOM Kk, HMeIOT
KOMIIOHEHTH BHJA

gk (n) = cf; exp (ik-n)/M;".

IMoacraBassa panHoe BhipaxkeHuwe B ¢opmynay (14.59), noay-
yaeM BeqanuuHy V B Moje k B cjaeaylomieM BHje:

ZEn ti Cn Cti(E )

‘ it'ij
rie

1
E%, t-,=mg Buio, 17p€xp (— tkep).  (14.60)

3mech BBejeHo 0O6O3HAUEHHE p=n—Im; HHJEKC O o0Go3Ha-
gaer J06yI0 (UKCHPOBAaHHYK s4efiky. Torza B KauecrBe
npocToro o6obuenus Gopmyast (6.35) MBI nmoJsyuaem, 4TO
BEJMUMHBl O ABJAAIOTCA COGCTBEHHHIMM 3HAYEHMSMH MATPH-
upt (14.60).

Uro6nl mokaszaTb, K YeMy HPHBOIHT Hajuune Gosee ueM
OJHOTO aToMa B 3JeMeHTapHOH  sAuefike, pacCMOTPHM OJHO-
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MEpHY0 LENOuKy C ABYMS aTOMaMH B 3JIeMEHTAapHOH auellke
H 3akoHoM I'yka mnas BsauMogelicTBHA Gaukalimux cocefeit
(puc. 14.8). B sToMm ciyuae noTeHLHaIbHas SHEPTHA HMEET BUL

=1 T Mg () — s ()] 42 () =g, (1— )]} =
— 20 30122 () + 242 () — 4 (1) 42 (1) — 1 () g2 () —
—q: (") q, (n— 1)—“72 (n) g (n+ 1)]

(B mocseHeM paBeHCTBE MBI NPOM3BETH 3aMeHY «HEMOro»
uHlekca cymmupoBanus n). Torza kospduuuentsl By, vp

a
B S S—
M, M, A 1 -
G TTTSTO TT T VST O U @ TS DT TSI ¢ ¢ o
1 2 1 2 1 2 1 2
-1 n n+1 n+a
Puc. 14.8.

B OJHOMEDHOM aHajore Boipaxenns (14.59) npuMyT BHJA

BIO, 10 = Bzo, 20— 2,

B2o, 10 =B10, 20 = Bw. a-1 =Bzo. = A,

a KOPHH oy MaTpuubl E 6yAyT HafifieHbl Kak pelleHHe ypas-
HEeHUA

2 A

A 1 " 2 . =0,
- M1M2)1/2[ +exp (—.-l a)] —M;_(Dk

ot [+ ) () — s (—cosia ).

Ha  puc. 14.9 rpaduuecku npeicTaBjeHa ' 3aBHCHMOCTb
®f oT k B nepBoi 30He BpHiIOIHA. DTa 3aBUCUMOCTH BHOBb
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O6HapyXKHBaeT GoJbIIOe CXOACTBO C KPHUBHIMH JHCHIEDCHH IS
MOJENH CBOGONHBIX 3JEKTPOHOB B JBYX HH3IIKX 30HaX. Ecau
R0GaBHTh B 3JIEMEHTapHYIO AUEHKY ellle HECKOJIbKO aTOMOB, TO
COOTBETCTBEHHO BO3pacTeT H UYMC/JAO 30H, TaK YTO BCeria
KaXkJoMy aToMy B 3JeMeHTapHOH siuelike OyJeT COOTBETCTBO-
BaTh OJHA 3HepreTHyecKasl 3oHa. [Ipu k& — 0 BenuunHa of
TaKke CTPEMHTCH K HYJI0, H €CJIH MBI IPOKBAHTyeM KoJseba-
HMS, KaK 3T0 OBIO CJAENAHO B TJ. 6, TO NMOAYYHM KBAHTEI
BO30YKIeHuH, HasbiBaeMbie (DOHOHAMM,

2
@y

i
N
S ————

>

6]
Puc. 14.9,

B cayuae Tpex usmepenull marpuna E, ssemenTH KOTO-
pofi pawotca dopmyaolt (14.60), 6yzer uMeTh pasMepHOCTBb
35X 3s, Tak YTO NpPH KaxKAOM 3Hauedunu k OyJeT CyHIECTBO-
BaTb 3s KOpHeH. DTo 03HAYACT, YTO KaxKIoH 30He Ha puc. 14.9
GyAyT COOTBETCTBOBAaTb TPH 30HHL B TPEXMEPHOM CJyuae.
Tpu HuxHMe 30HBI KacaloTca B Touke k=0; npu k=0 ouu
COOTBETCTBYIOT TpPEM TPAHCHSILHOHHLIM CTENEeHAM CBOGOIH,
KOTOpHIE caMu 110 cefe He ABJAIOTCS KoJaebaTejbHBIMH.

B xpucraamax ¢ ToyeyHOH cHMMeTpHEH MOTYT BOSHHKATHb
BLIPOXKJEHHS B 0COOHIX TOYKax 3oubl Dpuisiosna, kKak, Ha-
npuMep, BROJb HalpaBJeHHMA C BpallaTeNbHOH CHUMMeTpHeH.
Ilpu Takux spauenusx k MaTpuna E momer ObITh YacTHYHO
AHaroHaJMsHpoBaHa Ha OCHOBAHUH COOOpaXKeHU# CUMMETPUH
(nozpobuee cM, § 9).



