Jlexmus Nell

B3aumopencreue Mexay (poHOHAMHU

Ha mnpeaplaynmx JeKIMsIX paccMaTpUBAIUCh — DJIEMEHTapHbIE BO30YXKIACHUS
KpUCTaJla — (OHOHBI, COOTBETCTBYIOIIME KOJEOAHUSM aTOMOB, MOTEHIMAIbHAS
DHEPIUsl KOTOPBIX COJEpXKajga TOJIBKO WICHBI, KBAaJpPAaTUYHBIE I10 CMEILECHUAM
aTOMOB M3 PAaBHOBECHBIX IOJIOKEHUM. B 3TOM mpulOinkeHuu, KOTOpoe MPUHSITO
Ha3bIBaTh FAPMOHUYECKUM, Ollepatop I'amMuibTOHA KpUCTalila UMEET BUJ

i = zham( B s+ j (1)

rae bigh s - omeparop umciaa (JOHOHOB S-i BETBH C BOJHOBBIM BEKTOPOM k B

COCTOSIHMH  |V,s). OmepaTop umcna QOHOHOB h'h s KOMMyTHpyeT ¢

raMuiIbTOHHAHOM (1), Mo3TOMY YHUCIIO (DOHOHOB B KaXKJIOM COCTOSTHHM SIBIISICTCS
WHTErpajoM ABUKEHHUS, TO €CTh, coxpaHsercs. ClienoBaTesbHO, B TApPMOHUYECKOM
npuoIMKEHUU (POHOHBI HE3ABUCUMBI M HE B3aUMOACHCTBYIOT MEXKIY COOOM.

Takas mpocTas KapTHHA HapylaeTcss IMPU yYE€Te B  Pa3JIOKEHUU
MOTEHIUAIbBHOW SHEPruM KpHUCTaUla [0 CTENEHSIM CMEIIEHH aTOMOB U3
MOJIOKEHUI PAaBHOBECHSI WICHOB KYOMYECKUX U 00Jiee BBICOKON CTETICHH, TO €CTh,
€CJIM K Pa3JIOAKEHUIO

|\>||—\

2 Ve (=M )
MBI J0OABUM CJIaraeMbl
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Takue ciaraemple Ha3bIBAIOTCA AaHTAPMOHUYECKUMH ITOIIPABKAMH.
Ecnu B mocneqneM BbIpaKEHUH 3aMEHUTH CMEILIEHHUS I, ONEPATOPaMHU f,,

. [ eS (k)
rna 2mN k a)s(k) ¢ks eXp Ink) (4)

rIe

&kS :h<,S +6—+k,S7 (5)

TO IIOJIYYUM OIICPATOP aHT'APMOHHUYCCKOI'0O BOSMYIICHUA



W = ZV$’t (q’ K, k') ¢—qt¢k$¢k'5’ ) (6)

rac

Ve (kK = %zvm(m)eg)(—q)egS>(k)e§S'>(k')exp[i(kn+k'|)], (7)

rac
q=g+k+k'. (8)

BekTop g nubo paBeH HyJHO, JUOO TAKOMY BEKTOpPY OOpaTHOM pelIeTKH, IpH
KOTOPOM BOJIHOBOM BEKTOpP ¢ OCTaeTcsl B epBoi 30He bpuimosna. Cnaraemsie B
(7), cooTBeTcTBYyIOIME 3HAYCHUSM ( TpU g#0, OTBETCTBEHHBI 3a IIPOIIECCHI,
KOTOpBIE TIOJyYHJIM Ha3BaHUE MPoOLecchl mepedpoca.

MMeeTcs TOJNBKO 4YeThIpE TUIIA MATPUYHBIX 3JIEMEHTOB omeparopa W Ha
(QyHKIMAX OT YKMCeN 3aMOMHEHHS |V,g) . VIMU ABIAIOTCS MaTPUYHBIC 3I€MEHTHI

Vst (q’ k 1k')\/ VaVisVs <V—qt “LVe s - 16-(]@5@'3' ‘V—qt Vks Vk'3'> ' 9)

Vss’t (q’ k ’kl)\/ (Vqt + 1) VisVks <V—qt + 1’VkS -1y k'S :‘-B—Jrqt&sads' ‘V—qt Vis Vk's'> (10)

Y SPMHUTOBO COIPSDKCHHBIC VM.

Marpuynblie 31eMeHTH (9) COOTBETCTBYIOT MPOIECCaM MCYE3HOBEHHS TPEX
(GoToHOB. MaTpHuHBIE AJIEMEHTHI, UM CONPSIKEHHBIE, COOTBETCTBYIOT IMPOIECcCaM
poxneHus Tpex (GoToHOB. Bce 3TH mporiecchl 3ampeiieHbl 3aKOHOM COXpPaHEeHUs
SHEPTHH.

Marpuynbie snemeHTs! (10) ONHMCHIBAaIOT MPOIECCHI CIUSIHUS TBYX (DOHOHOB
B OJIMH; COTPSDKCHHBIC UM MATPUYHBIE JIEMEHTHI OMMCHIBAIOT MPOIIECCHI PacIiaia
omHoro (OHOHAa Ha JaBa JApPyrux (mpuBecTH puUcyHKH). [Iporecchl ciastHUA |
pacraga MOTYT MPOUCXOAHUTH TOJILKO IPH BBIMOJHEHUH 3aKOHA COXPaHCHHS
YHEPTUU

@ (q)=axs(k)+awy (k). (11)

Ecmu npu stoM q=k +k', TO coxpaHsercs U KBa3uuUMMyjibC (poHoHOB. Ecnu xe
OCYIIECTBIISIETCS TIpoIiecC rnepedpoca,

g=k+k'+g,

rac g - BEKTOp O6paTHOﬁ PCUICTKH, TO KBa3UUMITYJILC HE COXPAaHsACTCH.



Takum >xe 00pa3oM MOXKHO MOKa3aTh, YTO yUET B MOTEHIIMATHLHOW SHEPTHUU
YJIEHOB YETBEPTOrO0 MOpsSiAKAa MO CMEIICHUSM aTOMOB  TNPUBOAUT K
4eThIPeX(POHOHHBIM TpOIECCaM, B KOTOPBIX JBa (DOHOHA paccenBaroTCs JIPyr Ha
npyre, Wi (OHOH pacrajaeTcs Ha TpHU APYrux, Ju00 Tpu (HOHOHA CIMBAIOTCS B
OJIVH.

AHrapMoHUYECKHE BO3MYIICHUs OOYCIaBIMBAIOT TEIJIOBOE pacCHUIUpEHUe
KPUCTAJJIOB U YCTAHOBJICHHE TEPMOJIMHAMUYECKOTO paBHOBECHS cpeau (DOHOHOB.
OHU OTBETCTBEHHBI 32 MOSIBJICHHE KOHEYHOW TEIUIONPOBOJHOCTH TBEPJBIX TEIl.
Kak Bnepsbeie mokaszan [laiiepyic, KOHEYHas TEIJIOMPOBOAHOCTh HEMPOBOISIINX
KpPHUCTAJUIOB 00YCIIOBJICHA MpoIeccamMu iepedpoca.

@®oHOHHAS TEIJIOEMKOCTh TBEPIAbLIX TEJI.

B kpucramie B KaXIOM KBAaHTOBOM COCTOSHHHM K,S MOXKET OBITh
BO30yKA€HO Ir000e 4ucio Vs (GoHoHOB. CrenoBaTenpbHO (HaMHM 3TO YXKe

MOTYEPKUBAIOCH), (OHOHBI O00pa3ylOT «Ta3» KBa3WYACTHI], IOTIUHSIIONIHXCS
cratuctuke bose. M3-3a B3aumoneicTBus Mexay (oHOHaMH, OOYCIOBIECHHOTO
aHrapMoHUYeCKUMH 3 dexTamu, duciio (GOHOHOB B KPUCTAIIE HE COXpaHSIETCS.
OHu mepepacnpeAessItoTCs M0 pa3HbIM KBAHTOBBIM COCTOSIHUSIM TakKMM 00paszoM,
YTO HACTYMAEeT TEIUIOBOE pPABHOBECHE, €CJIM KPUCTAUI HAXOAUTCA TMPH
OIPENEIICHHON TeMIepaType.

JInsi BBIUMCIICHUS] CPEIHUX SHEPrudl (POHOHOB MPH TEPMOJUHAMUYECKOM
PaBHOBECUU CJIEAYET HANOMHUTh HEKOTOPBIE TIOJOKEHUS CTAaTUCTUYECKOM
(bU3UKH, KOTOPHIE HAa MPEABIIYIIHX JEKIUIX PACCMAaTPUBAIHUCH 00JIee TOAPOOHO.

CocTosiHME CUCTEMBbI, HAaXOMSIICHCS B TEPMOJMHAMUYECKOM PABHOBECHUU,
OTIMCHIBACTCSI HE BOJHOBOW (DYHKIMEH, a CTaTUCTUYECKUM OMNEPaTOpOM HWIIU
MaTpULEH IUIOTHOCTH. MaTpuua IUIOTHOCTH JJIsi CHUCTEMBI, HAXOMSLIEHUCS NpU
MIOCTOSIHHOM TeMIEPATyPE U JaBJIECHUH, ONPEIEISIETCS BBIPAKECHUEM

A A

W=exp&@_’u’\l, ©=«T, (12)

rie ©, Kak BUIUM, MPEACTABISET COOOW TeMIeparypy B DSHEPreTHUYECKUX
enuHMIAX, H - omepatop [aMHUIBTOHA CHCTEMBI, N - OMIepaTop YKcia YacTUIl, 4 -
XUMHUYECKHNA  IMOTEHIHAII, OTHECEHHBII K  OJHOM  YacTHIIE, () -
TEPMOJMHAMUYECKNN MOTEHIINAN B IEPEMEHHBIX U U ©.

Martpuiia mIoTHOCTA OMHUCHIBAET CUCTEMBI, KOTOPbIE MOTYT OOMEHUBATHCS
DHEPrUEd M YaCTULUAMH C OKPYXAKIIMM TEPMOCTATOM, TO €CTh, CHCTEMBI,
HAXONAIIMECs TPU TIOCTOSHHOW Temreparype W JaBicHud P (0oabmioi
KAaHOHMYeCKHii aHcaM0.b). TepMOIMHAMUYCCKUN TIOTESHITHANT OTPECIIACTCS U3
YCJIOBUSI HOPMUPOBKHA MATPHULIbI INIOTHOCTH:

Sw=1, d=-Oln ao{exp%}. (13)



XUMHYECKUMN MNOTCHOUAJI CUCTCMBI OIIPEACIIACTCA YCJIIOBUCM

ﬂ:(aﬁj
oN O,P,

rae N - oblee YMCiIo YaCTHIL B CUCTEME.

C MOMOIIBI0O MATPHIIBI IIOTHOCTH, KaK yKe OTMEYanoch HAMM, MOXKHO
BBIUMCIIMTH CpeJHee 3HaueHHe 060 (U3MIECKO BENMUMHBI A, €CIH M3BECTEH
ee omepatop A:

A= WA.

B wactHOCTH, cpemHee uncino yactull N B CHCTEME OIPEAENSIETCS BhIpaKEHHEM
N = SowN .

Ecnu uucio qacTull B CUCTEMC COXPAHACTCs, TO OTUM PABCHCTBOM OIIPECACIISACTCS B
HEABHOM BUJIC XUMHYECKUH MNOTCHIO KAl B TCpMHHAX N u ©. Ecau uyucio qaCTHUILl B
CUCTCMC HC COXPaHACTCA, TO PABHOBCCHOC COCTOAHHE CHUCTCMBI OIIPCACIIACTCA
YCIOBUEM MHHHMYMa TCPMOJUHAMHWYCCKOIO0 IIOTCHOMAIa II0 OTHOIICHHUIO K
N3MCHCHUIO YHCJIa YaCTHUI]
(),
o,P

Takum 00pa3oM, B paBHOBECHOM COCTOSSHUM CHCTEM C IEPEMEHHBIM YHCIOM
gactul (Hampumep, B cucteMe (POHOHOB) XMMHUYECKHI TOTEHIIMA PaBeH HyIo. B
3TOM ciy4yae CBOOOJHAs 3HEPrus F CHCTEMBI COBMANaeT C TEPMOAMHAMUYECKUM
NOTEHIaJIoOM @, TaK KakK B 00IEM Cirydae

F=d+uN.

CnenoBartesbHO, oTcro1a U U3 (13) BeITEKAeT:
G
F=-OInS exp(—gj : (14)

3Hast cB00OIHYI0 SHEpruio (14), MOKHO BBEIUUCIIUTE CPEAHEE 3HAUCHUE SHEPTHH

E:F—G)a—F:—OZi(Ej. (15)
00 00\ O



Kak u paHec, B MPCAbIAYIIUX JICKIUAX, IPCAIIOJIIONKUM, YTO COCTOSHUA
qacCTull B CUCTEME XapaKTCPUIYIOTCA Ha60pOM KBAHTOBBIX UMCEI S U O1IepaTophbI
9HCPIruu H u guciaa yactul N NpEACTABIAIOTCA BBIPAXKCHUSIMUA

A=Y H., N=YK.. (16)
S S

B mnpencraBieHun umcen 3amnojHEHUs COCTOSHUM S 1 4vactul bose
BOJIHOBBIE (DYHKIHH |Vg) SBIAIOTCA COOCTBEHHBIMU (DYHKLHMAMH OIEpPaTopoB H n

N, TO eCTb,
|:|S|V5>=ES|VS>, NS|VS>=VS|VS>.

[ToaTOMY, Kak HAMU YK€ JIeJIaJioCh,

-1

Sp{expL} Z expL {1— exé%}

vs=0

Torna TepMoIUHAMHYECKUI MOTEHIMAN ®. COCTOSIHUA S B cOOTBEeTCTBUM ¢ (13)
obpeTtaeT BU/I:

®, =0In {1— exp'u_TES} :

CpCI[HCC qucCjio I7S JaCTull B 3TOM COCTOAHHNN

g=-%s- 1 (17)
ou 6o -1

[IpuMeHUM TMOJy4YeHHBbIE COOTHOIIEHHS K (oHOHAM B KpucTtae. Ux
COCTOSIHUSI XApPAKTEPU3YIOTCS BOJHOBBIM BEKTOPOM K M YKa3aHHEM BETBU
Konebanuii a. Ilpm 5TOM, cumTas, 4TO SHEPIrHsl OTCUUTHIBACTCS OT DHEPTUU
OCHOBHOI'O COCTOsiHMS E,, omeparop ['aMMibTOHa M 4YuClaa 4YacTUL MOKHO

3aIIiuCcaThb B BUJIC
H =3 he, (k)b b, +W, N=3 B0, ,
k,a k,a

rie W - omepaTop aHrapMOHMYECKHX MOMPABOK. DTOT ONEpaTop BHOCHT MAlblii
BKJIaJl B OJHEPrut0 (POHOHOB, OJHAKO OH OO0ECHEYMBAET YCTAHOBJICHUE
TEPMOJIMHAMHYECKOTO PABHOBECHUSI B CUCTEME M OTBETCTBEH HE COXPaHEHHUE YHCIIa
¢dboHoHOB. B nanbHeieM Mbl OyZeM YYUTBIBaTh 3TOT ONEPATOpP HESIBHO TOJIBKO
TEM, 4TO MOJIOKUM 4 =0.



Wrak, nonaras B (17) =0, mpumeM K CIEAYIONIMM BBIPAKEHUSIM IS
CpeIHero yuciaa (OHOHOB B COCTOSIHUU ‘vk]a>

Ve o = T (18)

F=0=)®,,=0>In {1— expr(k)}
k,a k.a

Oco0eHHO TPOCTO MOKET OBITh BBIYMCIEHA CBOOOJHAS IHEPIHsl HM30TPOIHBIX
KPUCTAJUIOB B MPEAEIBHBIX CIIy4asiX HU3KUX U BBICOKMX TEMIIEPATYP.
Huskue Tremneparypsl.
[Ipenmonokum, 4To TeMIeparypa TakoBa, YTO BO30YXKAAIOTCS TOJBKO (POHOHBI
aKyCTHYECKOM BETBU C DJHEPTUEH, PONIOPLIMOHAIBHON BOJITHOBOMY BEKTOPY
ha, (k) =nV,k, ak,., =0,1,

max

rae V, - CKOpOCTh 3ByKa COOTBETCTBYIOIIEH BeTBM KosieOaHuid. [lo mopsnaky
BenmuuuHbl V, ~10°cm/cek. Ecium a~10°cMm, 10 A, =hV, K, ., =10"3pr. Takum

a’ “max
0o0pa3oM, IIOCTABICHHBIC BHINIE YCIOBHUS BBINOJIHSIOTCS, €CIH TeMIepaTypa
Kpucrajia MeHbie 10°K .
[Tpu GosbioM ymciie N 3JI€MEHTapHBIX SYEEK B KPUCTALIE CyMMHUPOBAHUE
o k B ¢popmyiie (18) MoxkeT OBITH 3aMEHEHO HHTETPUPOBAHUEM

max

_ _ NV de?
Y. (2,7)321 mpms [

k,a a o

Ecau BBecTH najgee o003HaYeHUE

e

a

BBIPAXXCHUC OJIA F MO’HO 3anucaTh B BUJIC

3vNO hw
F=—~—(dwIn{1-exp—},
272\/3! { 9}

I7Ie BEpXHUI Tpeaen B MHTErpajie paclpoCTpaHeH 0 OECKOHEYHOCTH, TaK Kak
OoJbIlIMEe YacTOThl BHOCAT NPEHEOPEKMMO Manblii BKiIaa. BBoas HOByro
NIEPEMEHHYIO



Y UHTETPUPYS MO YaCTsM, OJIYyIUM

__WN To!
30(hV )

Otcrona noJiHas SHeprusi POHOHOB MOKET OBbITh HailieHa 1o ¢popmyse

E=-0° i(Ej = VN—”2@4
00\O0) 104V Y

4qTO Ja€T BO3MOXKHOCTB OIMPCACIUTL TCIIJIOCMKOCTh CANHUIIBI oO0beMa Kpucrajiaia

1 0E - 20 21K

) a:m, (19)

rac K - IOCTOAHHAaA BOHLHMaHa.

Bbicokue TemmepaTypsbl.
Ecnmu BbINOJIHSAETCST HEPaBEHCTBO /i, (K) <© 1t Bcex (hoHOHOB, To (18)

MOJXHO 3aMCHUTDB HpI/I6J'II/I)KeHHBIM BBIPA’KCHUCM

F=0) In{rw,(k)/6} . (20)

B atom ciywae nosHast sHeprus gaercs Gopmysoit

d0(F

E=-0*—|—=|=3(No-1)0=3N0o,
00\ 6

A€ O - YUCJIO aTOMOB B JJIEMEHTAPHOU sYEMKE KpUcCTauia. TenmoeMKOCTh Ke

€IMHHULIBI 00beMa KpucTalia

Cpennne TemMneparypsbl.

[Ipu cpennux TemmepaTypax BBIUYMCICHHE CBOOOJHON »Hepruu (HOHOHOB C

NOMOUIbI0 MPHUBENCHHBIX BbIIe (QopMya TpedyeT 3HAHMS SIBHOTO BHJAA

3aBUCUMOCTH ), (k). IlpubnmxenHoe BbpIUUCIEHHE Oa3zuMpyeTcs Ha CIEAYIOIINX

YIIPOILIEHUSAX

a) I[lpu BbluMCIeHMHM BKJIaAa B F  ONTHYECKUX (POHOHOB MpeHEOperaroT

3aBUCHMOCTBIO UX YaCTOTHI OT BOJIHOBOTO BeKTOpa (MpuOImKeHne JifHIITElHA)
@, (K) = w0,



F =ON> In {1— exp(——hg"o j} ,

rie CYMMHPOBAaHUE PACIPOCTpaHsSETCs] HA 30 -3 BETBU ONTHUECKUX KojieOaHui
KpHUCTajuia, cojepxamniero N 3JIeMEHTApHBIX SUYEEK C 0 aTOMaMH B KaXKIOM.

0) Ilpu BBIYKMCICHMM BKJIaJa B CBOOOJHYIO DHEPIHI0 aKyCTHYECKHX (DOHOHOB
UCIIONIb3YIOT Npudam:kenue Jlebasi. IT0 npubOIMKEHUE COCTOUT B TOM, YTO
sHEprus (POHOHOB TPEX aKyCTUUECKUX BETBEH KOJEOAHUI MOJararoTcsi paBHbIMU

VK, ecu k<a,, IV,

o, { (21)

0, ecmu k>agnaxl\7 ,
rIe
12 1)
V=2| Z+=
3 Vi 'V
'CPC,Z[HHH CKOpOCTB aKYCTI/I‘ICCKI/IX q)OHOHOB, a BCIIMYHMHA a)max OHpC,Z[CJ'IHCTCH n3

yCJIOBUA, YyTOOBI X MOJHOE YHUCJI0, BBIYUCIIEIEMOC C IIOMOIIBIO MHTCTpAJIa

3N “e Wap,,
2V j dax = 2

paBHs0Cch 3N . M3 3TOT0 yCnoBHS MOJIydyaeM
1/3
_y (6772 j
Vv

Torna cBoGoHAs 3HEpTHs F,. aKyCTHYECKUX (DOHOHOB BBIYMCIIAETCS C MOMOIIBIO
BeIpakeHus (18)

_9WN© hew
Fa°_w°’ jdwafln{l exp{ @j}

max

BBoas mepemeHHyro x=hw/© u 1ebaeBCKyl0 TeMmIlepaTypy O, =i

max?

I1I0CJIE
HHTCTPUPOBAHUA 110 YACTAM I1OJIydaeM OKOHYATCIIbHOC BBIPA’KCHUC

F,. =wWo{3In(1-e¥)-D(¢)}, £=0,/0

rIe



3‘( x3dx
Ee-1

JGE

- pynkuus Jlebas, umerorias aCHMITOTUKU

1—§5+2—1052, f<1
D(¢)=1 (22)

5 +0(e7%), &>1.

[lonnas OHEPIrusg aKyCTUUYCCKHUX (1)OHOHOB B KPUCTAJJIC JACTCA BBIPAXKCHHUEM

E=3vNGOD(¢),
OTKyada MOKCT OBLITH BBIYMCIIEHA TEMJIOEMKOCTh CIAWHHUIIBI o0beMa Kpucrtajuia

cvzsk[D(g)wa[;—g)j, fz%.

[IpocTtora neGaeBCKOro MPUOJMIKEHHS COCTOMT B TOM, YTO BECh CIIEKTP
aKyCTHYeCKUX (HOHOHOB KpHCTalsla BBIPOKAETCS 4Yepe3 OJIWH MapameTp —
nedaeBckyro Temneparypy O, =kT,. B Tabmuue mnpuBeneHsl 3HAUYECHUS

nebaeBCKON TEMITEpaTyPhI 711 HEKOTOPHIX KPUCTAJIIOB:

Kpucrami Pb KBr NaCl Canmas

T,, K 90 180 280 2000




