Jlekuia 8

BirnepiBcbka kpucrajgizamis 'y ¢opmagizmi  ¢epmi-piaMHHOIO miaAX0MXy
Jlangay - Cuiina.

BeTyn 10 OHATTS BIrHEPiBCbKOI KPUCTAJI3ALIIL.

VY it nekmii po3riasHEMO Ie OMWH TpHKiIaa (a3oBoro mepexomy, IO
JIOMYCKa€e OMUC Y HAONMKEHHI cepeaHboro modist. Omuc mpocTopOBO-TIEPiOAMIHUX
CTPYKTYp, III0 BUHUKAIOTh Y CHJIBHO B3a€EMOJIIIOUUX CHCTEMaX 0ararbOX 4aCTUHOK
y METOMAMIIl CaMOy3ropKeHOro mojs (abo miaxoji CepeaHbOro IMOJjs), BIEpIIe
Oyno 3ampornoHoBano BiacoBum [1]. ®akrtmuno, y wiii poboti Oyia crpoba
noOynoBu kiacudHoi (He KBaHTOBOil) Teopii KpucTana, OCKUTBKM B Hil BCi
PO3TIISAAN TPYHTYBAIHMCS Ha 3HAXOPKEHHI IMPOCTOPOBO-TIEPIOJUYHHX PO3B’ 3KiB
PIBHSHHS JJI1 CaMOY3TODKEHOTO TIOTEHIlay B3a€EMOJil 3 BUKOPUCTAHHSIM
PIBHOBXHOTO pO3MOAUTy bonbliMaHa IS 4YaCTHHOK CHUCTeMH. KpuTHIli Takoro
MiJXO0ay, IO MOBHICTIO ITHOPYE, MO CYTi, KBAHTOBO-MEXAHIYHY MPUPOY SIBUIIA
KpUCTai3alii, NpPUCBAYEHO YMMajo poOiT, 1 3 1€l MNPUYMHU MU HE
3YNMUHATUMEMOCS Ha 1IbOMY. TUM OIbIIIE, 1110 B TaHIH JEKIIT HTUMETHCS 30BCIM HE
PO BJIACIBCBKY KpHUCTami3aliio. 3ayBaXMMO JIMINE, M0 OTpMMaHi BiacoBum
YMOBH  ICHYBaHHA  MPOCTOPOBO-TIEPIOAUYHUX  CTPYKTYp  mepeadadaroTb
NEepeBaKaHHSA CHJI TPUTATAHHS MK YacCTHHKAMU CHCTEMH HaJ CHJIAMH
BIJINITOBXYBAHHSI, 1[0 MA€ BUKOHYBATHUCS JJI 3BUYAHHUX KPUCTAIIIB.

KpucraniyHi cTpyKTYypH MOXYTh BUHUKATH ¥ y TOMY BHIIQJKy, KOJH MiX
CYCiIHIMU YacTHHKaMH (a00 KBa3i4aCTHHKAMH), 110 YTBOPIOIOTH TaKy MEPIOAUYHY
CTPYKTYPY, AIIOTHh CHJIM BIAIITOBXYBaHHS, a HE MPUTATYBaHHSI. OIHAK MPHU I[HOMY
HEO0OX1IHE 1CHYBaHHsI Oy/b-sSIKHMX 30BHIIIHIX IO BIJHOIIEHHIO JI0 JaHOI CHUCTEMU
T, 10 KOMITEHCYIOTh CHWJIM BIJIITOBXYBaHHS. MOJKJIMBICTh ICHYBaHHS TaKUX
CTpyKTyp Oyna mnpoimroctpoBana ime B 1934 Birnmepom [2] Ha mnpukianmi
KpUCTaTi3alii TPUBUMIPHOTO €JIEKTPOHHOTO Ta3y, IO 3HAXOJUThCA B TOJI
IIPOCTOPOBO-OTHOPITHOTO TO3UTHUBHOTO 3apsiay. Llelt mo3uTuBHUN 3apsin 1 rpaB

POJIb BHIIC3raaaHOIO (baKTopa, IO KOMIICHCYE CHJIN Bi,Z[IIITOBXYBaHHH MIK



HETaTUBHO 3apsKeHUMU enekTpoHamu. CIiijl 3a3HAYUTH, 110 MOKU 110 HE BJAIOCs
CTBOPHUTH €KCHEPUMEHTAIbHI YMOBH JJIsi CIIOCTEPEKEHHS IOTO ePeKTy (HIeThes
JIMIIE PO TPUBUMIPHY BICHEPOBY KpHCTali3alliio). Aje, MaOyTh, MPUYMHOIO Ii€i
00CTaBUHU € HE NPUHIUIOBA HEMOXJIMBICTh ICHYBAaHHA SIBHIA TPUBUMIPHOI
BITHEPIBCHKOI ~ KpHCTadi3aimii, a HEeMOXJHUBICTh 1i  EKCIEPUMEHTAILHOIO
CIIOCTEpEXKEHHS uepe3 cJIa0KICTh MPOsBIB ii ePeKTiB HA T 1HIITUX.

VY naniil nexmii MM BHKOPHUCTOBYEMO HJsi OMHCY (Pa3oBOro mepexomy,
MOB'SI3aHOT0 3 SIBUINEM  BITHEPIBCBKOI  KpHUCTaji3ailii, MeToau  Teopli
CaMOYy3roJDKEHOro mojsi, a came Teopii depmi-pinunu Jlannay-Cimina. Tomy

03HAIOMHUMOCS CIIOYATKY 3 MOJIOKEHHSIMH 1I1€1 Teopli.

OcHoBHi 3acaau Teopii pepmi-pinunn Jlangay - Curina.

ITlin HOpMaNbHOIO (EepMi-pIIMHO TPATUIINHO PO3YMIETHCS BHUPOKEHA
bepmi-piauHa (3apsakeHa ab0 HeWTpaibHA), [0 Ma€ MPH KBa314aCTHHKOBOMY
OTHCI OCHOBHI BJIACTMBOCTI (PEPMHOHIB, 1[0 HE B3a€EMOIIOTh. Take BU3HAYCHHS
HOpMaJbHOT (epMi-piIMHM Ma€ Ha yBa3l, IO CTaH ii PIBHOBAru € HAWOUIBII
CUMETPUYHHUM. [HIIUMHU cjoBaMH, (QYHKIIS PO3MOALLY, IO ONUCYE LIeW CTaH,
1HBapiaHTHA IO BIJHOIIEHHIO JO MPOCTOPOBUX TPAHCIALIN Ta TOBOPOTIB B
IMITYJIb,CHOMY Ta CIIIHOBOMY TipocTopax. He3Bakaroun Ha nMpupoaH1 BIAMIHHOCTI B
MOBEIHIII 3aps/KEHUX 1 HEUTpanbHUX (PepMi-piiiH, OCHOBOIOJIOKHI MPUHIIUIN
Teopii HopManbHOI depMi-pinuan Jlangay-CuiiHa, 110 BUBYA€ HHU3bKOJIEXKadi
30yJKEHHSI HA TJ1 PIBHOBAXKHOTO CTaHy, JO3BOJSIOTH MPHU OMHCI PALY SIBUI Y
CHUCTEMax B3a€EMOJIIOYMX (PEPMIOHIB HA MEBHUX YMOBAaX HEXTYBAaTH MUTAHHSIMU
HAsSBHOCTI 3apsliB y CTPYKTYpHUX OAWHHMIG. [lepimr HIX BUKIAAaTH OCHOBHI
MOJIOKEHHSI Teopii HOpMaibHOI (EepMHU-PIAMHM, HArajgaemMo, mo (QyHKIIA

posmoniny f (p) 1eabHOrO (pepMi-Ta3zy YaCTHHOK Ma€ BUTIIS!

B 1 _ -1 —
f(p)—{expﬂ[g(p)_ﬂ]”}, Zp:f(p)—N, =T,



N - umcno ¢epmioHiB y cuctemi, T - Temmeparypa. Y pasi ¢epmi-piauHu
CTPYKTYPHUMHU OJHWHHIISIMU € KBa314YaCTHHKU-()EPMIOHU 13 3aKOHOM JHCIIEPCIi

£(x,p) i gpynkuiero posnoniny f (x,p)

1
expple(x p)-u]+ :} '

f(x,p):{

Uucno KBa31YaCTUHOK Yy CHUCTEMI Ma€ CITBIAJATH 3 YMCJIOM YaCTUHOK-(EpPMIOHIB,

SIK1 CWJIBHO B3a€EMOJIIIOTH MiX COOOFO

deZf(x,p)=N.

OxkpiM TOJIOBHOI YMOBH 3aCTOCYBaHHS T€Opii HOpMaIbHOI (DepMi-piIMHH - MAJIOCTI

TeMIepaTypy B OPIBHAHHI 3 eHeprieto Depmi £

l <1
gF

HABKJIMBIIIUM TIOCTYJIATOM Teopii (K A HEWTPanbHOI, TaK 1 JUIS 3apsKeHOl
bepMi-piiMHM) € TOJOXKEHHS Mpo (YHKIIOHAIbHY 3aJCKHICTh  eHEpril

KBa319aCTUHKH E(X,p) BiJ QyHKIIi posmoniny f (X,p):

2 I I I I I
£(x,p) =¢, +\7_[dXZF(x—x;p,p)f (x',p'),
.

JI¢ BpaxoBaHO, IO CINH eJIeKTpoHa JopiBHIOE 1/2, omke, 2S+1= 2, 3Biaku i
ABiiika y Qopmyni. Y miid gpopmyii &, =p2/ 2m - eHeprisa BiUIbHOTO (hepMiOHY,
F (X—X';p,p') - Tak 3BaHa amIutnityaa Jlanmay, mo xapakTepusye MapHy
B3a€MOJII0 KBa3lYaCTMHOK. TakuM YHHOM, BHJHO, M0 BHUpa3 s (QyHKLIi
PO3MOIiTY KBa31YaCTHHOK €, TI0 CYTi, CKJIATHUM TPAHCIICHACHTHUM PIBHSIHHSM, IO
noB's3y€e (PyHKIIIT0 po3noauty 3 JlaHmay aMIUTITYI010 i €HEePTi€r0 HEB3aEMOTIFOUNX
depmioHiB. Ammutityaa Jlannay TeOpeTUYHO HE BU3HAYAETHCS, 11 XapaKTEpUCTUKU

MOBUHHI 3HAXOJAUTHUCH 13 EKCTIEPUMEHTIB.



Haramaemo Takox, muo Eneprin ®epmi— eHepris HaWBUIIOTO

3aIlIOBHEHOTO OJIHOYACTHHKOBOTO CTaHYy B CHUCTeMI (JEpMIOHIB MPH TeMIIepaTypi

a0COJIFOTHOTO HYJIs. J[J1s €IEKTPOHHOTO Ta3y

w2 (3N

2ml vV
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HeoOxiaHo Big3HA4YMTH, IO TEPMiH «eHepris depMi» TOCUTh 4acTO MOMHUIIKOBO

BXKMBAETHCS B 3HAUCHHI «XIMIYHUN MOTEHIIAI». 3HAYEHHSI XIMIYHOTO MOTEHIlaTy

s cucteMu (hepMioHIB 30iraeTbesi 3 eHepriero depMi TUIBKH MPH TEMIEpaTypi

a0COJIIOTHOTO HYJISA, TPOTE BIAPIZHSAIOTHCS MPU BUILUX TEMIEPATYpaX.

BaxxauBuM MOMEHTOM Teopii € BU3HAUEHHS YMOB CTIMKOCTI PIBHOBAXKHOTO
ctany (¢epmi-piaunu. Lle 3aBnanHs y MpOCTOPOBO-OAHOPITHOMY BUIAAKY BIIEpIIE
Oyno po3s’sizane Ilomepanuykom, sikuii chopMyntoBaB KpuTepili CTIHKOCTI

HOPMAJILHOTO CTaHy axk 10 Temmneparypu T =0:
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2 +1

>0

ne F - koediwieHT y po3KiIagaHHl IPOCTOPOBO-OAHOPIAHOI amILniTyau Jlannay
F(p.p') EJ'dx’F(x—x’;p,p’)

noosm3y moBepxHi Depwmi (p~ p ~ pF) y psan 3a mnojiHoMamu JlexaHapa

P(cosd)

F.R(cos?),

p~p'~pe

F(p.p')
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n
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ne & - Kyr Mik imoyiascamu P,p’ Ha moBepxHi Pepmi. Bemuunna V(é‘) €

IIITBHICTIO EHEPTEeTUYHUX CTaHIB 1 BUBHAYAETHCS BUPA30M

2
/(6)= e [P0l =<0)

IPUYOMY BHKOPHUCTOBYETHCS NMPU OOUYMCICHHS CUCTeMa OIWHUIG, e /=1, B
KiHIIeBUX (OpMyJiIaX PpO3MIPHICT MOXXEe OyTH BiJHOBJIEHa 0e3 0COOJUBHUX
TPYIHOIIIIB.

HeoOximHo 3a3HauuTH MpU [OMY HAcTynmHy oOctaBuHy. Kpurepii
[Tomepanuyka oTpuMaHi Al TeMmIepaTypH, L0 JOPIBHIOE HYJIO. Ane, B3arail
KOKy4H, HE MOXHa CTBEPJKYBAaTH, 110 MPU TMOPYIICHHI WX YMOB PiBHOBaKHUU
ctaH (¢hepMi-piIMHU SBHO HECTIMKUN 3a Oylb-sIKOi TemriepaTtypu. HaBnaku, MoxHa
MOKa3aTH, 10 HaBITh 3a MOpyIIeHHs Kputepito [loMmepandyka cTaH CTaTUCTUYHOI
pIBHOBaru HOPMaJIbHOI (epMU-PIIUHUA  3aJIUIIAETHCS  CTIMKMM 70 TEBHOI

TemnepaTypu T, 1 cTae HeCTIMKUM npH HUx4uX Temnepatypax T <T,. [Ipu upomy,

IPUPOJIHO, MAETHCS HA YBa3l JOTPUMAHHS TOJOBHOI YMOBH 3aCTOCYBaHHS (epmi-

PIIMHHOTO MIIXOAY l <1, & ~ (. Taka HECTIMKICTb OCHOBHOI'O CTaHy HMXKYe
F

3a TMEBHY TEMIIEpaTypy BKa3zye Ha MOKJIHUBICTH (Pa3oBHX MepexoAiB y depmi-

pIIMHM, TIOB'SI3aHUX 3 MopylieHHsAM kputepiiB [lomepanuyka. OmHUM 13 Takux

¢dazoBUX MEpexo/iB € BIrHEpIBChKa KpucTanizaiiss. DopMyBaHHS TaKOi CTPYKTYpHU

BHACIIIOK (pa30BOTO MEpPeXoy MOB's3aHe 3 MOPYIICHHSIM KpuTepito [lomepanuyka

Ha HyJbOBIM rapmoHiul F, y po3kiagaHHI IPOCTOPOBO-OJHOPIAHOI AMILIITYAH

Jlangay B psif 3a moinomamu Jlexanpa,
1+v(u)F,<0.

ITepexina, moB'A3aHM i3 NOPYLIEHHSAM TPAHC/ISANiHHOI iIHBAPIAHTHOCTI.



JIist ommcy Takoro Mepexojy 3 BUHUKHEHHSIM IPOCTOPOBO-TIEPIOIMIHUX
CTPYKTYp y CHCTeM1 HEOOXITHO 3HaWTH IPOCTOPOBO-TIEPIOAUYHI PO3B'SA3KU

PIBHSIHb CAaMOY3TOJIKEHHSI
2 I I I I I
£(x,p) =¢, +\7_[dXZF(x—x p.p) f(X.p),
=

1
expBe(xp)-u]+3

f(x,p)z{

Po3B’s13ku OyzemMo nrykaty y BUTIISIAL EPIOAUYHUX QYHKIIHN MO X

£(x,p) =;€q (p)expliax) =& (p) +&(x p),

JAc

&(p)=(e(x,p)), &(x,p) =2 &, (p)exp(iax)

qz0

1 AYXKKH <> O3HAYaITh YCEPEAHCHHs 3a mepiogamu (MOCTIHHUMH TIpaTku). Sk

JETKO 6a‘II/ITI/I, BCJIIMYMWHA g(X,p) MOXKC BBaXATHUCA Yy [OJaHOMY BHUIIAIKY

napaMeTpoM TOPSIKY HecuMeTpuyHoi Qa3u. BpaxoByroum Take ysBIICHHS,

piBHHHHH CaMOY3T0/IPKCHHS MOXKHA IIOJAaTH Y HACTYIIHOMY BI/II‘JIH,Z[i

1

e T IR

N2 , 1
WPy 2R )[{expﬁ[fo(p)+f(x p) =]+ ]}l -



ne
F,(p,p)= jdxF (x;p,p') exp(-igx)
- byp’ e-xomnonenTa ammitynu Jlannay. 3amnuc

1
{expBle,(p)+&(xp)- 1]+ 3 ),

O3Hauae, 110 B1J BUPa3y B IYXKKaX TaKOX Mae OyTu o0uuciaeHa Qyp'e-KOMIIOHEHTA.

[Tpunyctumo gami, 1O 3aJeXHICTh aMIUTITYIU Fq (p,p') BiJl HaAIpPsIMKIiB
. I . 1
BEKTOpIB P, P’ BH3HAYAETHCS JHUIIEC iX CKaSIpHEUM J00TKOM PP'. Y mpomy
] =~ . .
BUMNAJIKY PO3B'30K &, (p) MO’KHA IIIYKAaTH y BUIJISAI, B SKOMY BiH HE 3aJIC)KHTh

B1JI HAMPsSIMY IMITYJIBCY P,

: : , : : :
Kpim Toro, sKio mnpunycrard, mo ¢yakuis F, (p,p) MOBIJILHO 3MIHIOETHCS 31
3MIHOIO iMIyJIbCiB P, P', Bennunna &, ( p) TaKOX TMOBUTLHO 3MIHIOBATHMETHCS 31

3MiHOWO P. OCckigbKH, $SK CIHEiadbHO 3a3Hayvalocs, Teopia GdepMi-piIuHUA
. . I )
cnpaBennuBa MoOMM3y moBepxHI Depmi, (p~ p ~ pF), TO PpO3B’SI30K MOKHA

TaKOX IIYKAaTH Y BUIJISIAIL

(P)= e (0), i (p) = 1 00, (00,

ac fq ( pF ) = fF 3aJ10BOJIBHAE PIBHAHHA.



£‘F=Fq{n(,8,y—§(x,p))}q, q#0, F,=F, (P, pe)

1 BBeJICHO (hYHKIIIIO
_2 -1
n(B.1)=5 Y e Al 0)-1)]+ 1

3po3ymisio, 10 1 B TaKOMYy BHUMAJAKYy BUJ 3400yTUX PIBHSIHb CaMOY3TOKEHHS
JOCUTh CKJIQJHUN JJIS aHATITHYHOTO PO3B’s3Ky. Tomy 3poOumo 1€ KijgbKa
NPUITYIIEHb, 0 CHPOIIYIOTh CUTYalil0. PO3rissHeMO BUIIQAO0K OJHOMEPIOIUYHUX
CTPYKTYp y TpuBuMIipHii ¢epmi-pinunu. Hexall BuHHMKae Taka CTpyKTypa i3

nepiogomM X Y3J0BXK OCl X:

SIKIIO IIyKaTH TaKOX PO3B’SI30K OTPUMAHUX PIBHSAHB Y3TOJDKEHHS MOOIU3Y TOUKH

nepexoly, MOKHa BB@XAaTW BHACIIIOK LBOTO MapaMeTp MOPSAKY E‘(X, p) (v
JIAaHOMY BHIIAJIKY & =& ( Pe )) manuM. [I{ogo Bunucanux Gopmyi 1ie 03HaYaTUMe

CIIpaBeIJIUBICTh HEPIBHOCTI
|1 <|&(x,p).

VYHaCIi 0K bOT0 MAEMO:

(n(pu-e(xp)), =L el ), + LEUEL g )



10°n(B. 1) s
+§T3Iu{£ (x,p)}q + ...

3anumiaroud B LbOMY PO3KJIAJaHHl TIIbKA YJIEH MEpIIOTO TMOPSIKY Ta

BpPaxOBYIOUH, 10

6n(,8,,u){g(x,p)} :an(,B,,u)

— I E
ou ou

IPUIEMO 0 PIBHIHHS

on(pB, 1)

gF = _FngF .

BuHo, 1110 ocTaHHE PIBHSIHHS MOXKHA 3aJJ0BOJIBHUTH €JIMHUM CITIOCOOOM:

1+g, MBH) g

q a,U

3p03yMiJI0, 110 HACTIPAB/Al MU OTPUMAJIH PIBHSHHS, SKE MOB'SI3y€ BEKTOP 3BOPOTHOI
rpatku 3 TemmepaTypoio T =37, TUM caMUM BU3HAuYa€ThCs TeMmrepaTypa T,

¢dazoBoro mepexoay /A0 CTaHy 3 HPOCTOPOBO-NIEPIOAMYHOI0 CTPYKTYpPOIO —

BICHEPIBCBKOMY  KpUCTaly. Y  HHU3bKOTEMIICPATypHOMY HaOrkeHHI (IO

. . _l
T/, H=&, xomu ¢yHKIIA po3moOaiLy {exp[ Jé (80 ©)- ,u)] + Z} MOKE
npuiMaTHCS 33 «CXOJIUHKY>», TOOTO, OMMHUYHY (DYHKIIiFO) ISl TEMIIEpaTypa MOXKe
Oyt obumcieHa (perenT OOYHCIICHHS TaKUX 1HTETPalliB MOKHA 3HANTH B TOMI 5

Jlannay)

,__ 6 1+Fv(u)

T2 =- ¢,
0 nz qun(ﬂ) ! /’1 gF



Crip 3a3HaunTH, MO 1€ MOXKHA 3poOuTH juiie Ana Takux ¢(yHkuid F,, xomum
. . n
BenuunHa 1+ Fql/( ,u) € Manorw. binemr Toro, ockinbku V ( ,u) <0 (muB. Jlanmay),

TO BUIHO, IO T02 >0 TITBKH 32 YMOBH
1+Fy(u)<1,

IO € SIKpa3 BUMAJAKOM, IPOTHIICKHUM BIANOBITHOMY KpHuTepito [Tlomepanuyka.

Jlns BU3HAUEHHS K 3&JIEXKHOCTI & Bl TEMIEpaTypu HEOOXIJAHO
CKOPHCTATHUCSl HaBEJACHUM BHIIE PO3KIATaHHIM 3a MapaMeTpoM MOPSIKY aX 0
KyOIYHUX JTOAAHKIB I10 E‘(X,p) . B pesynbTati npuitnemo 10 BUpasy, TUIIOBOTO JJIs

Teopii (a3oBux nepexoxis Jlangay

& =AT,,q){T,-T,

Jie BEJIMYMHA A(To,q) BU3HAYAETHCS aMIUTiTY 010 JIanmay.

3a3HayMMO 1€ pa3, 10 MOKHU L0 EKCIEPUMEHTAIBHOrO MiATBEepIKEHHS
SIBHILA BITHEPIBCHKOI KPUCTAI3AIll]l €IEKTPOHIB Y TPUBUMIPHOMY BUIIAJKy HEMAE.
[IpaBna, HemoAaBHO 3'sIBUJIACS CTATTS, € CTBEPAXKYETHCS, L0 TaKy CTPYKTYpY
Branocsi chororpadypatu. [leBHY MOABIMHY KpHUCTATIYHY CTPYKTYPY, OCKUIBKU
ICHYe€ 1e 1 KpUCTaliuHa rpatka MO3UTHUBHUX 10HIB. AJie 1iel (akT Hapa3i BUMarae

T1ITBEPIPKCHHS.



[IpocTopoBo-TiepioUYHI CTaHU E€JIEKTPOHIB €KCIEPUMEHTAIbHO pealli3oBaHl Haj

MOBEPXHEIO TUTIBOK PIJIKOTO TEJIi0 HAJl METATICBUMU TT1KIIAIKAMH.

=== —_— — — —
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Jns ommcy Takux eQeKTiB Teopis CepeAHbOTro ToJisi Mae OyTH CYTTEBO

MoaudiKoBaHa.
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