Jlexkus Ne9

Onruyeckue (POHOHBI.

MDOHOHBI B OJHOMEPHOM KPHUCTAJLJIE C IBYMS aTOMAaMH B 3JIeMEHTAPHOU
AYeHKe.

[Ipenmonoxum, 4T0O B OJHOMEPHOW PEHIETKE B KaXKJIOU SIIEMEHTAPHOU
syelike MMEITCs JaBa atomMa ¢ mMaccamu M, u M, (PucyHok). I[lomoxeHue

AIIEMEHTApHBIX AYEEK OINpEAeNseTCs BEKTOpoM pemeTku N =na. CmemeHus
aTOMOB M3 paBHOBeCHbIX moyoxeHwid O w a/2 B sneMeHTapHOU sYelKe ¢
BEKTOpPOM N 00o3Haunm OykBamu ¢, u ¢, ,. KuHeTndeckas sHeprusi OTKIOHCHUH

aATOMOB M3 PaBHOBCCHBIX MOJIOKEHUU UMEET HpOCTOﬁ BUA
K=1%"m & a=12 1
~ A5 aSna Tl ( )
2 n,a

B rapmoHnueckoM mpuOIMKEHUU MPU yueTe B3aUMOJIEUCTBUS TOJBKO COCEIHUX
aTOMOB MOTEHIMAIbHAS YHEPTHUS BhIPAXKAETCS KBaIpaTUUHON (HOPMYJIIOit

U= g;{z(fnl - C(n,Z)2 + (En i En—a' ,2)2 t+ (En 2 E”Jra ]) 2} ! (2)

rae )y - Ko3(pUIMEHT, XapaKTepu3yIOUINi CUiibl B3auMojencTBusa. B kauectBe
I'PaHUYHBIX YCIIOBHI BBIOMpaeM paBeHCTBA (IUKINYECKUE TPAHNYHBIE YCIOBHS):

En,a = n+Na,a ! a= 1’ 21 (3)

rae N - 4ducio syeek B KpucTasuie.
Ot cmemenunii ¢,, ynoOHO TMEpeHTH K KOJUIEKTHUBHBIM II€PEMEHHBIM

e,(k)A, c moMoIIbI0 COOTHOIICHHIA:
o =(MN)"> e, (k) A exp(ikn), (4)

rne €,(k)=e,(-k) - BemecTBeHHBIE TOCTOSHHBIE (QYHKIWH, MOJICKAIINE

onpezeneHuio, K - mpuBeACHHbBIN BOJIHOBOM BEKTOp, MpuHUMaromuid N 3HadeHwHi
B mepBoii 30He bpmmmosHa. M3 ycnoBus BeIIECTBEHHOCTH CMeIleHWid &,

CIeAyeT, UYTO 3aBUCAIIME OT BpPEMEHH OOOOIIECHHBIE KOOPIWHATHI JTOJKHBI
YAOBJIETBOPATH YCIOBUSIM



A=A,

I/ICHOHBSYH 3TO 0OCTOSITENLCTBO U YUUTBIBAA PAaBCHCTBA

%Zﬂ:exp{in(k -k} =8y, %Zk:exp{ik (n-n")} =3, (5)

nociie noactanoBku (4) B (1) u (2) monydnm:

=%Zea(k)ea(k)A<A_k U =% > Ds(K)e,(K)e;(K)AA,, a,4=12, (6)

k.a.B
rac

D, (k) =4y /m;, D, (k)=4y/m,, (7)

Dyu(K) = Diy(~k) = Diyk) = -—L— (1+ exp(ika))

ALLUL'

- MAaTPUYHBIE JNIEMEHTHI CUIIOBON Matpuibl D 5 (K).

Kak w Ha mpempimymied IEKIWW, WCIOIB3YS TMOJYyYCHHBIE BBIPAKEHUS,
coctaBuM (yHkmuro Jlarpanxa

L=K-U.

Torna ypaBuenus Jlarpanxka

dfoL) oL \
—|—|-—=0,qg=¢,(k)A,
dt[d(J aq q (A

NPUMYT BUJI:

&, (K)A +2 D(k)e;(K)A =0. (8)
B

Orta cucreMa aud depeHnnanbHbIX YpaBHEHUHN C TOMOIIBIO MTOACTAHOBKHU

A == (K)A

npeoOpa3yeTcss B CHCTEMY JHHEWHBIX OJHOPOJHBIX anreOpandecKuX ypaBHEHHA
OTHOCHUTEBHO Hen3BeCTHBIX pyHkmi €, (K)



a?(K)e, (k) = Y Dys(k)e, (k) =0. (©)
B

YcnoBre paspeiMMOCTH 3TOM CHCTEMBI YPABHEHUN CBOJMTCS K PABEHCTBY HYJIIO
ONIPENEIUTEIIS

D, (k) — & (k)| = 0. (10)

Vcnione3ys manee sBHbIE BBIpOKEHUs i KOMIOHEHT matpunbl D, (K), merko

HaWTH CIICYIONINE JIBa BEIPAXKEHUS JJIs1 YACTOTHI a)z(k) IUIA KaKI0ro 3HayeHus K

ol L | L4 pka
aﬂ@-&{ﬂ+(DJﬂ2rwm$ﬁ2}, (11)

rre S=1,2u g=mm,/(m +m,) - npuBeacHHAs Macca BYX aTOMOB.
JIBe pa3nuuHble (QYHKIHUU ONPEAEIIIOT JBE Pa3iUYHbIC BETBH KOJIECOAHHH.

[Tpn ka< 1 3t1 QYyHKIUH UMEIOT BHI:
2\m+m,’

/ 4 | . ,ka
ky = | —Z— —
a (K) " ‘&n >

y 2u . ,ka 1%
kK)=2 [+ |1-——"—sif— |= 2|~
) ﬂ{ m +m, 2} H

Takum oOpazom, Bugum, uto Bua pyakmmn ) (K) B npenene ka< 1 coBmamaer ¢

BUAOM, XapaKTepmy}omeﬁ qaCTOTbl aKyCTHYCCKHX BOJIH C OJHHMM aTOMOM B
BHCMCHTapHOﬁ H‘ICﬁKC, CCJIM CUUTAaTh, YTO MacCcCa 3TOro aroMa paBHa CyMMC MacCC

m +m,. Ilostomy «j(K) Ha3pBaeTcs aKyCTHYeCKOW BETBBIO KOJICOAHHIA.

Oynkumsa w,(K) xapakrepusyer kojeOaHHs, YaCTOTHI KOTOPBIX HE CTPEMSATCS K

HYJIF0 TIpu npuOmmkeHnn K K 1eHTpy 30HbI bpwimosna. OHH ONpenessioT
ONTHUYECKYIO BETBb KoyieOaHui. XapakTep oOIIed 3aBUCHUMOCTH 3THX (DYHKIUN
Hn300pakeH Ha PUCYHKe.



[ToxacTaBisis Tenepb HaWICHHBIC BBIPAKEHUS I 4acTOT B ypaBHeHus (9),
TIOJTY4UM ypaBHEHHE ISt onpeneseHust GyHkuui €, (K)

ki (K)€,s(K) = X Dys(K)eps (k) = 0. (13)
B

Pemienusi, cOOTBETCTByIOIME pPa3HbIM S, OPTOTOHAJIBHBI MEXIYy CO00M. OTH
pelIeHUs] OMPEACNISIIOTCS C TOYHOCTBIO J0 TOCTOSIHHOM, KOTOpas MOXET ObITh
HaliJIeHa U3 yCJIOBUS HOPMUPOBKH

€,s(K)Eys (K) = O - (13)
2

Wcnonb3yss ypaBHenue (13) u siBHBIE BBIpaXECHHS I DJIEMEHTOB CHJIOBOM
marpunsl D, (K), npunem k crenyromemy BHIPOKEHHIO

0 Jm,| ¥ -

OTHOIICHHE JKEe aMIUTUTY]T CMEIICHUI B COOTBETCTBUH C (4) naeTcs BRIpaKEHUEM

(k)| _es(k) ym 15)
6.(K) ) es(k) ym,

[Mpu mampix Ka<1l OTHOILICHHE aMILIUTYJ, CMEIICHHH B aKyCTHYECKOW BETBH
KOJIeOaHui

Enl(k)

=1>0,

enz(k) ac
TO €CTh, arOMbl B OJHOM DJIEMEHTApDHOM suYeiike KONeOIIoTCS B OJHOM
HaIlpaBJICHUH. B onTuueckoi BeTBU KoaeOaHUl IMEEM B TOM K€ HpI/I6HI/I)KeHI/II/I

$uK)) __m, _

e,()),, m

WMHpIMU CcOBaMH, B JIaHHOM CJy4Yae aTOMbl COBEPIIAIOT KOJEOAaHHsSI B pPa3HBIX
HANpaBJICHUSAX C aMIUTUTyJaMH, OOpaTHO MPOMOPLHOHAIBHBIMU HX MaccaM. B
UOHHBIX  KpHUCTaulaX B DJJEMEHTAPHYIO  S4E€HKYy  BXOAAT  HMOHBI €
IPOTUBOMNOJIOKHBIMUA 3apsanamMu. llosromy ontuueckue KojeOaHUs CBSI3aHBI C



OONBIIMM  HW3MEHEHHEM JUIIOJIBHOTO MOMEHTa s4eiiku. OHu  onmpenensiorT
ONTHYECKOE TOBEJEHUE KpucTaila B d3Tod obnactu yactoT. [locnennee
00CTOSITEIBLCTBO U ONPABJLIBAET HA3BAHKE ATOM BETBU KOJICOaAHU.

[leperinem Tenepp K KBAaHTOBAHWIO PACCMOTPEHHOM CUCTEMBI. B
COOTBETCTBUM C IPOAHAIM3UPOBAHHBIMU  DPEHIEHUSMH KUHETHYECKas U
NOTEHIMAIbHAs YHEPTUU MOTYT OBbITh 3aIHCAHbI B BUJIE:

K=2 3 ek, af=12 (16)

k,a,S,S

== % Dy(keses (KA,

k,a,S,S

C yuetom opmyi (13)u (13a) 3tr BepakeHUS peoOpa3yroTCs K BUIY:
1o 1
K __ZAGA—kS’ U __Zaé(k)AkSA—kS' (17)
2%s 2%s

O000111eHHOM KoOpauHaTe A o COOTBETCTBYET 0000OIIEHHBIM UMITYJIBC P!

oL :
Rs == = Aus

0As
CJ'ICI[OB&TCJ'IBHO, KJIIaCCHUYCCKas (I)YHKHI/ISI ["'amMuiabpTOHA 3aMUCHIBACTCS B BUAC

H= %Z{ PksP—kS + a’é(k)AkSA—kS} ' (18)

k,S

[lepexoq Kk KBaHTOBOMY ormeparopy [aMuiabTOHa COBEpIIAETCS 3aMEHOU
COMPSDKEHHBIX KOOPAUHAT U UMITYJILCOB ONEPATOPAMHU

As - 'aks = ﬁ{&s"'&ks}’ Rs - ISks =i #{&8_6—k8}’ (19)

TAc onepaTopnl lis 41 li:s YAOBJICTBOPAIOT HICPCCTAHOBOYHBIM COOTHOIICHUAM
[Be.bs [70dss, [ Bsibis |20 (20)

B CHJy TOro O00CTOSTENbCTBA, 4TO omnepatopel Ag U Py yaoBIeTBOpPSIOT
KOMMYTaIlMOHHBIM COOTHOLIEHUSAM



['Bks’ FA)ks] =110 05 -

B cootBerctBun ¢ dopmynamu (18) - (20) oneparop ['amuiabTOHA MOXKET
OBITh 3aITMCaH B PUBLIYHOM YK€ JIJIS HAC BUJIE

H :Zhaak){ti:s&a%}- (21)

Omneparop ke CMEIIEHUN aTOMOB JIa€TCs BEIPAXKECHUEM

go= | " Cs(k) {lis + Bfks} exp(ikn).

2Nm, i3 /ws(k)

@oHOHBI B TPEXMEPHOM KpHCTAJLIIE

JIns mpoCTOTHI paccCMOTPUM OAHOATOMHBIE KpucTauibl. [Iycte M - macca
aroma u I, (a@=1,2,3) - Tpu KOMIIOHEHTHI BEKTOpa CMEIICHHUS aToMa U3 y3ia
AYEUKH, OIpenesnsieMorn BeKTopoMm N. Torma kKuHETHUYECKasl dHEPrUsl CMELICHUN
aTOMOB M3 ITOJIOXKEHUS PABHOBECHUS BBIPA3UTCS 4YEpe3 CKOPOCTU [, CMEIEHUH

bopmyoit

K =%Zr§,, (@=1,2,3) 22)

B TpexmepHOM KpucCTayie 4YHCIO COCeled Yy KakJAOro aromMa pacTer
IPOMOPIIMOHANIBHO ~ KBajpaTy  paccrosiHua. [losromy — 0OBIYHO — HEnb3d
OTPAaHWYMBATHCA yYETOM B3aUMOJEHCTBUS TOJNIBKO MEXAY OJmKalImMu
coceqsiMi. B COOTBETCTBHUM C 3TUM 3alUIIEM MTOTEHIUAIBHYIO SHEPTHUIO KpHUCTaJLIa
B TAPMOHUYECKOM MPUOJIMIKEHUHN B BUJIE:

u=1 D> Vo (n=-mrr, (23)

I/ie KOMIIOHEHTBI TeH30pa BTOPOTO panra V,, (n - m) YAOBJIETBOPSAIOT YCIOBUAM

V;(n=m)=V,, (m-n), YV, (n-m)=0. (24)

[locnennee paBeHCTBO cleAyeT W3 TOrO OOCTOSITENbCTBA, 4YTO paBHA HYJIIO
CyMMapHas CUJia, IEeUCTBYIOIIAsl HA OTAEIbHBIA aTOM CO CTOPOHBI BCEX OCTaJIbHBIX



aTOMOB, €cii OHa OOYCJIOBIIEHa TIEPEHOCOM BCETO KpHUCTala Kak 1enoro. B
caMoM Jiele,

Fog = =5, = >V (n=mr,,.

[Ipu cMenieHnH KprcTailia Kak 1emoro, . =C, (cMelieHne He 3aBUCHT OT HOMepa
y3nal), umeem

Fop == Vs (n—m)c,.

Ho, mockonbKy mpu TakoM CMENICHUH JOJIKHO OBITH Fmﬂ =0, TO MBI HOJDKHBI

IPUPABHSTH HYIIO KOA(P(GUIMEHTHI IPU Ka)KJ0W KOMIIOHEHTE BEKTOpa C,, OTKyAa

U TIOJYYUM BTOpOE U3 yciioBuii (24).
Hcronb3yst naee MUKINYECKUE TPAaHINYHbBIC YCIOBHS U TPEAIOIOXKHB, YTO B
OCHOBHOM 00yacTi Kpuctaia umeercss N 3JIeMEHTApHBIX sSUYEeK, MepereM K

KOJUIEKTUBHBIM TIEpeMEHHBIM A = A, , KaK HEOJHOKPATHO HAMH YXKe€ JEeIaloch,
U TOMOIIY KAHOHUYECKUX MPeoOpa3z0oBaHMil:

r, =ﬁ2ea(k)ﬂ exp(kn), (a=1,2,3), (25)

rne €,(k) =e,(—k) - BemiecTBeHHbIE TIOCTOSHHBIE, KOTOPBIE OYAYT OIpeesICHbI
HIDKE. Y HUTapHOCTh MPeoOpa3oBaHmii 00€CIIeYMBAETCS YCIOBUSAMU:

L enlikl=a,. L Eedio-mxi=,

r7ie CyMMHUpOBaHue npou3BoauTcs no BceM N BekTopam pemeTkd N v no Bcem N
BOJIHOBBIM BEKTOpaM M3 IepBoM 30HBI bpmumosna. Ilocie cooTBETCTBYOIIMX
npeoOpa3oBaHUil MMOTydaeM

K =236, (e, (AA, U= Dy(ke, (e, (AA,  af=12, (26)

k.a,B8

rac

D,(K) = D}, (K) = D (k) = = TV, () expgkn) (27)

- BJIEMEHTHI CUJIOBOM MaTpPUIIbI.



Kak u panee, BBeneM ¢ynkuuto Jlarpamxka L = K —U . Toraa ypaBHeHus
Jlarpanxa

dfoL) oL
—| — |-—=0, =e,(k)A,
dt[aq) o npu g =€, (K)A

IMPUHUMAKOT BUI

&, (K)A +2 Dys(k)e;(k)A =0. (28)
B

C MOMOIIIBIO TOACTAHOBKHU

A =-alk)A

7tH U depeHIanbHble ypaBHEHUS IPeo0pa3yloTcs K anreOpanieckoi cucTeme
TpeX ypaBHEHUI OTHOCHUTENFHO TpeX Hen3BecTHhIX €, (K):

o (K)e, (k) = >, D,s(k)e;(k) =0. (29)
B

N3 ycrmoBHst HETPUBHAIIBHON Pa3pEeIIMMOCTH 3TUX YPAaBHEHUH CIEAYET
JVCIIEPCUOHHOE YPAaBHEHHE

|7 (k)& =D, (k)| =0, (30)

onpeaenstomnee 4actotbl wW(K) mmsa xkaxxmaoro 3HaueHus K .
D10 ypasHenue umeer Tpu kopua ak(K) (S=1,2,%). CoOTBETCTBEHHO

umeercss Tpu Bektopa €. (K). DTH BeKTOpH B3aUMHO OPTOTOHAJBHBI M

OnpeAeIAoTes U3 ypaBHeHHH (29) ¢ TOYHOCTBHIO O KOHCTAHTHI, KOTOpask MOXKET
OBITH OTIpe/IeIeHa U3 YCIOBUS

267 (K)EP (k) = O .

Ilpu k — O marpuunsie snementsl D, (k) B cootBetcTBHM ¢ (24), (27)cTpemsTcs
K Hyir0. [TosToMy mpenenbHbIe 3HAYCHHSI BCEX TPEX YACTOT CTPEMATCS K HYIIIO
npu K — 0. DTu BEeTBHM HA3bIBAIOTCS TPEMsI BETBIMH aKyCTHUECKUX KOJIeOaHHIA.

B kpucTamiax KyOH4eckoi cHHroHu onuH u3 Bektopo € (K) HampasieH

Baonb K. CooTBercTBylomMe KoJeOaHHWsS Ha3bIBAIOTCS MPOAOJIBHBIMU. JIBOE
JIPYyrUX BEKTOPOB MEPIEHAUKYISIPHBIE MEXIy co00i M meprneHAuKyispHbie K .



OHH ompenessifoT BEeTBU TONEPEYHBIX KoJieOaHuid. B M30TpomHOM KpucTaiie
gactoTsl & (K) He 3aBucsT ot Hanpasnenus K . [Ipu 3Tom 1Be BETBH MOMEPEYHBIX

KoneOaHuii MMelT oaunHakoBblie 4YacToThl ¢ (K) miast kaxmoro K. Yacrora
HPOJOTIBHBIX Kosebanmii ¢ (K) 0OBIYHO BBIIIE YACTOT MOMEPEYHBIX KojeOaHuii. B

AHM30TPOMHBIX KpHCTAIaX TpH pemenus €. (K) B3aMMHO OpPTOTOHANBHBI,

OJJHAKO TOJIBKO AJIsI HCKOTOPBIX BBIACJICHHBIX HaHpaBHCHI/Iﬁ B KpHUCTAJJIC OJUH N3
BCKTOPOB HAIIpaBJICH BAOJIb K.

B cootsercTBuH ¢ Tpems pemeHusmu €. (K) cuctembl ypaHenwuii (29),

KOMIIOHEHThI CMEILICHUs] aTOMOB B KpUCTasie OyAyT OIpeAeNsThCsS TpeMms
KOJUIGKTUBHBIMH TE€PEMEHHBIMH A, JUIsI KaXaoro Bekropa K ¢ momomisio

BBIPAKCHUA
r, = \/_ Ze(s)(k)A(S expikn), S=1,2,% (31)

Kunernueckass M  TOTEHLMAJIbHAsE JHEPruM  KoyieOaHUW  MOTyT  OBITh
npeoOpa3oBaHbl K BULY:

K =23 Ak, A =aKAs U =Y (KA. (32)

OO6oO1eHHble UMIynbCsl P, compsbkeHHblE 000OLIEHHBIM KoopAMHATaM A,
OIPE/ENIAIOTCS PABEHCTBOM

d

Pks :aTA@(K _U) :A—kS'

Beipaxkas B (32) ckopocTH depe3 UMITYJIbChl, HAXOUM KJIACCUYECKYIO (DYHKIIHIO
['amunsTOHA

H=K+U = [Pkstswé(k)AksAks (33)

[Iepexox Kk KBaHTOBOMY ormeparopy [aMuibTOHa OCYHIECTBISETCS 3aMEHOU
00001IIEHHBIX KOOPAWHAT ¥ UMITYJIbCOB OIepaTOpamMHu:

As - 'aks = ﬁ (E&s + E):rks) , Rs~- ISkS = i\/%h%(k) (ﬁ:s _6—kS) , (34)



rne by u b -omeparopsl poXkaeHHs M YHUUTONKEHHS (POHOHOB B COCTOSHHUSIX
‘l/k5>, XapaKTEepU3yIOMINX YUCIO0 (OHOHOB KaxKAol BeTBU KosieOaHuii. OHHU

BBCACHBI TaKHUM o6pa30M, YTOOBI YAOBJICTBOPAJIUCH KOMMYTAallMOHHBIC
COOTHOIICHUA AJIA 0030HOB

[E&s’ a:s] =0 [E&s’ E&s] =0. (35)

B TCPMHUHAX BBCACHHBLIX OIICPATOPOB TaMWUIBbTOHHAH CHUCTCMBI MW OIICpaATOP
CMCUICHHA aTOMOB O6pCTaIOT BUL.

H =Zhag(k)[6:s@s+ﬂ, (36)

k,S

[@S + Bfks]expdkn ),  S=12,2 (37)

Taxum >xe 00pa3oM MOKHO HAWTH ONEPaTOPhl IPYrUX (U3NYECKUX BEIUYHMH, €CIIH
M3BECTHBI MX BBIPAKEHUS yepe3 00001eHHbIE KOOPAMHATHI U UMITYJIBCHI.
KoneGanuss aToMOB B KpuUCTajulax MPOSBISAIOTCS B psijae sABieHud. B
YaCTHOCTH, NpHU TOTJIOUICHMM U HCIyCKaHUU HWH(QpaKpacHOro CcBeTa, MpH
HEYIPYTOM PacCEesTHUH CBETa BUAMMBIX U MHPpPaKpaCcHBIX 4acToT (pamaH-3pdeKT);
OpU HEYNPYIrOM paccesHUU HEUTPOHOB, NPU HCCIEAOBAHUU PE30HAHCHOTO
NOTJIOIIEHUSI TaMMa-KBaHTOB siipamu atomMoB (3ddexkr Méccbayspa) u ap. B
pasHBIX SBJICHUSAX MPOSBISIIOTCS pa3Hble BeTBU KojebOauwmii. Hampumep,
NOTJIONICHHE M HCIIyCKaHWE CBETa CBS3aHO C POXKICHHEM M HCUYE3HOBEHHEM
(OHOHOB,  COOTBETCTBYIOIIMX  IIONEPEYHBIM  KOJIECOAHHUAM, H3MEHSIOUINM
ANIEKTPUUYECKUI TUNOJBHBI MOMEHT KpucTauia. PamaH-3QdexT cBsizaH ¢
(oHOHAMHU, COOTBETCTBYIOIIUM TONEPEYHBIM KOJIEOAHUSM aTOMOB, N3MEHSIOIINM
HOJSIPU3YEeMOCTh KpPUCTAJlIa, pacCesHUEe HEHTPOHOB CBSA3aHO C MPOAOJIbHBIMU
(oHOHAMU, KOTOPBIE BBI3BIBAIOT JIOKATbHbBIE H3MEHEHHS MIJIOTHOCTH KPUCTAILIA.



