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Hocm msxena XX7Z—Monedb y HaOIMKEHHI TBOYACTUHKOBOIO KJIacTepa 3 JTBOMa BapisiiiiHUM I
nmapaMmeTpaMu o, ©°. Harekocskay B3aeMomio J BpaXoBaHO B HaOIM ke HHI MOJIEKY IAPHOTO IO .
llns pizENX 3HauveHbL ITapaMeTpa aHl30TPOINL % (K** = vK, K* = KY = aK, J* = ~J,
J = J¥% = aJ, K — KOpOTKOCSH KHA B3a€MOﬂiﬂ) Ta JaJeKOCSKHOI B3aemomil J mobymoBami
dasosi misrpamu i orpuMani TeMneparypsi saixeskHocti {(S*), (S¥), enrpomnil, TemroeMmHoCTH TA
CTATUYHOlL COPpUAHATINBOCTH. |lokasaHo, mo mpu % > 1 HabaukeHHS TBOYaCTHHKOBOIO KJIacTepa
Ja€ HEKOPEKTHI pe3yJbTaTi B HU3BKOTEMIIepATy PHIl obaacTi.

Kiarouosi caosa: XX7Z-Monenb, HabINKeHHA TBOYACTHHKOBOTO KIacTepa.

PACS number: 75.10.Jm

I. BCTYII

Y cydacHIfi cTATUCTUYHIA DI3UIN 3HaAYHY yBary
OPUAIISAIOTEH JOCH1MHEHHIO CerHETOAKTUBHUX 1 MarHeT-
HIIX MaTeplsiaiB, sIKl OMICYOTHCSA MCEBIOCITIHOBIMIT MO-
gensimu. Tak, Aast TICEBIOCMIHOBUX CUCTEM 3 JMAJeKO-
CSAMKHUMU B3AEMOIISIMIU, & TAKO 3K 3 KOPOTKOCST3KHIIM I KO-
PeISIisIMI 38 HASIBHOCTH BEJMKOTO YKCAa HAO I 3HIIX
CYCiZiB MHMPOKO BUKOPUCTOBYIOTH PO3KIAIM 3a 0Bep-
HeHUM paaiycoMm Bsaemomil [1-4]. Y Bumauky nceBuo-
CTIHOBUX CHCTEM 3 KOPOTKOCSKHUME B3a€MOIiAMN (e~
PeBaKHO 3 ypaxXyBaHHAM JHlle HAHOIMKINX Cycimnip)
JOCTATHBO e€DEeKTUBHIM (0COBANBO IIA HU3BKODO3MIip-
HIUX CHCTEM) € MeTOJ KAacTepHWUX po3BuHeHL [5-16].
[Mpote icHye miauii psiq peyoBUH, N1 SKUX CYy TTEBUME €
eeKTUBHI TaJeKOCSKHI il KOPOTKOCS 3Kl B3aEMOII1 M1 3K
ncespocmuaaMu. Cepel HUX ¢4 BUILAUTHA HacaMIepen
CEeTHeTOAKTHUBHI MAaTeplsin TUIY Jai-be3nald, ¥ TOMY
YHCH1 CeTHETOAKTUBHI CITONY KU 3 BOJTHEBUMU 3B SI3KAMU,
a TaKo K KBa310JHOBIMMIPHI 1 KBa31IBOBUMIPHI MarHe THI
i1 cerHeToaKTUBHI crioayku. Mu tyT He OyleMo 3ymiu-
HSATUCS Ha 3 sCyBaHHI Pi3sUdHOl MpUpomu 0HOX THIIB
B3aeMOmli. ¥ KoKHIT KOHKpeTHI 3amayl 1le MUTaHHA BI-
Marae CHeristabHOTO posTasiny. Has aleKBaTHOTO OMUCY
TaKnX o0’ eKTIB HeOOX1AHUH TeopeTmuHnIi T aX1d, K
6u JTO3BOJUB 3aCTOCOBYBATU PI3HY TeXHIKY TIpU Bpa-
XyBaHHI KOPOTKOCSIMKHIX 1 JaJeKOCSKHIX B3aEMOIIM.
Bapto sayBasmuTy, o 3TajaHa BUIIE MaTeMaTIIHa ITPO-
O6lIeMa € TUMOBOIO OAs DaraToYacTHHKOBUX cucTeM. i
VCITIITHO BUPIITY BAJIK TIPW o0y I0BI MIKPOCKOIIYHOI Te-
opii meraxip [17-20] ra kracuunnx cucrem [21,22]. ¥
X poboTax maleKoCssKHI B3aeMoll ommcano y ¢aso-
BOMY MPOCTOPI KOJTECKTUBHUX 3MIHHUX, & KOPOTKOCS 3HI
— y ¢daszoBoMy mpocTopl 1HANBIAYAJIBHUX KOOPIIMHAT.
Roporkocss#ni B3aeMomil, TaKUM UWHOM, BlAITPAIOTH
HI6T Ba3MCHY POJIb CTOCOBHO JaMeKOCSKHIX B3aEMOTII.
Tomy nepepassso [21,22] cucreMy 3 KOPOTKOCS 3KHUMY

B3AEMOISIMI HA3UBAIOTH Ba3UCHOIO CUCTEMOI abo cH-
CTEMOTO BIATIKY .

BuropucroByroun iaeto BIUAIIEHHS 6a3MCHOl CUCTEME
[21,22], y poborax [23,24] masi KpUCTadiUHUX CTPYK-
Typ Byn1a mobymoBaHa MOCTIIOBHA TeoPis MCEBIOCITIHO-
BUX CHCTEM 3 KOPOTKOCS;KHUMU Ta JAaJeKOCSKHIMI
B3aemomisiMu. CI17 3ayBasKITH, IO OTPUMAH] B IINX PO-
BoTax 3araJbHl BUPAa3W JIs TEPMOTUHAMIUHUX Ta -
HAMIUHUX XapaKTepPUCTUK CHUCTEM, IO PO3TISIIAINCS,
MICTATH TePMOANHAMIYHI Ta KopeaAsAmiinl pyHKIT1 6asmc-
Hol cucteMu. JocnuTh ycminunii omme 6a3McHOl CUCTEMNT
MOsKe BYTU TOCSTHY Tl Ha OCHOBI METOMY KJIACTEPHUX
possutenb [5—15]. Onnak, Ha Kadb, KiacTepHUN Imia-
XiJT PO3BUHEHUN JUllle MJsi PO3PAXyHKY CTATHYHUX Xa-
PaKTEepPUCTUK MCEBIOCTIHOBUX cucTeM. ¥ 3B’SI3KY 3 TUM
JIy 3Ke BaKINBOIO MPOBIEMOIO € y3aralbHeHHS PO3BIHe-
HOro B pobotax [5—15] KaacrepHOTO i AXOLY AAs PO3pa-
XYHKY AMHAMIYHUX XapaKTepUuCTUK HasucHol cucTeMu. Y
pobori [25] mast Mmomeni Isunra msi npodaema BupileHa
pu oOMe ;KeHH] TePIIM TIOP SIAKOM KIAaCTePHOTO PO3BHU-
HEHHSA 33 JTBOYACTHHKOBIM KJIAcTepOM (Te # caMe, IO
HabIMHeHHA NBovYacTHHKOBoTO Kiacrepa (HIHK)). 3a-
[poroHoBaHa B [25] MeToMKa PO3PAXYHKY KODeJsiliii-
uux YHKINN ysaraibHeHa Jis BUNOAJKY KBAHTOBIX
CEeBIOCITIHOBNX CHUCTEM 31 CITIHOM % (BUpasm ans Ko-
penasmiunx PYHKINA ¥ ABHOMY BULASI OTPUMAHL 151
mogeni laiizenGepra) [26] Ta B poborax [27,28] nis Bu-
magKy [3UHTIBCHKUX MoJenell 3 TOBIMBLHUM 3HAUCHHSIM
criHy (BUpasy I KOpeJ A HnX by HKINA y ABHOMY BU-
rasa orpuMani mas mogeni Batoma—Ewmepi-T piditea).

MeToro 1€l poboTh € JOCHIANTH MeH 3aCTo-
CyBaHHs HABIUHEHHs ABOYACTHUHKOBOTO KIacTepa 3
JBOMa BApIAMIHUME TTapaMeTpaMi 33 KOPOTKOCS 3
HUMI B3a€MOJIAMEI TPU BPaXyBaHHHI TaJeKOCS HKHIX
B3aeMoJIiil y HaBamkeHH] MoaeKyasproro noas (HMIT)
anst XXZ—Modenl 31 CIiHOM % Tyt 6yayTh pospaxoBami
JAUIe TePMOANHAMIUHI XapaKTEPUCTUKU MOJENl, a Ho-
CIIIHEHHS THHAMIUHNX BAacTHBOCTEN (B 0baacTAX, Je
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HAKR nae KOpeKTHI pe3yJabTaTu AJAs TE€PMOIMHAMIUHIX
XapaKTepUCcTHK) 3pobUMO B HACTYTIHIH po6oTi.

II. TIOCTAHOBKA 3A OJAYI

Posrasinemo niceBnocnigosl cucteMn 3 S = l, SIK] OIIN-

2
CYIKOTBCs TaMIJBTOHISTHOM

%({hz, hf}) - _pH = i [hfo + hfo]

im1
+%ZK[75555+5+@(5 S5+ SV SZH)]
0,0
2ZJZJ [75252+a(5x5x+5y5y)}

i

(2.1)

Tyt mepmmit moJaHOK OMMCY€ B3a€MOIIIO JOKAI130Ba-
HIX aTOMHHMX MaTHETHNX MOMEHTIB 3 HeOITHODPIIHUMI
MaTHeTHUMH TOAAMN, APYTUH — OOMIHHY B3a€MOIIIO
ATOMHIX MarHeTHIX MOMEHTIB, 8 OCTaHHIHN J0JaHOK OII-
Cy€ MaleKOCssKHI B3a€MOMll MiyK MarHETHUMIT MOMEH-
ramu. S¢ (a = #,y, z) — nBopsAxai marpuri IMayni, v, o
— mapaMmeTpu aHisorpomi (Bunagok y = 0 Bigmosizae
XY-mozmeai, « = 0 — wmomeai Isunra, a v = « BLI-
nosigae Mogeni [afizenGepra). 3ayBassiMo, MO MHO ¥
muk 3 = (kpT)~! 6ynemo BuminsaTy ssHo (fioro MicTATH
hi, h¥, K, J;;) nuile B psiml KiHIEeBUX CIiBBIIHOIIEHE.

MeToto 1€l poboTH € HOCHIIKeHHS TepMOANHAMIU-
HIUX BracTuBocTell XXZ—Modendl B MePUIOMY IIO-
PADKY KIaCTEPHOTO PO3BUHEHHS 338 KOPOTKOCS KHIMI
B3aEMOIISIMI Ta B HAOIMKEHH] MOJTEKY IAPHOTO MO 32
IAJEKOCS KHUMU B3aEMOILAMIH.

Y pamrax HMII sa mamzeKOCS:HHUMI B3aE€MOIISIMEI
raMinbroHiAH (2.1) 306pa3uMo y BUDIALL

H({h h7y) = ({7
S DIRCHCHERIESE I

(2.2)

TyT BUKOpHCTaHe MO3HAYEHHS I 0a3MCHOIO TaMilb-
TOHISIHA:

(2.3)

U ({ aex}) = i [7.87 + 757 |

i=1
% C|Si S z+6+0‘(5 Siys + 57 Sz+6)i|

N

PRy Y S
ij=1
N
—hx—i—az

(2.4)

Baysasumo, mo (SY) = 0. lle aerko Gaunrn 3 cumerpii
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ramizbroHisna (2.1) BiaHocHo samiam Sy — —SY.
Has ]-"({hz, hx})*cbyHKL[ﬁ (rorapudma craTHCTIU-

HOI cyMI/I) B HMII 3a manekocs;xHUMIN B3aeMOIIsIMI Ha
ocHOBI (2.2) orpuMaemo:

]—"({hz, hf}) = InSpy 5 e (2.5)

:k}"({aez,aex}) ZJ”[

255) +aSEIST)

Je k}"({aez, aex}) —yHKIA — gorapmdM CTATUCTUYHOL
cymu HasncHoi cuctemn (2.3).

Kopeasmiitai dysKml Momeni (KyMyJIsHTHI cepeisi
BLI IICEBIOCIIHOBUX OIepaTOpiB 3a posmoiiioMm I 166ca
3 TaMiTBTOHISTHOM H ), IIyKATIMEMO TAKHM UMHOM:

] ]

<S“ IWW

5y ]-"({hz, hf}). (2.6)

Kopeasmiiai dbynrnii (KP) 6asucHoi Momeai BusHaua-
TOTHCST CITIBBIAHOIIEHHAMM

ka1 ag\c __ k z s
(S5 SIS o g f({ae oo }). (2.7)

Buxonsun 3 Burasgy F-dynrmii (2.5), merko orpm-
MaTH CITBBlAHOIIEHHS M1 yHapHuMu WD HasncHol Mo-
gexi (2.3) ra moeHol Mozeni B HMII 3a nanmekocsKHIME
B3aeMogiamu (2.2):

%}"({hz, )
- 6; kf({aez’ aex})

(s0) = (2.8)

=k(SH, (a=zz).

III. HABJMKEHHSA IBOYACTHMHKOBOT'O
KJIACTEPA 3 IBOMA BAPIAIIIMHIIMI
ITAPAMETPAMMUM

Y 1IbOMY PO31Ja1 MU PO3TISHEMO TICEBIOCIHOBI CH-
cTeMU, SIKI OMICYIOTHCSA TaMiTbToHITHOM (2.3) (GasucHa
sagaua). IIpoBeseMo KaacTepHe PO3BUHEHHS MPU PO3-
OUTTI rpaTKU Ha ABOYAcTUHKOBI KiaacTepu [16]. TTosHa-
unmo gepes "¢l ST + Tl ST (T MicTUTH MHOKHUK [3)
omepaTop eheKTUBHOTO TOJs, siKe i€ Ha BY30Jd 1 3
BOKy By3aa r, [0 HAJeUTh A0 HANOIUHKIOTO OTOUSHHST
i (r € m;). OueBUIHO, 1O HA JOBIJABHUI BY 301 § IPH PO3-
OUTTI TPATKM Ha ABOYACTUHKOBI KIACTepN II€ z IOJIB
(z — uncao HAMBI KUK CyCiaiB) 3 GOKY KIacTepis, 1o
MicTATE 1elt Bysodx. [lepelinemo Big BysmoBoro mo Kia-
cTepHOro miacyMoByBans [16]:
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%Z[{Sza zq+6: Z I{Snga (Cl =,Y, Z)a
1,8 (1,2)

DN TersE=> " (PS4 10858)  (a =, 2).

i rem; (1,2)

MMicas TOTOKHOTO TepeTBOpEeHHA 3 ypaxysBaHHAM (3.1)
GasucHUT ramMiTbTOHIAH (2.3) MaTuMe BUDI AL

H({= o) (o7 e)) = Dt (a.8)  (32)
1
+> Ulz(zso’i,zsof, L3, 1305),
(1.2)

IIpUYOMY

o (@5, @7) = @157 + @57 (33)

é(11 =& + Z T801a (Cl = l‘,Z),

remy
Uy = =291 S7 = 20757 — 19355 — 1555 (3.4)

K [75555 + a(stg + Sgsg)]

Tas k}-({%z’ 2"}, {7, pr})fcbyHKL[ﬁ 6y aeMo MaTH

CF({et w ) 0" 07 (3.5)

=1In Sp{s} exp {k"fl ({862, &’} {7, @x})}

= InSpyg} exp [27{1(55?55?)
1

+> UlZ({SDZaQDx})]

(1,2)

IIpoBiBIIM PO3MAYTYBaHHS OIEPATOPIB 3a JOIOMOTOIO
T,—eKcHOHeHTU Ta OOMEKUBLINCEH IEPLIMM IIOPSIIKOM
KaacTepHoro posBuHeHHsi [16], o Bimnosinae Habau-
FKEHHIO IBOYACTHHKOBOLO KIACTepa, OTPHUMaeMo ©F—
dbynrmio (mus. [29]) y Burasm:

k]:({aez,aex},{sﬁz,sﬁx}) (3.6)
:(1-@2&(5@,%{)
1
L3 o (P, 2y, e, ).
1,2
Tyr Fi — opaHouacTuHKOBa, Fis — IBOYACTUHKOBA

BHY TPIITHLOKIACTEPH] (pYHKITII:

F1 (aéi,gef) =InZ (aéi,gef); (3.7)
71 (&5, &5) = Sps, exp [ (&5, &) |
Fuo (P&, e, a3, 1) (3.8)
= In 735 (%], %27, @5, @) = InSps, 5,0%"%;
/le (2éia2éfalééalég) (39)

= 7{1(8~8i,5€f) + Ha (565,585) + Ui»
=& 5] + '@3S5 + P&l S 4+ &5 sy
K [75555 + a(stg + si/sg)};

Yl =@l — ol = el 4+ Y Teh, (a=2zx). (3.10)

refls
r#l

Ha ocmosi (2.7), (3.6) Ta ymoBm ekcrpemymy *F-—
dyuEnii 3a ",

IrF
dree 7

(3.11)

orpumaemo cuctemy 2N (z+1) pisusab nus (ST) Ta Ki1a-
crepHuX ToniB " (a = z, 1)

o OF
(1) = 5ar (3.12)
OF  OF,
rrial T (3.13)

3aypa#nmo, mo cructeMa 2z N piBHAHB 1A KIacTepHUX
noais (3.13) (sky mossHa 3amucarn y Burasm (S¢), =
(S1Yprry (a = z,2) [29]), exBiBamenTHa 22N Heszaress
HUM CITIBBITHOIIEHHAM Mi K MATPUISIMU Ty C TUHI

p1(S1) = Sps, [p1,(S1, Sr)] (3.14)

(i3 32N cnieBignomens (3.14) nesaxesxaumu € 2zN,
OCKIIBKN 3 ABHOTO BUrasAny p1(Si1), pir(S1,Sy) Bumiu-
Bae TOTOKAe BUKOHAHHS 2N yMoB Spg [p1(S1)]
= Sps, s, [p1r(S1,8:)] = 1). Orsxe, 8 H/IK ymosa ekc-
tpemymy ¥ F—dpynrmii (3.11) mae crissianomrenss (3.14)
MI # BHY TPIITHEOK/IaCTepHIMI MATP UIISIMU Ty CTHHH.

OckiIbKM HammM —3aBIAaHHAM y Il poboTl €
JOCTIIEHHA JINIIe TepMOIMHAMIUHIIX BJIaCTHBOCTEH
XXZ—Mmomeni, To Hagadl OOMEe; IMOCS BUITAIKOM OI-
HopigHoro moasi (hf = h*, hY = h", (S7) = (S%),
(S7) = (57)).

JlorapudpM cTaTHCTUUHOI CyMH Ha eJeMeHTapHY
KoMipky kpuctana (f-byukmisa) B HMII sa mganeko-
csuxEUME B3aemomisimu Ta B HIK 3a KopoTKocs:KHOTO
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B3aEMOJIIEI0 MaTUMe BUTAAL (TYyT 1 JaJdi MHOMKHUK § =
LT Oy aeMO BUJIIATH SIBHO):

ke
F(heh7) =g (7, 7 ") (3.15)
o) ol
e’ =h” 4+ %'yjomz; ®&’ = h" + %ajomx; (3.16)

N
Jo=Y Jiji m®=2(S).
j=1

* f—~yuria (1orapudM cTATHCTITMHOI CyMU HA. eXeMeH-
TapHy KOMIpKY KpucTajaa 6a3ncHol Moaesi)

kf(aez,aex,goz,gox) (3.17)

= (1-2)F, (Se éex) n %Flz(a:ez, a:ex)

BUPa’KAETHCS UYepe3 OMHOUACTUHKOBY BHYTPILIHHOKIa-
crepHy Fi—dyHKIIO

2 (ae aex) —In 7, (ae aex) = InSpg,e™";

H (%, 27) =5 Y @St

a=x,z

(3.18)

(3.19)
& =&+ 29, (a=z,1)

Ta JABOYACTUHKOBY BHY TPIIIHBOKIACTEPHY P2~ yHKINIO

Flz(aeaex) (3.20)
=InZis (a:ez, a:ex) = InSpg, s, exp(Hi2);
Hio(#,87) =5 3 & (st +5) (3.21)
OK [75555 + ;(stg + S%Sg)};
& =at 4 (z— 1), (a=z2). (3.22)
Jnsa BusHaueHHs m® Ta 9% (¢ = z,2) y BUNAAKY OI-

HODiJHOTO Mo Ha ocHOBI (3.12) Ta (3.13) 6yaemo MaTh
YOTUPHU pPiBHSIHHS:

e OR

mt = 3’ (3.23)
OF, _ OF,

a(pz) — a(pe") (3.24)

Temnep 3ynmuHEMOCST Ha OTPUMAHHI 0JIHOYACTHUHKOBOL
Fi—dyurimi ta piBHIHDL 15 YHAPHNX KOPEISTOPIB y
SIBHOMY BuUrasigi. IaMiabToHisgH H die Ha 6a3mcl IJBOX
GYHKINN cTaHy OTHIEl YaC TIHKI
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% + (3.25)

Y 3oCpasenHi (3.25) ramiabroHiAH H1 Ma€ BUNIAL

Hi=1p ( : _aegez ) . (3.26)

Ysasum mo ysaru (3.18), merko orpuMari B ASBHOMY BU-
TASIAL BUpas mast Fy—pyHKIni:

2 (ae aex) =In [2ch(%ﬁA)};
A=/(@) + (@)%

(3.27)

Ha ocrosi (3.23) orpumaemo piBHAHHA mis m®, (¢ =
z,x):

me = %th(%ﬁA). (3.28)

Ypaxosyroun (3.19), Ha ocHOBI piBHAHB (3.28) MoskHA
Bce 3BecTHU 10 m° Ta m”, 3BLABHUBIINCH BLI @7, ©7:

a

ot = % [kBTT;\} In Gf%) - ae] , (3.29)
ze
M= /)2 F (m7)? (3.30)

Tenep 3ynouHUMOCS Ha OTPUMAHHI JABOYACTUHKOBOI
Fio—dyurmi. laminbromsa H s gie Ha 6a3nci 4oTUPHOX
dYHKIIN cTaHy ABOYACTHHKOBOTO KAacTepa

_|_
_|_

(3.31)

H Qo DN —
P+ +

Y 3oCpasenni (3.31) raminbroHiAH H12 Ma€ BUNIAL

Hir = (3.32)
e +lyk 187 1& 0
1% —lyKk Lok L&
=01 . .
1z lak  —lyk 12"
0 185 18 &Lk

Ha ocrosi (3.20) ra (3.32) orpuMaemMo sl TBOYACTHH-
KOBO1 ) s—pyHKIni



TEPMOIAVHAMIKA XXZ-MO/IEJIT B HABJIVHKEHHI IBOYACTUHROBOTI'O KJIACTEPA

(3.33)

4
~z ~z (12)
F12(§e , & ) zln{ g o Ee },
£=1

e

p02) _

p) 7K — oK, (3.34)

(12)

a TpU IHII BIacHl sHaUeHHA F) 55 Marpui (3.32) € ko-
2,

peHAMEU KyBIUHOTO PIBHSIHHS, SIKE 3PYYHO 3allMCATH Y

BUTJISAL:

(%7[(— E<12>)2 (%'yK— laK+ E(“)) (3.35)
(1K = o £07) (&)’

+(i~yK— E<12>) (ae””)z —0.

IV. JOCJIIKEHHS BIJILHOI EHEPTII

Temep 3ynmuHMMOCST Ha AOCTIIKEHHI BIABHOI eHepril
XXZ—wmomeni 8 HAK 3 nBoma BapismiifiHIMU IapamMeT-
paMu 3a KOpOTKOCS:KHUMU B3aeMomsamu Ta B HMII sza
A eKOCSKHIMY B3AE€MO T SAMU.

F(m?,m® ¢, %) = —kBTN(f(mz,mx,goz,gox)). (4.1)

YpaxoBytoun, mo ¢® BupakaeThes depes m®, m”® (3.29),
OTPUMAEMO BIABHY €Hepriio sik (PYHKINIO ABOX Mapa-
MeTpiB m*, m”:

(8)  oaslmw

F(m*,m")

:_kBTN{ 1—2)In {2&(%@)}
($7+ 3« +23:eﬁE(12)}}

—I—%JON{'y(mz) + a(m® )2},

+ %zln {e_

Je ES;)B € KopeHAMH KyGiunoro piBHsHHSA (3.35);
22:0 an(E12) =0, mpudomy
as — 1

az = —K(fo+ 17 (4.3)

; );
ay = — £ (yK)?+ yaK? — (&)= (@)%
ap = K(3y = La) | & (vK)? — (@)?] + 1yK(27)%

Posrasmemo crouatky anisoTporHy mMomaenb [aiizen-
Gepra (o # ) mpu h® = h* = 0. 3aysamumo, O
MU BBOAUMO 1H(pIHITe3UMaAbHl oasi h° — 0, h® — 0,
ockiabku npu A = 0, A® = 0, Ak BuaHO 3 cuMeTpil
raMiTbTOHIsTHa Mmogo 3amiuan S — —S% m? = 0
(a = z,y,z). Ha puc. 1, Axuil € XapaKTepHUM 15
BUMIAIKY o < ympu z > 2, Jo > 0 1a 2 = 2, Jg > 0,
HaBeJleHa BiabHa eHepris (4.2) sk BYHKIIA MapaMeTpis
m*, m” g o = 05, v =12 =4, Jo = 0.1 opu
t = 4% = 075 > t. tat = 0.55 < t.. Bumno,
mo mpu o < -y abcoMOTHMIT MIHIMYM BIIBHOI e€HepTil
6yne mpu m® = 0. Y Bumaaky « > 7 3ajleKHOCTI
BIABHOI eHepril BiA TapaMmeTpiB m®, m” AKICHO BII-
MIHHI BIA TOJaHUX Ha puc. 1. ¥ HpoMy BHIIaIKy ab-
COMIOTHUN MIHIMYM BlABHOL eHeprii Oyme mpu m® = 0.

1

Puc. 1. Biapna emepris sk dynrmis napamerpis m* Tam” mas z =4, Jo=0.1, 0 =05, y=1.0 npn t = 4% =0.75 (a)

ta t = 0.55 (b).
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Kpim Tor0, y HM3BKOTEMIEpaTypHiil obnacti (3a BU-
HATKOM TIeBHOTO TIPOMIKKY 3HAUeHb MapamMeTpa aHi3o-
Tpormii % €[, (%)a], 3HAUCHHS (%)a 3aJeHATH Bl THUILY
[PATKN Ta BEIWUMHHU JadeKOCSKHOI B3aemoii) abco-
JTOTHUN MIHIMYM BIIBHOI eHePT1l JOCATAETHCA IPH Mm° =
m® = 0, To0To Ma€ MicIle aHTUTOUKa K Iopi.

Y punagry « = vy (i3orponHa Mozenn IafizeHbepra)
BBOJMMO iH(iHITesuMagabHe moxe h¥ — 0 (A" = 0)
[30], Tomi m® = 0, abo indiniresumanbhe noae h* — 0
(h* = 0), Tomi m* = 0.

Otsxe, 3 ypaxysautam (3.29), baunmo, wo a1 o < v,
h* = h" = 0 ra gasa o« = v, h* — 0, h" = 0 maemo
eC=m"=0,amsaa>y, ¥ =h —0rtag1a o =7,
h® — 0, h* = 0 maemo ¢* = m* = 0.

V. HABJINKEHHA IBOYACTHHEOBOI'O
KJIACTEPA 3 OJHWM BAPISAIIINHNM
ITAPAMETPOM

IIpoBemene uncaoBe HOCTIMKEHHS BLABHOI €HEPTIl SIK
dyurmil m® Ta m® moKasye, Mo JOIABHO PO3TISIATI
OKPEMO TaKl JBa BUIIAIKH:
Na<y, h"=0,¢"=m"
Na>y, h=0,¢*=m? =

PosrasigeMo crouaTky mepumii Bunaiok. Ha ocHosi
(3.15), (3.17), (3.27) Ta (3.31)—(3.33) orpumaemo f(h*)-

dyHKINO Vv SIBHOMY BUTSIIL:

0;
0.

Fh)=(1=2) ) (&7) + 2 Fra(® ) — LBy o (m)2 (5.4)

ze
Fl(éz) =1In Zl(éz), (55)
Zy (&%) = 2ch(3 B&°);
Flz(éz) =1In le(éz); (56)
Zip(®") = 207K L(27);
L(& ) = |ch(f&") + e~ 29K ch(LaK) (5.7)
Ha ocHogi piBHsHb (3.23) (aGo (3.28)) ra (3.24) orpu-
MaEMO CHUCTEMY PIBHAHL IJId m® Ta ¢ :
m® = th(35&%), (5.8)
. h(gz")
th(lgas) = 2% ) 5.9
(39 = S 59

YagBum o yBarH, IO 3a JOTIOMOTOIO (3.29) MO KHA, BU-
KJAIOUUTH ©°, OTPUMAEMO PIBHSHHS Ias m”:

_ sh (ﬁa:ez(mz))

TCOm (5.10)

e
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(5.11)

1+m
= ;{(Z— l)k’BThl (1 :z) + %’yjomz +h2}

—

CrpuilHATIWBICTH, EHTPOII IO Ta TEMIOEMHICTH MO JKHA
pospaxysaTu TakuM uuHoM [16]:

_dm* X
YT T 1=y Ry 012
2
kfae)
ke _ ok _(7”’ .

X =70\ "Tee kftptp )

_dF _he ok k o%f
S=m=t fS=kp N(f B ﬁ) (5.13)
C=Toz="C (5.14)

k’Bﬁ’yJo _ akfae kfaetp (k kftp)} .
1—7J0'kX{ 63ﬁ kfw: fw—i_ﬁ ap

Zkf ( 8kf) 1
kC:k 2 k ® )
B{ﬁ o T\ ) w7

Tyt BUKOpUCTAH] TO3HAUEHHS:

o o'

k z 2
Ay Ay )

kfae...aego...goz (5.15)

YacTUHHI TOX1IHI y SIBHOMY BULJSI HaBedeHI B pobOTI
[29]. Bunmiemo Ty T Auile BUpa3 I8 ¢TATHYHOI MaTHeT-
HOI CIIpUAHATINBOCTIA:

2217
X_ﬁ{1+e—%ﬁvffch(ﬁéz)ch(§ﬁa1() (5:19)
4(1 - 2) !
+1_(mz)2 _67‘]0} .

-1
3 y™moBH (X(mz =0,7 = Tc)) = 0 oTpumMaemo pis-

HAOHST 011 1,:

%z(l 4+ e 3PK ch(%ﬁca[())
+(1—2)— %ﬁc'yjo =0.

(5.17)

Posrasmemo Temep apyrmii Bmmanok. Ha ocHOBI
(3.15), (3.17), (3.27) ra (3.31)-(3.33) orpumaemo f(h")-

dyHKINO y ABHOMY BUTISIIL:
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F(h") = (1=2) Fy (#7) + 5 Fria(@") = § 8o (m?)?, - (5.18)

e
F (&%) =InZ, (&%), (5.19)
Zy (&%) = 2ch($p&%);

Fia(®") =1n Zya(2"); (5.20)

(2
Z1s(8") = XK 1 2e3PeK ch(3r) 4 e~ (37 500K,

r(@") = \/(a:ex)z + (a —7)2K2. (5.21)

Ha ocHoBi pisasHb (3.23) (abo (3.28)) ra (3.24) orpu-
MaEMO CHUCTeMY PIBHAHL 114 m”¥ Ta ¢ :

m” = th($p&") (5.22)
1 gmey Qa:exe%ﬁo‘Ksh(ﬁr)
th(50&") = r(a:ex)le(a:ex) . (5.23)

Bepyun 1o ysaru, mo 3a g0moMorow (3.29) MosxHa BU-
KIIOUUTH 7, OTPUMAEMO PIBHAHHSA I m”:

_ Qa:ex(mx)e%ﬁo‘Ksh(ﬁr)
r(m®) Z12(m®) ’

xr

(5.24)

(5.25)
1+m*
=1 {(z—l)kBTln(l :x)—i—%ajomx—l—hx}.

|—

CrpuilHATIMBICTH, EHTPOIIIO TA TEIIOEMHICTH MO KHA
pospaxysartu 3 BukopucranHam dopmyn (5.12)—(5.14),
3poOUBIIN B HUX 3aMIHY ¥ — « Ta BPaXyBaBIIU TaKl
MO3HAUEHHS:

l1 I3
o o= 0

i1 iy

Fr(e®, ¢"). (5.26)

YacTUHHI TTOX1AHI V SIBHOMY BUTASAI HaBeIeHO B pobOTI
[29]. Bunmimemo Ty T Auiie BUpas3 I8 ¢TATHYHOI MaTHeT-
HO1 CIIpMAHATINBOCTH:

-1
Xzﬁ{i"i'M—ﬁaJo} ;

) (5.27)

A= eifokK [(5)2&(57“) + %Sh(@“)} /Z12

-1
3 yMoBHI (X(m = 0,7 = Tc)) = 0 orpumaemo

PIBHSIHHS mast 1,

0

2017 Ksh(L 5. (0 — 7)K) [ﬁcaJo —4+ 44 (5.28)

—zK (o — 'y)e%ﬁﬂK [1 +e” %ﬁﬂKch(%ﬁca[()} =0.

VI. PE3YJIBTATH UMCJOBIMX PO3PAXYHKIB

Y HpOMY PO31a1 3yIMHNMOCS HA PE3YIbTaTaX UNCa0-
BUX po3paxyHkiB (mpu h* — 0, h* — 0) TepMoamHaMiy-
HIIX XapaKTepUCTuK X XZ—Momaeml.

3ayBajKMO, IO TYT BUKOPHUCTAHO TMMO3HAUEHHS IJs
BLTHOCHUX BeJ MUNH:!

t=458L . 7 =2(5%);  m" =2(5");
s=mrS o= g0

CrioyaTky KOPOTKO 3yTHHUMOCS HA BHUITAIKY OJIHO-
BuMipHOl Mogeni (z = 2) npu Jy = 0. Ha puc. 2 mogaHo
TeMITepaTyPHI 3adeKHOCTI 00epHEHOI CPUIHATIMBOCTHI
X!, erTpomii s Ta TemroemHocTHu ¢, orpuMmani B HIK
npu « € [0;1], ¥ = 1. lpu « Sausbkomy no 1 B HU3B-
KOTeMITepaTypHii ob1acTl A1 eHTPOIl Ta TeII0EMHO-
cru B H/IK oTpumyemo sikicHO HeTTpaBUABHI pe3yTbTaTi
(s(t = 0) > 0, ¢(t) He € 3pocTaiouclo QYHKIIEH MpH
HI3BKUX TeMneparypax). Koany < 1 (o = 1), pesynb-
rari HJIK mnst s mpuy € [0;1] ma mas y = mpumy € [0;1]
B HU3BKOTEMIIEpaTypHIT 001acTl € SIKICHO HeIpaBIIb-
M. Exrportis Bla eMHa, 3a BUHATKOM BHUIAIKY 3Ha-
yeHb ¥ Gamspkmx a0 1 (tyT s(t = 0) > 0). Obepuena
cTaTUYHA CIIPURHATIUBICTE He € 3pOCTaUoo PyHKIT €10
remriepaTypu. Ha puc. 3 mogaso pesyabraTu I MOIde 1
laftzenbepra ta XY—Momenl, oTpUMaHl pI13HIMI MeTO-
gavu. Bungno, mo HIAK nae muime siklcHU ommc TeMIie-
paTypHOI 3aieHOCTH TemmoeMHocTH. QUeBUIHO, IO B
paMKaX KIacTepHOTO IMAxXomy HeoOXimHO BpaXoBYBaTH
BUII TOPSAIKN KAACTEPHOTO HAOMUMKEHHS, M0 MO MKHA
[OCJIIOBHO 3pobuUTH B MeTOl Bapisiiii kaacrepa [32].

Posrasimemo Temep KOpOTKO pe3yiabTaTh, OTpUMAaHI B
HAK nns omHOBUMipHOI Mogeni (z = 2) mpu Jy > 01
JJIs1 IBOBUMIpHOI Ta TpuBHUMipHOI Mozeneilt (z = 4, 6) mpu
Jo > 0. Crnouarky symuaumocs Ha Bunaaky « € [0;1]
mpu ¥ = 1. Ha puc. 4 nmomano ¢aszosi msrpamu st
PI3HUX T'paToK MPHU PI3HNX 3HAYEHHIX JTaJeKOCSKHOIL
B3aemomi Jy. 3ayBaskumo, mo gas z =4, Jo =0, a =1
HAK, sa siaminy Big HMII, we mepenbauvae pasoBoro
mepexony. das repmommaamiuaux xapkrepuctur HIK
Ja€ AKICHO MPaBUABHI pe3yabTarn (IuB. puc. 5), 3a BU-
HATKOM BUIMAJKY, KOJU & BIU3bKe 10 1, pu MaIux 3Ha-
UeHHSIX Jy V HU3bKOTeMIeparypHiil obaacTi. 30KpeMa,
s KBaaparHol rparkn s(t = 0) > 0, a mapamerp mo-
psimKy Ta obepHeHa CTATUYHA CIPUAHITIUBICTD MAIOTh
y HEU3BKOTEMIIepaTypHiit obaacTi Touku tieperuny. Jlas
KyGiuHOl TpATKN mapaMeTp MOPSAKY Heé BUXOANUTH MpU
t = 0 ma macuuenns (m*(t = 0) < 1), s(t = 0) > 0, x~!
He € chagHoI0 (hYHKINEI TeMIepaTypi B HU3bKOTEMITE-
paTypHiii o6aacTi.
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Mpu v € [0,1], 0« = 1 (masg z > 2, Jp > 01 nas
z = 2, Jy > 0) pesyabratu, orpumani 8 HIK, e AxicHo
HENPaBUIBHIMI B HU3BKOTEMIIEPATYPHI obxacti (auB.
puc. 6). TIpu v € [0,~,] (3HAUeHHS vy, TUM MeHIIE, UM
Giabire 3HaueHHsi Jy Ta umMm Mesme z; npu Jg — 0
Yo — 1) mepenbauaerbes HU3BKOTEMIIEpATy pHIIT daszo-
BUiT mepexin (antnrouka Kiopi), 6iabliie Toro, eHTPOTMisa
e Bl emHOI0 B 1ill obaacti. Ipu v € [v4, 1] anTuroura
Kiopi BiacyTHs, poTe TeMOepaTypHI 3aJ€HHOCT] Tep-
MOAMHAMIUHUX XapaKTePUCTHK € TaKO K SIKICHO HeIpa-
BUJIBHUMU TIPU HU3BKUX TeMIlepaTypax. 30KpeMa, m® He
BuxomuTh nipu ¢ = ( Ha HacuueHHsS abO Ma€ MEePETUHN;
s(t = 0) > 0; obepHeHa cTATHYHA CIIPUIHATINBICTD HE €
CITaaHOIO (PYHKITEIO TeMITlepaTypu abo Mae MepernHil.

Ouesnano, mo HIAK Moske OyTH 3acTOCOBAHUM M5
PO3paxyHKy TepMOIMHAMIYHNX XapaKTEepUCTUK XXZ—

mogeai mpu 0 < % < (%)k ((%)k < 1) y BChOMY TeM-

mepaTypHOMY 1HTepBadl. SHAUCHHS (%)k 3aJ€HUTh Bl
TUy rparku ta Beawuman Jy. Uum Giabne Jp, TEM
O11blIe (%)k HabIMHKAECTHCS 10 OAUHUIN, TIPUYOMY TIPH
JIOCTATHBO BEAWKAX 3HAUEHHSX JAJEKOCTKHOI B3aE€MO i1
(%)k = 1. ¥ Bunazagy (%) > (%)k HIK nae Heko-
pekrHl pesyabraTu. lle moB’s3ame 3 TuM, 1110 Take HabI U~
FHEHHST HeTOCTATHLO BPaXOBY € KBAHTOBI (PIFOKTYIIl1, IO
CYTTEBO BUSIBASAETHCS B HU3BKOTEMIIEPATYPHIN 06aacTI.
[Mpote 1 B mpomy Bumaaky HJIK wmoske HyTtu 3actoco-
BaHUM s PO3PaXyHKY TE€PMOJMHAMIUHUX XapaKTepU-
CTUK MOJeJl TPU TeMIepaTypaxX, BUIUX BlJ AESKOTO
3HaueHHd {1 ({1 JMeHUTh HUUe BiJ KPUTHYHOI TeMTiepa-
Typu i Buute Big antutoukn Kiopi (dAkmo BoHa €); 3Ha-

yeHHsI {1 3aJeUTh BlJ apaMeTpis z, Jo, %)

-1
X (a) S (b)
0.4
1.0t 0.50
0.3
0.2
0.5+ 0.25
0.1
0.0 0.00 0.0
0 0 00 02 04 06 08 t
. . . . . _1 o
Puc. 2. TemmeparypHi 3a1ekHOCTI 0OepPHEHOI CTATHYHOI COPUAHATINBOCTH X, €HTPOIl 8 = kB—NS, TeTJIOEMHOCTH

o . . . . .
c= kB—NC mas z =2, Jo =0 (y = 1) upu pisHEX 3HaUYeHHAX apaMeTpa aHizorpomil a.

c m=2 HAK (@)
[ m=8
0.10
YHUCEABHHI
0.05 PE3YALTAT
0.00 . . .
00 05 10 15 ¢
Puc. 3. TeMmmepaTypHi 3a/e KHOCTI TEIIOEMHOCTH € = ——

BN

¢ (b)
1.5F |m=8
m=2
1.0}
HJIK

0.5}

TOYHHMI
0.0 L L

00 05 10 15 t

C nupu z = 2, Jo = 0, nas mozeai Lalisenbepra (a) ta gus

XY-mozeai (b). Pesyasraru HIK, unceasruil pesyasrar Bortepa i ®imepa (aus. [31]), pesyapTaTil 4nceIbHOIO METONY Ha
ocuosl nepersopents (dopmyaa Cysyki-Tporrepa) onHoBuMipHol Moneai no nsosumipaol (N x m) mozmedai Isunra [31].
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(@)

08 "o

Puc. 4. ®aszosi misrpaMu mpu pisHHX 3HAUYEHHAX TAJEKOCIIKHOL B3aeMmomii Jo ('y

(b) z=4; (c) z=6.

0.0 I I I I
02 04 0.6

I pisHUX IpaTok: (a) z

1.0

0.8}

0.6

0.4

0.2

0.0 .

0 02 04 06

Puc. 5. Temmeparypni samesxmocTl mapameTpa m”°

- - o —1
2(5%), oBepHeHOl cTaTUUHOI CIPUHHATIMBOCTH X

s a=0

0.6+
0.5

0.4} 0.9

a=1
0.2}t

099 (€)
OO 1 1 1 1
0 02 04 06 08 t

Ta eHTPOMil

o - - . . _
s = kB—NS mast z =4, Jo = 0 upu pisHUX sHaueHHsX IHapaMeTpa aHisorpomi a (v = 1).

09 o5

@)

1.0

0.8

0.6

0.4

0.2

0.0
0

0.2

S y=1
/_—_
/

®

08 t

0.4 0.6

0 0.2

Puc. 6. TemneparypHi 3aaexHocTi mapamerpam® = 2(S¥) Ta enTpomnii s = kB;NS st z = 6, Jo = 0 mpu pi3sHIX 3HAYEHHSIX

napaMmeTpa aHisorponil v (a = 1).
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THERMODYNAMICS OF XXZ-MODEL WITHIN TWO-PARTICLE CLUSTER
APPROXIMATION

R. R. Levitskii, S. I. Sorokov, O. R. Baran, I. M. Pyndsyn
Institute for Condensed Matter Physics of the National Academy of Sciences of Ukraine,
1 Svientsitskii Str., Lviv, 290011, Ukraine
Phone: 42-74-39, e-mail: sorok@icmp.lviv.ua

The XXZ-model was investigated within two—particle cluster approximation with two variational parameters

©%, ©®. The long-range interaction J was taken into account in the framework of mean—field approximation.

a

At various values of the anisotropy parameter 2 (K#?

~

=K, K™ = K% = oK, J** = yJ, J** = J¥ = aJ,

K — short-range interaction) and long—range interaction J, phase diagrams were constructed and temperature

dependences of (S*), (S%), entropy, specific heat, and static susceptibility were calculated. It was shown that at

% > 1 two—particle cluster approximation gave qualitatively incorrect results in a low—temperature region.
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