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Ernest Ising (10.05.1900 — 11.05.1998).
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BCTYVII

Ha nporasi tprox ocramuix pokiB [HcTuTyT hizuku KOHIEHCOBAHUX CHC-
rem HAH Ykpainu coinbro 3 kadenporo teoperndnoi dpisuku JIbBiBCH-
KOro [IepzKaBHOro yHiBepcurery im. IBana ®pamnka mpoBonsaTh [3uHriB-
CbKi YMTaHHA — CeMiHap, npuuBadeHuil disuni kpurwaaux spui. 1po-
ropiuni [3MHTIBCHKI YNTAaHHA BIIPi3HAINUCA Bim MOTEpegHiX: BUCTYIIAIN
JIVIIIEe MOJIONI HAYKOBII, sAKi TIABKY MOYMHAIOTH MOC/iIKeHH:A y disuri
KpurudHux #Apuil i daszoBux nepexonis. OuikyBaJiocs, O IOHOBiaa4i
00roBop#ATh (GOPMYJIIOBAHHSA 3a/1a4, fKi BOHH PO3B’A3YIOTh, MOKAXKYThH
Micue X 3a4a4 y CTarucThdHii ¢dpisuni i Gpisuii KOHIEHCOBAHUX CHUC-
tem. He cexper, mo mo6pe chopmyiboBaHa 3312493, € 3aIM0PYKOI0 YCIiXy
TOIAJTBINIOTO AOC/TiIZKEHHS, TOMY 3aBXK/IM KOPUCHO OOTCOBODUTH IIE Pa3
teil BaxuBuii (pparMeHT KOKHOINO0 HAYKOBOIO HPOEKTY. ¥ HiJIOMY [10-
MOBiAadi IPOIEMOHCTPYBAJINA HOCUTH IIHPOKE PO3YyMIiHHA MPOOJIEM, [10-
CTYIIHO MOACHIOIOYH i CBOI pe3yJIbTaTH, i pe3yJ/ibTaTu iIHIIUX JOCJITHUKIB.
Ha ceminapi Oymu npucytai He snie cuiBpobiTHuKY IHCTHTYTY bisnku
koumencoBanux cucreM HAH Ykpainu ta xademnpu Teopetudsoi hizu-
ku JIbBIBCHKOTO mep:KkaBHOTO yHiBepcuTeTy imeni IBana ®panka, ajte it
CTYHEHTH, sKi TAKOXK MOYHMHAIOTH CBOI HAyKOBi crymii. lymaerncs, mo
ceminap OyB KopuCHHiI, a pi3Hi meTasi BUTOIOMIEHNX HOMOBinelt me He
pas OymyThb npenmerom HedopMaabHEX 00roBopens. Hassemo momosina-
4iB Ta Temu ixuix Buctymis: Ocran Bapan “Isunarischki Mmomesni 3i crirom
17; Tapac ABopcekuii “IlokasHUK MOMpPaBKU 0 CKEHJIIHT'Y B pO3BeIe-
nux cucremax’; Poman Menpank “Kpurnana moseminka OimapHoi cu-
merpudnol cymimi”; Cearocinas Konnpar “Ileski nuTanHs crarucTud-
HOI Teopii camoacouitoBanux cucrem”; Anupiii Popenuyak “IloreHuis
B3aemomii mixk aromamu remiio”; Kupmio Tabyumuk “Tepmommuamika
TICEBIOCIiH—eJIeK TPOHHOL MomeJi” .

Oner Hepxkko
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PA30BA IMOBEITHKA BIHAPHOI
CUMETPUYHOI CYMIIIII

P.C.Menbpuuk, O.B.Ilamarau

Inemumym gizurxu xondencosanuxr cucmem HAH Yrpainu,
290011 m. Jlveis, sya. Ceenuiuyvkozo, 1

1. Beryn

Kpuruani ABuma B pigkux cyMimax CBOEIO Pi3HOMAHITHICTIO BPaXKAaIOTh
yABY OyIIb-AKOrO JOC/IIHUKA, AKOMY HOBOIUTHCH 3 HIMU 3yCTPIdaTUCH.
Hacmpasni, B Toit 9ac, Ak OTHOKOMIIOHEHTHI (DJTIOiAM 1eMOHCTPYIOTD JIK-
we KpuBy (aszosoi piBaoBaru pinuna-napa (PII), ska sakinuyerbcsa B
kpuruyaniit rouui PII, ro Bxke B nBokoMnonentHux (binapuux) cymimax
icuyrors uisi sinil kpuruanux rouok PII) pinuna-pinuna (PP) i ras-ras
(I'T). Kpim Toro, B Ginapuux ¢JoigHux cyMimax MOXKYTb iCHYBaTH:
kinnesa kpuruana Touka (KKT) (touka neperuny kpusoi ¢ha3oBoi pis-
uosaru PII i jiinii kpuruanux rouok PP abo I['T), aseorponna kpurundua
TouYKa (TOYKA, B AKill 3aKIHYYy€TbCs KPUBA TOYOK PIBHUX KOHLEHTPALiii),
a TakKoXK JIiHil HOTPiiHMX TOYOK, HA AKMUX CHIBICHYIOTH Tpu pasu i iiHil
rpukpurranux 10490k (TKT), na skux tpu dasu craiorb ineHTuaHumMu
[1].

Ha Pwuc.1, nna npuk/iamy, CXeMaTUIHO TPEICTABIEHNII OIWH 3 TUITIB
dazoBux niarpam binapuux guoinaux cymimeit. Ha apomy 300pakena
Oi/TBIIICTh 3 MEPEPAXOBAHNX BUIIE KPUTHIHUX TOYOK.

OcuoBHUME (hakTOpAME, MO MPU3BOAATH 10 TAKOI pi3HOMaHITHOCTI
KPUTUYHOI MOBEIIHKN B PIIKWX CYMilllax € BiIHOCHA iHTE€HCHUBHICTDH B3a-
€MOmil MiK KOMIIOHEHTAMH! CYMilIi i CIiBBIOIHOIIEHHA MiXK po3Mipamu
JaCTUHOK.

Maiixke nBa necsarunirrsa romy Ban Koninenbepr i Ckorr [2] Ha oc-
HOBI y3araJTbHEHOT'O Ha, BUMIAI0K OiIHAPDHUX CyMimeil piBHAHHA cTaHy Ban
nep Baasibca npoksiacudikyBain BCO MOXKJ/IUBY (ha3oBy TOIOJIOri0 Oi-
uHapuux ¢uioinis. OnHaK, Ha CbOrOHI 3a/IMIIAETHC HE3PO3y MMM (Ha-
BiTh Ha PiBHI CEPEIHBONOIBOBUX MIAXOMIB), KA 3 MIKPOCKOMIYHUX Xa-
PAKTEePUCTHUK € BU3HAYAJIBHOIO IJIsA KOXKHOIO THILY miarpam. Takoxk He
BiZOMO, #KOI0 MIpOI BpaxyBaHH:A KPUTUYHUX (PJIyKTyaliil mapamerpa
OPAMKY BIUIMHE HA CTPYKTYpPy miarpam. B 3B’:A3Ky 3 nuM axTyaibHUM
€ 3aBHAHHA MOOYIOBU Teopil (as30BOl MOBEMIHKN 3 MEPIINX MPUHIIAIIIB,
sAxka 0 BpaxoByBaJia (uiykTyarii i fka 6 M03BOJIMIa OTPUMYBATH MTOBHI
daszoBi miarpamm.
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Puc. 1. Cxemaruuna dhasosa giarpama GiHapHOI Cywmirii, MO IeMOHCTPYE
V tun dazosoi noseninku. CyIiJbpHOIO JIHIEI TO3HAYEHI KPUBI CITiBic-
HYBaHH:A YUCTUX KOMTIOHEHT i KpUBa a3€0TPOMHOI CyMilli, MTPUXOBOIO -
KpuBa CHiBICHYBaHH:A TPbOX (pas, Iy HKTUPHOIO - JIiHIl KPUTUIHUX TOYOK.
1,2 - Kpuruani Toukn gnctux komnounent, AKT - azeorponna kpuruana
TOYKA, 1,2 - KiHIEBI KDUTUYHI TOYKHU.

[lepunm KpokOM B 3ifiCHEHHI TAKOTO 3aBIAHH:A € TOOYI0Ba, TEOpil
I IPOCTUX MOOEJbHUX cHCTeM. B maniit jieknii My mpomoHyemMo pos-
sy TH Mogesib 6inapuoi cumerpuunoi cymimi (BCC).

2. Mogenn 6iHapHOI CUMETPUYHOL CyMinri

Posryisagaerscss IBOKOMITIOHEHTHA, CUCTEMa TBEpAnX cdep OTHAKOBOIO
pO3Mipy 0, IO B3a€MOIIIOTH MixK COOOI0 Yepes MOTEHIA I TP AMOKYTHOI
amu. [loTenmnian B3aeMoii MizK 9aCTUHKAMU [IPEICTABJIAETHCA Y BULJIA-
Al cyMu OBOX TOHAHKIB:

U’yé('r) = U(T) + @75(7“), (’77 0= a, b)

e
o, r<o

U(T):{ 0, r>o

- IOIAHOK, IO OMUCYE B3AEMHY HEMPOHWKHICTH TBEpAUX cdep,

—€v5, 0<r <o
<I>75(r):{ 0? r> Ao

- IOJJAHOK, HIO ONKCYE NMPUTATAHHSA MiXK TBepauMu chepamu.
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JlonaTkoBO BBAKAETHCS, IO €44 = €pp = € 7 €qp- MoOmeIbHUI mapa-

MeTp 1" = %S;) = E‘LT” XapaKTepu3ye CUJIYy BLTHOCHOI B3AEMOMil MixK
JacTUHKAMU i Bu3Ha4Ya€ (a30By TOMOJIONI0 TaKOl MOIEIbHOI CHCTEMH.

I[Ipu r > 1 #a daszosiii miarpami, Tak camo K i HA giarpaMax Ol-
HOKOMIIOHEHTHUX (JIFOiAiB, iCHYBaruMe Jjiuine Kpusa criBicHyBanis PIT,
AKa 3aKiHIyeTbca Kpurtudaoio Toukoo PII. ¥V Bumanky r < 1 icuye mo-
[TATKOBA, TEHIEHIIi s 10 pO3ImapyBaHud i, Kpim dasosoro mepexomy PII, B
cucreMi BinoOyBaeThesa dbazoBuil mepexis sMinryBaHHA-He3MilTyBaHHA [3].

®a30Ba miarpaMa 6iHAPHOI CUMETPUYIHOL CYMillli BU3HAYAETHC TPHO-
ma repmonunamivaumu nossamu (T, u, h), ne T - remneparypa, p- 3a-
raJapHui XiMivHUI mOTEHIiaT, TOB’ A3aHuil i3 3ara/JIbHOI0 I'yCTHHOIO, h -
BIOP:AIKOBYIOYE II0JI€, 0B’ A3aHe 3 BiIHOCHOIO KOHIEHTPAIIEI0 KOMIIO-
ment cywmimi. CBOIO yBary mMm 30CE€peOuMO HA CHMETPUYHOMY BHUIIAIKY
r < 1ih = 0, ToOTO BBaXKaruMmeM, IO B3AEMOIiA MiK JaCTUHKAMU
OIHOI'O COPTY € €HEPreTUYHO BUTIIIHIIIOI, HiXK B3aEMO/isA MiXK 4aCTUH-
KaMH Pi3HUX COPTIB , i cepenmHi KibKOCTI 9acTUHOK copry ~a” i copTy
”b” onnakosi. 3a rakux ymoB noseaiika BCC B okoJ1i KpUTUYHOL TOYKHU
3MINIyBaHHSA - HE3MIyBaHH:A Oye aHAJIOTIYHOIO A0 MOBEOIHKU MPOCTOL
cmin-1 / 2 mopeni I3iHra B OKOJIi KpUTHUYHOI TOYKU. Pi3HUIA MTOJIATAE JIU-
me B TOMY, 0 y (DJIroimHill MOmesi KPUTHYHA, TEMIIEPATyPa 3a/IeKUTh
Big rycrunu, i Tomy Ha (pasoBux AgiarpamMax iCHyBarume Uijia JiiHiA Kpu-
tuanux 10490K T.(p) (abo T.(p)) - Tak 3BaHa A-siiHis.

HasricTs durykTyariii KOHIEHTpAIlil B TaKUX CHUCTEMax, fAK Oyne
TTOKA3aHO HUXKYe, CYTTEBO BIJIMBAE HA XapaKTep KPUBOI CITiBiCHYBAaHHA
PII. Cuin 3ayBaxkuTu, M0 MPUCYTHICTH TAKOTO BILIUBY € XapaKTEPHOIO
pucoro ¢Ga30Boil IOBENIHKK PISHUX MOIEJIeld, sKi, Ha Inepluil morJis, He
MAOTh HIYOrO CHLJIBHOIO 3 MOAEJII0 OiHapHOI cuMeTpudHol cywmimi. 30-
Kpema, Kjacudna cuinosa mouens [aiizenbepra [4,5], nunosibua Moaesib
dbmoiny [6,7], momens dmoiny Bau mep Baasbca-IlorTca [8] ta neski
rpatkoBi mMozeni dutoiais [9,10].

Ha Puc.2a-2r 306paxeni ¢azosi niarpamu BCC nupu A = 1.5 [11], saki
JAEMOHCTPYIOTh TPHU MOXKJIUBI TOMOJIOTIYHI Tunu maHoi Mopesi. Tomoso-
rig miarpam 3MIiHIOETHCH B 3aJI€2KHOCTI Bij] MiKPOCKOIIIYHOI'O IIapaMeTpa
T.

Ha Puc.2a mogenbauii napaverp minibpanuii rakum auaom (1 = 0.7),
mo A-jiHisa miaxoanTs 10 Kpusoi PII 3HauwHO HuIlme Bim KPpUTHUIHOI TOU-
ku PII, meperun BimbyBaerbca B KKT, nme cmiBicHye kpurudna pinu-
Ha 3 HekpuTuIHO© napofo. Huxue Bin tremneparypu KKT cniBicuyiors
HeKpUTUYHI mapa 1 Hesmimana pinunaa (ryctunu obumaBox Gas, 3aBaAKY
CUMETPUYHOCTI MOJEJIi, OTHAKOBI).

CyTreBo iHmom € curyaris, 300paxkena Ha Puc.2r. Momeabuunii ma-
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Puc. 2. Cxemaruune npemcrasiiens ¢a3oBux giarpam GiHApHOI cuMer-
PUYHOI cyMimi npu Pi3HUX 3HAYEHHAX MIKPOCKOIIYHOIO Mapamerpa r
[11]: (a) r = 0.72, (6) r = 0.68, (B) r = 0.65, (r) = 0.57. CyuiibHOIO
JIiHi€I0 TTO3HAYEeHa KPUBA CHIiBICHYBAHHA PiaWHa-TIapa, MTPUXOBOIO JTiHi-
€10 TTO3HAYEHA JIiHiA KPUTUYHUX TOYOK 3MillyBaHHsA-He3MinryBanusa. 3P
- 3mimana pinmuaa, HP - meamimana piguHa.
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pamerp migibpanuit Tak (r = 0.57), wo A-JiiHisa nepervHae KPUBY CIIiB-
icayBauua PII B kpuruuniit Ttouni PII, yrsoprooun TKT. B mift Towmi
CTalTh KpUTUIHUMY Tpu (pasu: napa, pinuna copry “a” i piguna copry
"b”.

[Ipowmixkua curyamis 300paxkena Ha Puc.20 i 2B. Ha mux pucynkax
A-stinis meperunae kpuBy criBicayBanus PII npu remneparypax, He Ha-
Gararo HUKYKMX Big Kpurudnol remueparypu PII. B upbomy Bunaaky ¢a-
30Ba miarpama € KoMmOiHarieo monepentix nox sunaakis. [Ipu r = 0.68
apomasis KKT mepexomurs y masuit mik i BuHUKa€ morpiila Toduka, B
AKil cmiBicHYIOTH Tpu HekputudHi dasu. [Ipu Temneparypax, Bumux 3a
TEeMITepaTypy NOTPIHHOI TOYKHU i HUBbKUX I'yCTHHAX CHiBICHYIOTH 3MilIa-
Ha pigmra i napa. Ilpn Bumux rycTrHax CHiBICHYIOTH 3MilTaHa i He3Mi-

IaHa PiIvHUA.
[Tomasibine 3MeHIIEHHSA ' HE MPU3BOMUTH [0 sAKICHO HOBUX TOIOJIO-

TYHAX 3MiH.

3. AmnaJii3 i 3ayBakeHHs

ikaBo € 3po3ymiTn, fiKa TPUINHA TAKOI pi3HOMAHITHOCTI (pa30BOi MOBE-
miaku y BimaocHo mpocriit momeni BCC. Cupobyemo e 3’acyBaru, aHa-
JTIBYIOUM MOJEeJTh Ha OCHOBI po3knamy Jlammay mjas BeIMKOro T€pMOOu-
HaMigHOrO moTenmiary. Taki po3k/aan B Pi3HUX KOHTEKCTAX AETAJTHHO
anaJsizyBasucb Poykcowm i cuiBasropamu [12].

[Ipu amamiTuaHEX poO3paxyHKax B HaHifi momesi icHye mpobsema
JIBOX TTapaMeTpiB nopsAnky: rycturu p = N/V i pisHuni KoHIeHTparii
m = w laminbronian Takoi cucreMu NOBMHEH OYyTH CHUMETPUIHIM
BigaocHO 3Mminu 3uaky m. Poskian Jlanmay miisa Besmmkoro repmomauHa-
miunoro norenuiasy BCC mae Buryis [11]:

— )2 PRV
F:aw + % + (o= po)
m? m! B ,
+ A5+ = gmip =), (1)

nIe - XiMidamil moTeHIial, po - JeAKe 3HAYEeHH:A I'yCTUHH, BUOPDaHe TaK,
o N0MaHoK ~ (p — po)® 3HUKaE.

YwmoBomw icayBanua Kputudnaoi Touku PII € ¢ = 0. dxmo cucremy
sadikcyBaru npu ryctuni p = pg, To npu A = 0 posknaz (1) onucye
KPUTUYHY TOYKY 3MINTyBaHHS - HE3MIITYBAHHSI.

Ilis mpukJIaLy PO3IVIAHEMO OeTasbHille mepexin Bim TomoJsorii 3
KKT (Puc.2a) no ronouiorii 3 norpiiinoto roukoio (Puc.26, 28). Bsa-
xarumem, mo Temueparypa KKT € 3Hadno HMK90M0 Bim Temmeparypu
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kputuanoi rouku PII; 106710 a < 0. Iepenumemo poskiaz (1) B dhopmi:

m?  mt
2 + 4
ne o= u/(vV/—a)?, p=(p— po)/v/—a, m = m//—a, repmonunamiunmii
norenuias F sanucanuit B onunuizax a?. Hapamerp k = B/2y/—a onucye
edekTuBHMIL 3B’ 530K MiXK HapamMeTpoM HOpsiaKy m i rycrunoro p. Ilapa-
merp 8 = (A/(—a) —2k) mae posmipuictb remueparypu, 8 ~ (T —T), ne
T - Temmneparypa KpUTHYHOI TOYKHU He3MmimyBauusa npu p = 1. PasoBy
MIOBE[IiIHKY CUCTEMU OTPUMYEM, MiHiMisyoun F 3a sminaumu p i m.
IIpu Takomy omnuci cucremu mapamerp k Bifirpae BusHAYAIbHY POJIb.

Cupasni, npu k£ = 0 ¢aszosi nepexonu piguna-mapa i 3mimyBaHH:-
HE3MilIyBaHH:A BimOyBalOThCs, HE BIIUBAIOYN OMUH HA OXHOrO. Pimmma
npu p = 11 mapa npu p = —1 cniBicayiors npu g = 0, \-jtinia nepe-
THHae KpuBy cniBicuyBauus B Touni § = 0. IIpu BkJoueHHi masoro k
Temneparypa KKT 3pocrae 3 rycTunoro:

Oc(p) = 2k(p—1) (3)

i A-minia smimyersesa BigHOCHO KpuBoi criBicuyBanaa PII.

3 ymoBu crifikocti pinkoi dgasu i ymMoBU Ui napamerpy mOpsiKy
m? = 0.(p) — 6 3HAXOAMMO, MO BU3HAYHUK MATPHII CTifikocTi Mae Bu-
DL

~4
F=6 + B — ip+ k(1= i, 2)

C =4m?((3p*> —1)/2 — k?).

Cucrema crae Hectiiikoo upu p < pe, e p. = v/ (2k? + 1)/3 Busnauene
3 piBusinaa C = 0.

B rpukpurunyniii Touni ainia coinogas i kpuruuna JiiHig (3) nepe-
tunaioThes. Lle BinOysaerbes npu p. > 1 abo k > ko (ko = 1). Tpukpu-
TUYHA TOYKA Ha (as3oBiil miarpami MaruMe KOOPIMHATU:

2 [2k2 + 1
O =0:(p);  pr=pe =3\ TW - 1). (4)

Bci Besimuunu B (5) Bupaxkeni uepes k. Orxe, mapamerp, mo ONUCYE
KOpeJIALil MiK mapamMerpoM HOP:AAKY 11 1 TyCTUHOIO p € BUSHAYAIbHUM
B ¢azoBiii Tonosiorii cucremu. HexTyBaHHs TaKuMU KOPeJIALIsAMU MOXKE
TIPU3BECTHU [0 AKICHO HEBIPHUX Hiarpam.

Ha xanb, moao KiJIbKiCHUX OIIHOK TOBEIIHKU CUCTEMU CEPEIHBOIO-
JbOBI miaxonu i Teopia Jlanmay € menm ycmimuumu. IlinTBepakenHAM
IbOMY MOXKYTb OyTy IPOBEIeHI HAMH PO3PAXYHKH IapaMeTPiB KpUTUd-
uoi Touku PII nyist momeni BCC sik dynkuiit mikpockonigaoro mapamer-
par, a TaKOXK aHAJIOri4Hi pe3yabTaru, orpuMani merogom Monrte-Kapiio
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(MK) [11,13]. Hauri po3paxyHKH IPOBOIUJINCH 3 JOMOMOIOI0 METOILY KO-
nexkruHux 3minHux (K3) 3 Bugisenoo cucremoro Bimiiky [14]. Meton
[I03BOJIsI€ BUBYATUA KPUTUYHY IOBEHIHKY CHUCTEMH 3 [EPHINX ITPWHIM-
uiB, BpaxoByouu ¢urykryauii napamerpa nopsiuky (B JaHOMY BUIAJIKY
dbaykryanii Bpaxosani B nabnmkenni moneni pt) [15]. Ha Puc.3 306pa-
JKeHa noBeninka Kputudnoi temmeparypu PII sk dyHkIisa Mikpockomit-
HOro mapamerpa r, a B Tabs1.1 mogaHi 114 MOPIBHAHHSA YUCA0BI 3HATEHHS
U1 Tc i ., pospaxoBani meromom MK i meromom K3.

A=1.5 ~
15 . ~
TayciBecbke HAOM 7
~ .4 -7
— ~ ~ ~ HADJL MoOAe p -
14 -
o 1.3 ///
e -
121 T
1,1E //’ 1
1’0 L L L L
0,8 1,0 1,2 1,4

Puc. 3. Kpurnuna remneparypa pinuaa-napa 1, 6imapuoi cumerpuvHoi
cywmimi Ak yHKIIA MIKpOCKOTiYHOrO mapamerpa r npu A = 1.5.

Tabu. 1. Kpuruuni remneparypu 1. i kpuruuni rycrusu e, OTPUMAHI
meronoM MK i meronpom K3.

A r T T e Me
1.5 0.72  1.06 [11]  1.055 - -
2.0 1.0 2.684 [13] 2.753 0.123 [2] 0.129

Tyr BBeneni nacrynui nosnadenus: 1, = ’“—Z’“, Ne = ”%‘73

Cutiz 3ayBazkuTu HOOPY y3rOIKEHICTh HAIIMX PE3YJIbTATIB 3 PE3YJib-
taravu meromy MK. Pospaxosani B nabmmkenHi momesi p! remmepary-
pu € Ha &~ 10 — 15% Hmxk4i Bim KIIBKICHEX OIHOK CEpETHBONOIBOBIX

MiaxXomiB.
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IMOTEHIITIAJI BBAE€MO/IIT
MI2K ATOMAMMU I'EJITIO

A. PoBenuak

Kagedpa meopemuunor ¢izuru
JIveiecvrutl depacasnuli yHisepcumem

ment learna Pparra
eya. [pazomanosa, 12, 290005 Jlveie

Bamaaa omucy dazosoro mepexony B ‘He mae BxXKe MOHAM, MICTIECAT
pokiB, Binkonu B. I'. Kee3om Binkpwus itoro y 1932 p. o nporo gacy we
BIIAJIOCH CTBOPHUTHU TEOPilo, AKa Ou aBasia 100puil OnucC mporo sBUMIA
He JIMIIe SAKICHO, aJjie i KiJIbKiCHO.

Bimowmo, mo A-nepexin BusABIAETHCA 30KPEMa AK 3HAYHE 3POCTAHHSA
TermI0eMHOCTH ¢y cuctemu. CyTTeBa MpPOodsIeMa MOJIATAE B TOMY, IO €KC-
MEPUMEHTAJIbHI JaHi 3 TPUBOMLY IBOTO € IyXKe HEOTHO3HATHUMU, JOTE-
mep HEBLIOMO, HANPUKJIAMI, YA B TOYI Mepexony 71\ TemaoeMHICTb Ma€
ckinvene suadenus [1]. Pisui ninxomu mo reoperudHoro omucy marmorb
BIJIIOBI/THO Pi3Hi pe3yJibTaTu.

[ToBeninky TemmoeMHOCTH B OKOJIi 1\ MOJAIOTH MEPEBAKHO y BUTJIAIL
cy ~ |1 = T/T\|* Onux 3 MEeTONIB OMKCY A-TIEPEXOMY, AKUil I'PYHTYE-
THC: HA, CIiBBIIHOMEHHAX /11 0AraT09aCTUHKOBUX (DYHKIIINH PO3MOILITY,
6yB 3aunpononosanuii I. O. Bakapuykowm [2]. [Tonepenni ouinku pesyJib-
TariB floro 3acTocyBaHHs BKA3yIOTh HA Te, MO (DYHKIA TEIIOEMHOCTH
Mag€ po30iKHICTD, mprHAMHI mpu HabauKeHHi 10 Ty cnpasa. [Ipu npo-
My MOKA3HUK (¢ € MaJiuM Bim'€MHUM 9ucCjoM. ljisg BCTAHOBJIEHHA OO
3HAYEHH MOTPIOHO IETa/Ii3yBaTH PO3PAXYHKHU, 30KPEMA OTPUMATH TOY-
Himi Bupasu mjis Gyp’e-300paKkeHHs NOTEHIIaly MizKATOMHOI B3a€MO/Iil
B *He, sixe irypye B 6ararbox piBHAHHAX TEOPil.

Bunaerbcs npuBabiuBuM TakKuil OMuUC cucTeMu, AKuil moOymoBaHmit
3 MEPIIUX TPUHIUIIB, TOOTO /i HHOIO BUKOPHUCTAHI TITHKYW MEBHI 3a-
raJbHUL PiBHAHHA, AK Hanmpuk/jang piBaanaa [peniarepa, i mpu nbomy
KIJIBKICTh JTaHUX, B3ATUX 3 EKCIEPUMEHTY, TOBHHHA OyTH AKHAMeH-
IIOIO.

Y naniit pobori dyp’e-306paxenusn v(q) norenuiany P(r) orpumy-
€THhCs 3 BUKOPUCTAHHAM [MEBHUX KBAHTOBO-MEXAHIYHUX CIiBBiOHOMIEHB
Ha MiJcTaBi CTpyKTypHOrO hakTopa Sy, BUMIPAHOTO B €KCIIEPHMEHTaX 3
po3CisHHA TenioBux Hefitponis y nammunnomy ‘He [3].

Bignosinxi Bupa3u B HaO/IMKEHHI ABOX CYM 334 XBHJIbOBUM BEKTOPOM
MO2KHA OTPUMATHU Ha IiacTasl pesysibraris pobir [4,5], y akux posriisga-
sacs 6ararobosonna Heineasbua cucrema pu I' = 0 K (ro6ro B ocHos-
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HOMy craHi). B [4] 6y70 oTpuMaHo JaHIIOr PiBHAHB 11 KoebilleHTHIX
byHKUii ag, a3, 04, ... y PO3KJIaul Jorapudmy XBuab0oBOI (PYHKIII oc-
HOBHOTO CTaHy 0aratro0030HHOI CHCTeMH 33 ‘cTeneHAMn’ KOJIEKTUBHUX
3MiHHUX:

Nl—n/2

\I/(rl,...,rN):CeXp{Z " Z

n>2 ’ k1#0

Zak1+ )an(kl,...,kn)pkl...pk"},

2

k,
1 N
— e—ikrj‘
Pk N ;

Y mabsmkenni “IBOX CyM 3a XBUJIBOBUM BeKTOpOM” 3 piBHanH:A Illpe-
OiHTrepa 3 ramiJbTOHIaHOM

N &
H = Z 2P Z (Irj, —1sl)
j=1

]1 #Jj2

OTPUMAEMO TaKy CHCTeMy PiBHAHB (1-3):

N mv(k o
N g a0 K adk) - 1)
]‘ 2
- W Zq a4(q7_q7k7 _k) +
q#0
1
+ qu(_k_q)aﬁ(kaq:_k_q)zoa
q#0
as(ki, ko, ki) = {klkz az(ki)az (ko) + (2)

+k1k3 a9 (kl)ag (k3) + kgkg a9 (kg)ag(kg)} X
—2
11— 2a5(k1)] + K3 [1 — 2as(ks)] + K2 [1 — 202 (k3)]

1
K21 - 2a5(K)] + @ [1 — 2a2(q)]

X {(k +q)’aj(k + q, -k, —q) + (k — q)’a3(k — q, —k,q)+
+2 [k(k + q)az (k) + q(q + k)az(q)] as(k + q, —k, —q)+
+2[k(k — q)a (k) + a(q — K)as (@)] as(k — g, =k, +a) |

as(k, =k, q,—q) = 3)
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B pobGorax [5] Gysiu oTprMaHi BUpasu [1Jis S-9aCTHHKOBUX MAaTDPUIb IyC-
tunu Fy(ry,...,rs) yepes dyskuii as, ag, as. Takum yunoM, BpaxoByio-
4y NPOCTUil 3B’a30K apHOi (DyHKUIl pO3IOAiay 3 HapHUM CTPYKTYPHUM
dakrTopom cucremu, (paKTUIHO MAEMO CIIBBIIHOIIEHHs MiXK G2, G3, G4 1
S, mpn abCoOMOTHOMY HyJIi TeMIepaTypu:

11
1—2ay(q) 2%(q)

[ 1+ 48,5(q) — 1} , (4)

ne X(q) e ckiangauM HYHKUIOHAIOM A:

Laq = + kZ Z [1— 2as(ky) ][1 - 202(k2)] ®)
170 ka#0
ki +ka+q=0

{az(kl)az(kz) +as(ki, ko, q) [1 + 03(k1;k2;Q)]} +

(14 k -k » A, — q)
+ N Z ]. — 2&2 ]
k#0

X

Posp’sizyroun (4) y npuitnsaromy nabuumxkenni (1Bl cymu 3a XBUIIbO-
BUM BEKTOPOM), OTPUMAEMO

= (1- 5 ) - 370 @. ©)

innekc (0) osnauae, mo dyukiionayg %(q) pospaxoBanuii Ha QyHKIiAX

az(q) = a3’ (q);

1 1
ay’ (q) = B (1 - S_>
q

— posB’asku (1-4) y vabnuxenni xaoruannx ¢asz. Takum auHOM, MOXK-
Ha orpumaru Gyp’e-300pakenns norenuiany v(q), a TaKOK nepeiru 10

d(r): .
n=2 Y ). (7)

s obvncsienb MU BUKOPHCTOBYBAJIA €KCIEPUMEHTAJIbHI 3HAYEHH A
crpykryproro daxropa Hagmiunnoro *He i3 po6oru [3], ski Bimmosi-
maroTh ryctui p = 0.02185 A3 remmeparypi 7' = 1 K. Ockinbku y
BUXinHi Bupasn BxomuTh S, npn 1" = 0 K, Mmu “nponosxnian” i 3HadeH-
A B T = 0 K na nigcrasi cuissinxomenns [6] (nus. Puc. 1)

Sy (00) hq?
S8 =222 B=-—1 _
Q(ﬂ) tthq q 2msq(oo)
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14 T

T=0K ——
T=IK, Splines -~
T=IK, Experiment ¢

. A

Puc. 1. Crpykrypuuit paxrop *He

Pesynpratu pospaxyukis naBemeni na Puc. 2-3 i B tabs. 1. Ilopis-
HsAHH3# 301ACHIOETBCH 3 MOJE/IbHUM noTenuiaiom Asiza [7].

Habuimkenns xaoruunux das sianosinae romy, wo B (1) norpibuo
BIIKMHYTHU BCi OOHAHKU, IO MICTATH CYMH 34 XBUJILOBUM BEKTODPOM i

nokJjacTu a2(q) = ago) (q), To6T0

v(q) = %% (sig - 1) : (8)

Ax Bugno 3 Puc. 2-3, nabukeHHA IBOX CYM 3a XBUJIbOBUM BEKTO-
POM CYTTEBO MOKPAIILY€E PE3YILTATH MOPIBHAHO 3 HAOJINKEHHAM Xa0TUYI-
HuX a3z, T0O6TO BILJIUB TPU- 1 YOTUPUIACTUHKOBUX KOPEJIALI € 3SHAYHUM.

Orpumanuii HaM¥ [OTEHLIa 1 1m0 BiApi3HAETHCA Bij HABEOEHOIO
B [7]. Asie moBHOrO 36iry He ciim GyJsio O4iKyBaTH, OCKIIbKM HaBee-
Hi pe3yJIbTAaT! BiANOBIIAIOTh MApHiil B3a€MOIii MiK aToMaMu 4He, axa
dirypye y Buxinnux piBasanusax reopii [4] i €, pakruuno, epexTuBHOIO,
a MOJIeJIbHI ITOTEHIia I PO3PAXOBYIOTh Ha MiJICTABl y3rO/XKEHH:A PI3HO-
MaHITHUX €KCIIEPUMEHTAJIbHUX JAHUX, BBAXKAIOYM MIXKATOMHI B3a€MO/1ii
napanvu. 1omo Taxoi cuctemu sx pinkmit “He mpm HH3LKHX TeMIle-
parypax, TO mjid Hei, Ma0yTh, € CyTTEBUMU TPU- i YOTUPUIACTUHKOBI
B3AEMO/Iii, TOCTIIKEHHA AKNX CTAHOBUTH 3HAYHY CKJIAIHICTD.
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Tabu. 1. IlopiBHsAHHA pe3yabTaTiB 009UCIEHD

Tmin: A q)(rmin)a K q)(o)a K

0-Be HabJIMKEHH:I 3.31 -17.08 ~ 242
1-me HabuKeHHA 3.34 -10.58 ~ 230
Mogenpuuii norennian Asisa [7] 2.99 -11.04 ~2-105

[IpuunHOIO OCIUIAMI HAIIOTO MOTEHIIATY Ha BEJIMKUX BIOCTAHAX €
KBAHTOBHI PO3I/IsAL mpodsieMu, BillOMO, IO TaKa MOBEMiHKA CIIOCTepira-
€TbCs B PIAKUX MeTasiax.

MTono ocmsAmil HA MaIUX BiIIAJIAX, TO MOACHUTHU iX [MOKK MO HE
BIIA€THC:, MOKJINBO, BOHU OyIyThb 3IVIAIKEH] MC/IA 3aCTOCYBAHH Ha-
CTYIHUX HAOJINKEHbD.

Hewo inmmit nigxing no poss’ssky piBHsHH# Ay Y(Q) HOJIArAE y
JiHeapuzarii 3a gomomoroio meroxy Hbiorona, TOOTO MOXKHA 3aIIMCATH

(0) 1./
¥(a) :E(O)(QHZ?TS()) (X(K') = Sp) + ...,
k' X (k')=Sy
" 1
X ) = 1—2ay (k')

OnHak, BpaxoByIOUYM CKJIAIHICTH GyHKIIOHATY Y(q), IPOBECTH TOYHI
qUCe/IbHI PO3PAXyHKH [I/1d Bapialiiiaol moximuoi Oyae JOCUTh CKJTAIHO.

Orpumani B 1iit pobori pesyJibraru, siki BLITOBIIAIOTH HADIUKEHHIO
“IBOX CyM 3a XBUJIBOBHM BEKTOPOM”, MOXKYTb OyTH BUKOPHUCTAHI IIIs
PO3paxyHKy TepMonmHaMivHuX (YHKIIN restifo i 11 mogasibioi mody-
JOBU TeOPil 3 TepmnX TPUHIIATIIB.

ABTOpP BHUCJIOBJIIOE MOISIKY CBOEMY HAYKOBOMY KEDIBHUKOBI, mpode-
copy L. O. Bakapuyky, a Takox acoipanry kadenpu reoperudsol ¢i-
suku B. B. Babiny, cuinbuo 3 sikum Oy/in BUKOHAHI PO3PAXYHKHU O i€l
poboru.
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THE CORRECTION-TO-SCALING
EXPONENT IN DILUTE SYSTEMS!
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From renormalization group (RG) theory one knows that in the
asymptotic region the values of the critical exponents are universal and
scaling laws between them hold. There the couplings of the model Hamil-
tonian describing the critical system have reached their fixed point val-
ues. In the nonasymptotic region deviations from the fixed point values
are present. They die out according to a universal power law governed by
the correction-to-scaling exponent w. E.g. for the zero field susceptibility
the approach from above to the critical temperature 7T, is characterized
by the so-called Wegner expansion [1]

XZF()Ti’Y(].-f—FlTwu-f—Fszwu-f—...), (].)

where 7 = (T' — T.)/T. and the I'; are the non-universal amplitudes.
v and v are the asymptotic values of the susceptibility and correlation
length critical exponents. The smaller the exponent w, the larger is the
region where corrections to the asymptotic power laws have to be taken
into account. Being even further away from the fixed point it is necessary
to consider the complete non linear crossover functions. This exponent
has been calculated with high accuracy for the O(n) symmetric model
(in particular for the 3d-Ising model, see Table 1), but is much less known
for the corresponding diluted model. As a result of a 3d-calculation of the
field theoretic functions within the minimal subtraction scheme [2] and a
thorough analysis of different methods for calculating critical exponents
[3], we are able to present accurate values of the correction-to-scaling
exponent for weakly diluted quenched 3d-Ising model.

The implication of quenched dilution on the critical behavior is a
long-standing problem attracting theoretical, experimental and numeri-
cal efforts. In the 3d-Ising model quenched disorder changes the asymp-
totic critical exponents compared to the pure ones [4,5]. In principle this

IR. Folk, Yu. Holovatch, T. Yavors’kii. Pis’ma v ZhETF, 69, 698 (1999); [JETP
Lett. 69, 747 (1999)].
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statement should hold for arbitrary weak dilution. But in order to ob-
serve this change one should approach the critical point close enough.
The width of this region turns out to be dilution dependent.

In particular Monte Carlo (MC) calculations of the critical expo-
nents in the dilute 3d-Ising model are more difficult to perform than for
the pure model since they need much larger sizes of lattices [6]. Even
then the exponents were found to be non-universal and varying conti-
nously with dilution, i.e. they were effective ones [7]. It became clear
that a correction-to-scaling analysis is unavoidable and indeed univer-
sal exponents were found [8]. Without it one still obtains concentration
dependent effective exponents [9].

The value of the correction-to-scaling exponent w found in MC calcu-
lations from an analysis invoking the first correction term in (1) turned
out to be [§]

w=037£0.06. (2)

Thus it is almost half as large as its corresponding value in the pure
model (see Table 1) and this smallness of w in the dilute case explains
its importance for an analysis of the asymptotic critical behavior. It is
therefore highly desirable to have an independent quantitative theoreti-
cal prediction for the value of the correction-to-scaling exponent in the
dilute system.

In theoretical calculations the value of w found by scaling field RG
[10] is w = 0.42. So far field theoretical RG studies mainly concentrated
on the asymptotic values of the leading exponents. Correction-to-scaling
exponents have been calculated within massive RG in two loop approx-
imation in Ref. [11] (w = 0.450) and within the minimal subtraction
scheme in three loop approximation in Ref. [12] (w = 0.366). Here, we
improve this value in the massive RG scheme up to four loop order with
the result

w=0.372 (3)

in excellent agreement with (2). In the minimal subtraction scheme we
obtain w = 0.390 remaining with in the bandwidth of MC accuracy.

The critical behavior of the quenched weakly dilute Ising model in
the Euclidian space of d = 4 —¢ dimensions is governed by a Hamiltonian
with two couplings [13]:

n n 2 n
@) = [AR{5 D (Vo + mie2] - 5 (Z ¢i> + LYok
" \a=1 Ta=1

- (4)
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in replica limit n — 0. Here ¢, are the components of order parameter;
ug > 0,v9 > 0 are bare couplings; mg is bare mass.

We describe the long-distance properties of the model (4) in the vicin-
ity of the phase transition point using a field-theoretical RG approach.
The results presented in this paper are obtained on the basis of two dif-
ferent RG schemes: the normalization conditions of massive renormalized
theory at fixed [14] d = 3 and the minimal subtraction scheme [15]. The
last approach allows both fixed d = 3 calculations [16] as well as an
g-expansion.

In the RG method the change of the couplings u and v under renor-
malization is described by two S-functions

Buluy0) = (g_z) Bu(u,v) = (g—u) 5)

where p corresponds to the mass in the massive field theory approach and
to the scale parameter in the minimal subtraction scheme. The subscript
in (5) indicates that the derivatives are taken at constant unrenormal-
ized parameters. The (-functions differ for different RG schemes and in
consequence the fixed point coordinates u*, v*, defined by the simultan-
ious zeros of both S-functions, are scheme dependent. The asymptotic
critical exponents as well as the correction-to-scaling exponent do not
depend on the RG scheme and take universal values.

The correction-to-scaling exponent w is defined by the smallest eigen-
value of the matrix of derivatives of the S-functions

By OB
5, ot ©)
Ou  Ov
Method dilute pure
scaling field 0.42[10] 0.87[10]
€ expansion see text 0.814 &+ 0.018[26]
massive RG, d =3 0.372 0.799 £ 0.011[26]
min. sub. RG, d =3 | 0.390 0.791
0.8 = 0.1[16];
MC 0.37 + 0.06[8] | 0.8 — 0.85[31];

0.87 =+ 0.09[32]

Table 1. Values of correction-to-scaling exponent w as obtained from
different methods in dilute and pure 3d-Ising models. For the accuracy
of our values see text and Fig. 1.
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taken at the stable fixed point. For the stable fixed point both eigenvalues
of this matrix have a positive real part.

Our results for the correction-to-scaling exponent are based on the
known high order expansions for the functions 3, and (3,. In the massive
scheme they are known in four loop approximation [17]. In the minimal
subtraction scheme one can obtain these functions in five loop approxi-
mation in the replica limit from those of a cubic model [2]. In the limiting
case of the pure model only the coupling u is present. The corresponding
B-function results from putting v = 0 in £, (u,v) and the correction-to-
scaling exponent is simply the derivative 03, (u, 0)/0u taken at the stable
fixed point u*. Note that for the pure model the S-functions in the mas-
sive scheme are known in six loop approximation [18] and the five loop
results for the RG functions in the minimal subtraction scheme [19] agree
with those recovered from Ref. [2].

It is known that the series obtained in the perturbational RG ap-
proach are at best asymptotic (for the dilute model see however Ref.
[20]). An appropriate resummation procedure has to be applied to the
[ functions in order to obtain reliable information. The choice of the re-
summation procedure depends on the information about the high order
behavior of the expansion series. This information is not available for the
case of the B-functions (5). In this situation we have used in our anal-
ysis several resummation procedures. In particular we tried Padé-Borel
resummation [18] for resolvent series [21] as well as Chisholm-Borel re-
summation technique [11,22]. Simple Padé-tables were analyzed as well.
Then, special attention was payed to the choice of the fit parameter (en-
tering Borel-Leroy transform). We observed the standard "benchmarks’,
namely fastest convergence of the perturbation theory results, reproduc-
tivity of the best accuracy known for exponent values of the pure model.
Moreover different forms of the approximants were tried and analyzed
on the base of a model function [3].

The steps which we follow in the calculation of the correction-to-
scaling exponent w are the following: First the g-functions (5) are re-
summed and the system of equations for the fixed points, 8, (u*,v*) =0,
Bu(u*,v*) =0, is solved. Then the matrix of derivatives (6) is calculated
for the resummed (-functions. The stability of the fixed points is checked.
The fixed point with both v* # 0 and v* # 0 is the stable one at d = 3
and the smallest eigenvalue gives the desired correction-to-scaling expo-
nent. Note that the eigenvalues might be complex, in this case both have
the same positive real part defining w.

In Fig. 1 we present our results for the exponent w obtained in suc-
cessive orders of perturbation theory in number of loops. To perform the
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resummation the Borel transforms of the truncated /th order perturba-
tion theory expansion for the S-functions were presented in the form of
[(I — 1)/1] rational approximants of two variables [22]. This form of ra-
tional approximants appeared to give the most reliable results. The four
loop results for the exponent w obtained in both RG schems are given in
the second column of Tab. 1. The behavior of w in succesive numbers of
loops shown in Fig. 1. The uncertainty in w may be estimated by taking
the difference between the four loop and the three loop result. It gives
in all cases the typical accuracy of lower then 10%. Although both RG
schemes lead to comparable values for w, the convergence of the values in
the massive scheme is much faster. Note that the result for w combined
with the corresponding four loop results for the asymptotic critical expo-
nents [17,24] confirms the conjectured inequality, —vw < a < 0, for the
random models critical exponents involving the specific heat exponent
[23].

massive RG

,/ minimal subtraction RG

L L L
2 3 4
number of loops

Figure 1. Correction-to-scaling exponent w of the dilute 3d Ising model in
increasing number of loops. Open square with error bar shows the region
of accuracy of the MC data [8]; full squares: our values in the minimal
subtraction RG scheme; full diamonds: our values in the massive RG
scheme.

As it was noted above five loop results for the minimal subtrac-
tion scheme are available [2]. In particular applying the resumation
scheme [25] to the pure Ising model case, v = 0, we get the follow-
ing values for w in increasing number of loops starting from two loop:
w = 0.566; 0.852; 0.756; 0.791. This leads to an improvement in accu-
racy of the previously calculated d = 3 five loop value [16] (see the third
column of Tab. 1).

The degeneracy of the dilute Ising model g-functions on the one loop
level leads to the y/z-expansion [13,27]. For the critical exponents this
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expansion is known up to O(g?) [28]. Starting from the five loop results
of Ref. [2] in the replica limit we get the following expansions [29] for
the eigenvalues w; and wy of the stability matrix (5) in the fixed point

uw* #0,v* #0:
wi = 2e+3.704011194 %/ 4+ 11.30873837 &2, (7)
wy = 0.6729265850 /% — 1.925509085 ¢
0.5725251806 %/% — 13.93125952 2 .

From naively adding the successive perturbational contributions one ob-
serves that already in three loop approximation (~ ¢) ws becomes nega-
tive and therefore no stable fixed point exists in strict y/g-expansion.
Even the resummation procedures we applied above, do not change this
picture [24]. This can be considered as indirect evidence that the y/z-
expansion is not Borel summable, as may be expected from Ref. [20]. A
physical reason might be the existence of the Griffith singularities caused
by the zeros of the partition function of the pure system [30]. The fixed d
approach, both within the massive [14] and minimal subtraction [15,16]
schemes, seems to be the only reliable way to study critical behaviour of
the model by means of RG technique.

We acknowledge valuable correspondance with Alan J. McKane and
Victor Martfn—l\/[ayor.
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IMPOBJIEMU CTATUCTUYHOI TEOPII
CAMOACOILIIMOBAHNX CUCTEM

C.B. Konnpar, M.®. I'o1oBKO

Inemumym gizurxu xondencosanur cucmem HAH Yrpainu,
290011 m. Jlveis, sya. Ceenuiuyvkozo, 1

1. Beryn

Ak nobpe Bimomo, cymim Bogu Ta HAPTONOAIOHMX YACTUHOK PO3LIAPO-
ByeTbCca Ha OB dasu - dasy mabrtu ta Bomu. OmHak Takwii PO3UUH
MOKe PO3MINTyBATUCA, AKIO IO CYMIiNIi MOJATH TOBEPXHEBO-aKTUBHI
YACTUHKM, #AKi IIe Has3uBaloTh aMmdidimpuumu (Big rpensKoro JobuTu
000x), uu inakwe cypdakranramu. ¥ Takux TPUCOPTHUX CUCTEMAX BU-
HUKAE PI3HOMAHITT:A (Pa3, PO3IVIAAOM AKUX T4 OIJIAAOM MOXKJ/IMBUX IIij-
XomiB [0 ix ommcy i mpucBAdeHa maHa pobora. Pesynprarm mamoro
OrJIfAdy B 3HaYHiH Mipi 6asyBaTumyThca Ha mouorpadii l'ommepa i [lika
[1].

[Tepw 3a Bce 3BepHeMO yBary Ha CTpyKTypy aMm@idiibHux dacru-
HoK. Taki yacruHku MarOTh NOJAPHY ro/oBKy (1o gobpe B3aemouie i3
BOJIOIO) Ta HenoJiApHuil xsicr, nobpe B3aemounitouuil i3 madroro. [Ipu-
KJIQJIOM TaKOI YACTUHKU MOXKe OyTH MOJIEKYJIa, IO OMUCYETHCI XeMid-
Hoto popmyitoio CH3(CH,);—1 (OCH>CH,),;0H, abo ckopouero C;Ej;.
KopoTko posriisinemo $ha30By MOBEMIHKY CUCTEMU TaKUX MOJIeKyJI. Ilpu
JgesAKiil reMieparypi ra HeBesukiil Kijibkocri am@iplibHUX YACTUHOK
MaeMo Bl posaijieni ¢asu, i3 cypdaKraHTOM, IO 3HAXOAUTHCIH, CKa-
kim0, mepeBakHO y Bomi. [Ipu 36ibmenni TemMmeparypu 10 JeAKOI Kpu-
tuunoi T, (sAKy e HasuBaoTh Temneparypoio Kpadra) nosasiaserbes
tpersa dasza (36aravena BOmO0), AKa (PI3UYHO PO3TANIOBAHA MiXK BOIOIO
Ta HadTOM, Big 4oro iHma HasBa - cepentsa ¢pasza. [Ipu noganbmomy
pocti remneparypu aMm@idiibHi YACTUHKY CTalOTh BCE OL/IbLI PO3YMHHI
y HadTi Ta MeHLI - y BOAi 1 Ipu [esAKiil Temineparypi BUPIBHIOIOTHCS KOH-
nenTparii Boau ta HadTu y cepeniit dhasi. 3HOBY 30ibMTyI09UN TEMITEPA-
Typy cepenHs# dasa cTae Bce Oibim i Olbin HacuyeHa HadTO0, aXK MOKU
upu jeskiit remneparypi Ty, (teMmueparypa HOMyTHIHH:), CTA€ LieHTHY-
HO1O 110 (pasu HadTu 1 cucrema 3H0BY crae apodasHoro. Lle cxemarnyHo
300paxkeno Ha puc. 1. IIpu mocrarapo Bemkiil KoHueHTpanii cypdax-
TAHTY CIIOCTEPIra€ThCs TEHAESHIA JO CTBOPEHHS arperaris pisaux ¢hopm
Ta PO3MIpIB, WO 3HAXONATHCA Yy Bozi uu HadTi (B 3a/1€2KHOCTI Bij X KOH-
uenrpauii). HallupocrimuM nmpuk/iagoM Takux arperariB MOXKYTb OyTu
Minesnu, wo mwiaBamTh y Boai (y BUNALKY BEJUMKUX KOHUEHTPAUill BOAK)
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amphiphile

Ty<T

Figure 1. Cxemaruvna moc/iimoBHICTh (pa30BUX miarpam, KOKHA TPHU M0-
criitHiii Temneparypi, I TpuHAPHOI cyMmimi Bomm, HadTH Ta Cypdax-
taHTy [1].

4y obepueni mitesn (y BUNAAKY BEIMKUX KOHUeHTpauiil HadTu).

[Ipu ny»xe BeMKUX KOHIEHTPALIAX CyPMAKTAHTY Y TBOPIOETHCS TAK
3Bana JjiorponHa daza (y #kift BiubyBaeTbCs IEBHE BHOPANKYBAHHS al-
perataux cTpykTyp). Ilpukiagamu takoi dasu MoKyTb OyTu KyGidna
91 reKcaroHaJibHa (hasu. 3aBAAKM OArarcTBY Ta, Pi3HOMAHITTIO dazo-
BOI MOBEMIHKM OMMC TAKWX CUCTEM € IHOBOJI CKJIQIHWM. ICHy€ mekinbka
miaxomiB mono ix onwucy. IlepmoocHoBoOO ix € KOHKpeTn3alia MacmrabiB
[1oBxKUMH 4K iHmuX (isuunux xapakrepucruk: (1) Poswisig cucremu na
MacmTadax MmopAAKY PO3MipiB B3a€MOMIIOYNX MOJIEKYJI, Ma0YTh, TIOTPE-
Oye BBeImeHH: raMiJIbTOHOBOI (yHKIl cucrtemu. OmHI€ i3 MOKIUBUAX
peaJtizariii Takoro miaxomy € moOymoBa rPATKOBOI MOIE i TPUHAPHOI Cy-
miwi; (ii) 36ibuyoun Macwrad 10BXKUH (HAPUKJ/IAI LULJIAXOM yCepe-
HenHs (iHrerpauil) MiKpOCKONOBUX BeJIMYKH 110 HEBEJIMKIiH obsacti) npu-
iimeMo OO Teopiil ommcy cUCTEMH B TepMiHAX mapamerpa mnop:aaky. Ilo-
OymoBa GyHKIIOHATY BLIHHOI eHeprii Ak dyHKIII TapaMerpa mopaaxy i
€ cyrTio Metony dyukiionany Iins6ypra-Jlanmay. B npunnumi iabmy
enepriio [in36ypra-Jlangay MoxKeMo ojepKaTu i3 MiKDOCKOIOBUX TeO-
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piii, onHAK YacTiiie BOHA KOHCTPYIOETHC i3 cuMeTpiiiaux MipkyBam; (iii)
IIpu nonasanui y nBokoMmuonentHy cymim (Hadgru ra Bogu) amdidinb-
HUX YACTUHOK BOHM PO3TAILIOBYBATUMYThC:HA Y MiK(asHuiit obiacti, i upu
JIOCTATHBO BUCOKMX KOHIIEHTPAILAX YTBOPATH WIAD, 9 HOABIAHMN map
y BUNAIKY OiHAPHUX MAOMIIIOK), AKUIA MOKEMO TPAKTYBaTH AK THYUYKY
MeMOpany. ocIimKeHHs BJIACTUBOCTEN CUCTEM sIK MEMODPAH PO3BUBAE-
ThCHA Yy PAMKAX TaK 3BAHUX MeMOpaHHUX TEOpiil.
Koporko 3ynuanMoch HA 0uX TPHOX IiAXOHAX.

2. Mikpockormiuai momeJi

PosriiaremMo mpocTy cucteMy 3BUYAiHOI TPUHAPHOIL CyMiIli, MO Yy rpaT-
KOBI#i MOzesTi onmcy€eTbes ramMiibToHOBOO (yHKI€ [2,3]:

3
HOZ—ZZEQBP?P;B_ZZNQP?; (1)
(3

B (ij) o

ne «, 3 uymepye copru (a,b,c), i,j - Bysuu rparku; P® = 1, akumo no
i-TOMy By3Jli 3HAXOOMTHCH YACTUHKA COPTY (& Ta HyJib Y IPOTUBHOMY

Bunanky; E%° - emeprisa, pu® — xemiunumii norenmiaa. YMoBoo
d Pr=1Vi (2)
«

3a0€3IevIy€EThCA HAABHICTD YaCTUHOK Y BCiX BY3JIax.
3aificHUBIIN IEPETBOPEHHA BULY

pr — (1 + Sl)Sz
¢ 2
o _ (1458
¢ 2
Pf = —(1-5) (3)

npuiigemo 0o nobpe Bimomoi monesi Blume-Emerg-Griffiths (BEG) [4]:
Hppo = —»_{JSiS; + KS;S; + C(S7S; + 8:S7)} = Y _(HS; — AS})

(i7)
(4)
e

-
Il

(Eaa + Ebb _ 2Eab)

=
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— l(Eaa _Ebb) _ l(Eac _ Ebc)

4 2
1 1

K = E(Eaa +Ebb) + B — (Eac+Ebc) _ Z(Eaa -{—Ebb) +
%Eab — Ecc (Eac + Ebc _ %Eab) _ %(Eaa + Ebb);

29H = Iua_lub_2d(Eac_Ebc)

20 = 2u° — p® — pb +2d(EC + E* — 2E°), (5)

S; = (0,1,-1),1d - Bumipuicts rinepky6iunoi rparku. e € ogna i3 Haii-
MPOCTIMMX MoAesell cCaMOACOIIIOBAHIX CACTEM i, 3pO3YMiJI0, HE BPaXo-
By€ DaraTbox BJACTHBOCTElN, IpuTaManHuX TakuM cucremam. OHAK Ha-
BiTb Taka IpocTa MOe/b Jae Henorani (npuHaiiMi, sKiCHO) pe3yJibraru
i mMpoKo BHBYAJIACA y Oararox pobOTax, 30KpemMa y HAOIUKEHHI ce-
peaHbOoro moJis [5]. MoXIMBIM BIOCKOHAJIEHHAM MO € BpaxXyBaHHsA
3naTHOCTI amMmdidiIbHIX YACTUHOK 10 CTBOPEHH: MOBEPXHI Mixk HadTO0O
Ta BoHoio [6]:

H=H,-L Z (P{P{P{ + P)P{P} — P{P;P} — P'P{P}"), (6)
(ijk)

e MiJICYMOBYBAHHSA 3MIifICHIOETHCA 33 TPbOMa HAUOIMK4YnMu ~Cycima-
mu” ta L < 0. Takuit goganok 3meninye eHepriio Koudiryparii, B skiit
cypdakTaHT 3HAXOAUTHCA MizK HA(TOI Ta BOIAO 1 30L/IbIILY€E Y BUIAIKY
3HAXOMXKEHH:A CypdaKTaHTa MixK BOm0I0 yn HadTo0. Tomi ramisbToHiaH
3 BpaXyBaHHAM HOBOTO HOJAHKY HAOYOE BUTJIALY

H=Hy—LY_ Si(i—S})Sk. (7)

ijk

HeBaxko Gadnrm, mo meil MTOJAHOK CHPHUAE yTBOPEHHIO JIAMIJIAP-
voi ¢asu i3 koudirypauizMmu Tumy HadTa-cypdakraHT-Boga-Hadra-
cypdakrant... PaszoBa moBemiHKa TAKOl MOMAeJi, IOC/imKeHa B HAOIU-
JKEHHI CepefHbOoro moJiA y poboti [7], TyT mpencraBieHa y Bursaai da-
30BUX miarpam y 3minaux L i A (xemiunuil morenuiajs cypdaktanty)
(puc. 2) ra L i (P°€) (konuenrpauii cypdaxranry) (puc. 3) a1 cucremu
i3 0IHAKOBOI KOHIEHTPaliel HadTu 1a Bogu. Bauynmo, mo JiaMiisapua
daza 3’aBagerTbCs TiIbKU npu Bucokux amdidiaprocTi (10CTaTHHO BE-
JINKWX 3HadeHHAX |L|) Ta koHuenTparniax cypdakranry. IIpu manux |L|
mepexin Bin dasu crmiBicHyBanusa das Bomu Ta HADTU 10 HEBIOPIIKO-
BaHOi (a3 € mepexoioM mepuioro nopsaaxy. ocaiikenns cTpykTypu
HEBNOPAIKOBAHOI (pasu MOKEMO 3IiHCHUTH MIJIAXOM OOYUCIEHHS CTPYK-
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Figure 2. ®a3oBa miarpaMa TPUKOMITIOHEHTHOI MOJIE/Il MpHU PiBHUX KOH-
neHTpaniAax Bogu ta HadTH, mocTifiHii Temneparypi ( T/J=4.2 ) Ta
K/J = 0.5. Oiarpama HamanboBana y 3minHux L (ambidinbhicrs) Ta
xemiunoro norenuiany cypdakranry ( Ay omuuuusx J) [7].

TypHOro gpakropy 4u KopesAuiinoi pyskuii. Acumnrorudna popma Ko-
pesianiiinol pyHKuil Mae BULIA0;

(P — F) (P — PY))ae Scos(qr + ¢) (8)

e ¢ — 3cyB (das. Beanuuna & nae tunosi po3mipu obJiacreii KopeJisiiii,
rozi AK ¢! nokasye po3Mipu HOMITHHX 3MiH B CIPYKTYpi pe4oBuHU.

Jlinito, B #Kiil ¢ mEPETBOPIOETHCH B HYJIb, HA3UBAIOTH JIIHIEI0 HEBIIO-
pankosanocti (disordered line) - Ha puc. 2 mosnadeHo (...). Baunwmo, mo
y Besukiilt ob6acti dasosoi miarpamu (crpasa Bim JiiHil HEBIOPAIKOBA-
Hocri) ¢ # 0. s Besukux 3uadens |L| Ta (P°) maemo gobpe BLHOPAIKO-
Bany Jiaminsapuy a3y, (puc. 3), onuak upu manaux |L| (au (P€)) ¢ # 0
JJIs HEeBIOPAAKOBAHOL (hpasu, ToOTO 1151 (pa3a € HEBIOPAIKOBAHA, A€ HE
6escTpykTypHa. Taky da3sy, MadyTh, MOxkeMO inenTudikyBaru Ak dasy
MiKpOeMyJIbCiitHy.

MabyTh omHa i3 HaKpalux Moae el Oyia 3amponoHOBaHa y POOOTI
[8]. Lues nossirae y Bpaxysanui acumerpii B3aemonil amdidinbuoi ac-
TUHKH 13 BO1oI0 Ta HadTow. ['aMisibronoBa GpyHKILiA € HACTYIIHOIO:

H = Hy+ Hgpy

Hamp = - Z {PiaP]?(La(S(Tj,', Tj) + LC(S(T,'j , Ti)+
(i)
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Figure 3. ®azoBa miarpama 1 THX YKe JAaHWX, MO 1 HA PUC. 2, OTHAK Y
sminHEx ambidinbHocTi Ta KoHIEHTpaMil cypdakranty < P°¢ > [7].

+ La(s(Tii,Tj)(S(T,’j,Ti) —Eac)+...} (9)

TyT ri; - ofMHIYHMI BEKTOP B HAIPAMI ¢ — j, T; - Opi€HTaIiA YJACTUHKH,
0(a,b) - menvra-cumson Kponekepa; koeditientu L,, Ly - mokasHuku
CHJIM B3A€MOZI1 MiK pisHUME OpieHTamiaAMu MoJiekysl. PesynsraTn manoi
MomeJsIi ayzKe mo0pe CIiBIagaioTh i3 eKcrnepuMenTa bHuMu ganumu. Ha
puc. 4 upencrasieHo mepepis npusmu Ii6ca npu cuiBsimHOmeHH] KOH-
meHTpanii Boau 10 KOHUeHTpauil Hadru sk 1:1, orpumane i3 mopesi
Motsena, a Ha puc. 5 pe3yJabTaTH €KCIepUMeHTAaJIbHUX JaHuX [9] mpm
TUX e CIiBBigHOMmEHHAX; 0adnmo, mo mMomesas Motsena mobpe onucye
cucremy i3 cjaabo amdidinpaicTio i3 cypdaktantom Tumy CyF .

3. Meron, dbysknmionany rycruau I in3bypra-Jlannay

Crannapruo dpynknionan I'ins6ypra-Jlannay mMae BULisA

Fl(r)] = / dF{go(V ) + 1(8) — o), (10)

ne f(¢) - rycruna BijbHOI eHeprii cucrem, ¢(r) - napamerp nopsaaky (y
HAC 11e, HAIIPUKJIAI, MO¥XKe OyTH PI3HUIA IyCTUH HADTU Ta BOMAM), 14 - Pi3-
HUIA XeMIYHOTO MoTeHmiaTy HadTu ta Boau. [106/m3y KpuTuIHOi TOYKH
IYCTHHY BiJIbHOI €Heprii alrpoKCUMYIOTh IEPIIUMU KiJIbKOMA JOJAHKAMEI
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Figure 4. Beprukasbuuii nepepis npusmu [i6ca 1pu piBHEX KOHIEHTpA-
uisx Bogu Ta Hadru [8].

PO3KJIA[Iy 33 CTEIEHAMU ¢
f(9) = a20® + azd® + asd®. (11)

CrabinbaicTh OmHOPinHOI dasu moTpedye ay > 0. SayBaxumo, 1o
JIJIsT CAMETPUIHOL cucTteMu HeoOximmo, mod a3 = 0. Tomi mast as < 0
MaruMeMo croiBicHyBanns dpa3z nadru ta Boau, upu g = 0. Toni Ak ms
as > 0 - enuHy HeBHOpsAIKoBaHy (asy.

®yukuionas rycrunu y dopmi (10) nependadae 3MOUyBaHHs IPAHULL
posainy dasa HadTH Ta Bogu Tperboio dasorwo [10], mo ogHak cymepe-
YUTh eKCcrepuMenTa bauM gaaum. Henpumaruicts (10) mo onucy obsrac-
refi Tpudasnoro crmiBicHyBaHHA ciiaye i3 mpocroro anasisy (10). Pis-
HsAHHA PYXy KJACH4YHOI YacTuHku, no0ymoBaui na ocuosi (10) € upioro-
HiBcbKuMmu i3 norenuiasiom - f(¢)+ pd. Tpudasue cuiBicHyBanus nepes-
Gauae HaABHICTH TPHOX MiHiMyMiB f(¢) omHakoBoi ryinbunu. OcKijbKu
© = 0, To KIacWYHa YaCTUHKA MOBUHHA HepeiiTn i3 cTaHy z — —o00 10
z = 400 (me z y kiacuuniii anaJiorii 4ac), Mo HEMOKJIUBO 32 CKIHYEH-
HUI TPOMIKOK Yacy, OCKiLIbKA MaeMO Tpu ~ropbu” OmMHAKOBOI BUCOTH.
Buxin mosisirae y BpaxyBansi duriokTyariii Bumoro mopsaky. Y 1990
poui 'omunep i Hlik rta [11] 3anpounonysa/iu HacryuHuii, y3arajibHeHuit
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Figure 5. Beprukaybuuii nepepis npusmu I'i6ca npu piBHEX KOHIEHT-
pamiax Bomu Ta HadTH I1A CUCTeMW Boma, Aekan Ta C;E; ma pisHoi
ambidinbrocti cypdarranty [9].
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BUIIAL PYHKIIOHAIY T'YCTUHU:
Flg] = / PrOA (P + (AP + F(6) —ud}.  (12)

oknanaoun g(¢) = go, f(¢) = az¢? orpumaemo byHKIIOHAT, 3aPO-
nonoBanuii Te6uepom i Crpeem [12].

Kopensaniiina ¢yHKIiA mapaMerp MOPAOKY - MapaMeTp MOPIIKY
(nna g§ < g3y = 4caz) obuncennsa y pamkax monedi [12] mae Buraz

A - 17r
= 2 e Egin—_ 1
G(r) 5 € € sin T (13)
e
1 Qp % ]-gO 1
¢ = (7))
I (14)
- 2 \¢c 4 ¢

anajioriuauit 1o (8). Akmo gy Ginabime 3a gyg, Kopessuiiina GyHKIia
criaga€ MOHOTOHHO. JliHifA g9 = g4¢ HA3UBAETHC: JIHIEIO HEBIOPAIKO-
Banocri (disordered line), 10610 ue JiHis N0ABM IEBHUX CTPYKTYDPHUX
BsiacruBocreii y cucremi. ITounnarouu 3 touku go = 0 (siky Ha3uBawOTbH
niniero Jlidmina), mik cTpyKTypHOro (PakTOpa 3CYBaEThCHA BIPABO Bi
k = 0, mo o3HaYa€ MEPEBAKAITY OCIUJIAIIAHY TTOBEIIHKY KOPEJIAIiHOI
dyHKi.

Tomunep i Kpayc [13] saupononyBasiu takuit 8ubip f(¢) ta g(¢) mis
Bupasy (8) (mia p=0r1ac=1):

f(@) = (6> =1)%(¢" + fo)
g(¢) = g(8) + 920, (15)
. g2 = 4y/1+ fo — g(0) + 0.01. (16)

f(¢) mae tpum mimiMymu B TOUKax ¢1,23 = 0,%1. Ilepexin mo obmacri
rpudaznoro cuisicayBauns BinbysBaectbesa nupu fo = 0 ( f(¢p123) = 0
). @aszoBa njarpama y HabJIMXKEHHI CEPENHBOIO [OJIA Ta PEe3y/ibTaru
MonTe-Kapso npencrasieni Ha puc. 6.

4. MembOpanui Teopii

Y cucremax tuiy Hadra-cypdaKTaHT-BOAA 3aBXKIUM BUHUKAIOTH I'Pa-
HuLi po3ainy obsacreil icHyBaHH:A BOIM Ta HA(TONONIOHMX YACTUHOK.
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Figure 6. (a) ®asosa miarpama orpumana y ninxoni Jlanmay-I'ius6ypra
y Habsmxkenni cepennboro noJis; (b) Pesysnbrar merony Monre-Kapiio
[11].
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[Ipu mocTraTHbO HU3BKUX KOHIEHTPAIIAX 1€ MPOCTO TPAHUIA PO3IiIY
da3zu, 3baradenoi Bogoto, ta ¢gasu, 36aradenoi Hadprow. [Ipu 3pocranti
KOHIIEHTpAIi cypdakTaHTy Y9acTUHKEH CypdaKTAHTY PO3TAIIOBYBATHU-
MyTbCs y MixK(a3Hiit 06/1aCTi, 3MEHIILY 049U IIOBEPXHEBUIl HATAL 3aBIAKI
BJIaCTUBOCTI amMmidiibHOCTI. 3MEHIEHHA TTOBEPXHEBOTO HATATY IIPOHIOB-
JKYBATUMEThCA O TUX Mip, JOTOKH i3 3pDOCTAHHAM UHUCJIa, MOJIEKYJI CYP-
dakTaHTY 3MEHILY BATUMETHCS ILJIOMIA, IO MPUIAIAE HA OMHY YACTHHKY.
ITani moxke crarucs, uo GpopmyBaHHs KOMILIEKCIB aMpidijibHuX yacTu-
HOK (MmineJ1, Towo) y 06’emuiii pasi crane 6iibl eHEPreTuyHO BULLIHUM
(BJ1acHe BUIbHO-EHEPreTUYHO), HiK 301/IbIIEHHS YUC/Ia YACTUHOK Y MiXK-
dasuiit o6nacti. Taky Touky moxemo inmearudikysaru, sk CMC (kpu-
TUYHY TOYKY MinesoyrBopentst). [loBepxueBuil HaTAT, OMHAK, BCE OJHO
Oy e 3MenLyBaTucs (He TaK WBUIKO, K padime), i 10 rux nip, JOKu He
[IOYHE YTBOPIOBATUC abo cepents ¢ra3a, CKazxKiMo, y BULJIALL MIKpOeMy-
JIbCiit, un maminapHoi dasu, i cucrema mepeiine 10 obsracti TpudazHOro
CIiBiCHYBaHH.

CrpobyemMo CKOHCTPYIOBATH BUpPA3 I BIIHHOI €Heprii HBOBUMIp-
HOI uroinnol nosepxui (Hanani membpanu), WO iCHYE€ y TPUBUMIpHOMY
npocropi. MemOpany 6ymemMo omnmcyBaTw 3a JIOIMIOMOTOI0 TPUBUMIPHOTO
Bekropa X (v1,vs), ne vy, Vo — BHyTpiwni Koopaunaru mem6panu. [Ipu
BimcyTHOCTI OyIb-AKUX BHYTPINIHIX CTyIEHiB BiJIbHOCTI BiibHA eHepris
Takoi drroigHol MemMOpaHu MOBUHHA OyTH iHBapiaHTHA BiIHOCHO TPAHC-
JiAuiil Ta NOBOPOTIB, a TAKOXK penapamerpusauiiino inpapianra (Bacsi-
JOK IJIMHHOCTL MeMOpaHu HisiKa CUCTEMa KOODIMHAT HE € BUILJIEHOIO).
CKOHCTPYI0EMO BlIbHY €HEPrito MeMOpaHu, K PO3BUHEHHSI [0 MOX1IHUX
BekTOpHOro nojisa X (v);v = (v1,V2), OOMEKUBIIUCH IPYTUM MOPSAIKOM.
IuBapianraMu (BIAHOCHO BUIIE3raJaHUX IEPETBOPEHD) OYIy Th BEJIMINHY
1,nAX, (AX)? ta R, ne n - omWHIYHII BEKTOP, HOPMaJILHMI{H 10 TOBEp-
xui, R - ckajspHa KpuBusHa (€QMHA HE3aJIeXKHA KOMIIOHEHTA TeH30Da
kpusuznn), A = D; D!, ne D; - inpapianTHa noxiaHa

DVF =9, vh + 17, Vk, (17)
V}, - k-Ta koMIIOHEHTA 10BLJIbHONO BEKTOPHOI'O [0J14, I‘gk - cumBosiu Kpic-

Todesis; MAETbCA Ha YBa3i i[CYyMOBYBAHHSA 33 OJHAKOBUMU 1HIEKCAMU.
Toni Bupas s BiabHOL eneprii memGpanu marume Bursisan [14-17]

A k k
H:/d21/\/§{0+?snAX+§(AX)2+§R} (18)
ne g = det(g(v1,v2)), g(v1,v2) - merpudnuil rensop. BeiBuiu Besuuunu

K = det(DzDJX)
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1
H = ESp(DiDjX) (19)
BHUpAa3 /151 BLIBHOI eHeprii MeMOpaHy MOXKHA 3aMMUCATH AK
H = /d2y\/§{a+)\sH+2kH2+l§:K} (20)

s crnpomeHHs PoO3rIAHEMO Maitxke mocky memOpany. Hexaii
miocka MemMbpaHa napaJsiesibHa 10 IWIomuHn (&1, T2), TOOTO

X(21,72) = (21,22, f(21,72)) (21)

Toni y HabymkeHHI MEPIIOT0 HE3HUKAIOYOTO IOJAHKY y PO3KJIAIL IO
nmoxinHux f BUpa3s 1A BUIbHOI eHepril HaOyme BUTIALY

H=" / (2 ) (22)

y npunymenni o = 0. dna rakoro H moxemo obuucantu (QpJrokTyarii
BiaxwienHsa HopMaul Big x3 [18]

=z () (23)

a

JIe a - BeJTUIuHA MOPAAKY PO3MipiB MoJsieky 1 Ta L - jtiniiine po3mmpeHHs
memGpanu (linear extension). Bauumo, mo mis po3mipiB MmemGpanu mo-

pAIKYy

2
Lo :aexp{%} (24)

HaOJIMKEHHs TIJIOCKMX MeMOpaH He TOAuThCiA. 3 iHmoro OOKy, oOvmc-
JIMBIIY KOPENAiiiHy (DYHKINIO TUITY HOPMaJIb-HOPMAJIb

(RO)Aw)) ~ exp {'5—'} |
— -

6a49mMo, IO 1714 BigcTaHelt MeHmIX &, HOpMaJi y pi3HNX TOYKaX MeMO-
paHm J00pe CKOpesIbOBaHi, TOMi AK IJIA BimcTaHeit 6inbmmx &, HOpMaIi
€ CYTTEBO HecKopeboBaHi. lle o3nadae, mo I0BiIbHA TOCTATHLO BEJIMKA
Mmembpana 6yme ”ckpydyBarucsa’. He 3ynuHAI09YNCH, HA BUPIMEHHL i€l
upobsieMu, 3ayBaXKUMO,WI0 iCHYIOTH ABa niaxomu a0 ii Bupiwends: (i)
BpaxyBaHHs BUWIUX HOPAAKIB y PO3K/iagax no noxinuux f(zq,zs); (i)
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neperopMyBaHHsa koedinienry k (rigidity - Tak ssamoi 38’ssHOCTI). 3a-
YBaXKUMO, IO BiJIbHY €HEpPTil0 THYy9IKOlI MeMOpaHM MOXKEMO OIepKaTh
i3 reopii [in36ypra-JIannay. Cupasai, dbynknionan I'ins6ypra-Jlannay
st chepuaHuX 9M MUHHIPUIHUX Mines pagiycy R Moxna 3anucaru y
sursazi [19,20)

F . o? do 2
1 = RZ/dT'T'd {C <ﬁ¢3(r)+;5¢3(r)> +

+ g (%52 + f<¢R>} , (26)

e d = 1(2) pos umningpuyaaunx (cdepudnux) miues, a ¢g - upodiis,
mo Mminimizye F'. Tomi mia Benukux R MokeMo 3amucaTru
- ¢1(r — R)

Sr(r) = (@)(r — R) + ——F—+... (27)

ne ¢(r — R) - nmanapamii mpodiis (R — 00).
Tomi, BpaxoByO4M TiJbKU mepumil momaHok y poskiaam (P) Ta
BBIBIIIN MMO3HAYEHH A

Q
Il
—
IS
Q
0
O

Po= / dz(22 P, (2) — 4c[3']2),

Py(z) = 2g(¢)(¢")* + 4c[¢"]? (28)

JJ1s BLIBHOL eHeprii KpUBOi MOBEPXHI OIEPKIUMO
H= /dS{a + A\sH +2kH? + kK }, (29)

H = %, k= C1Cy, i C1, Cs - BiacHi 3HaYeHHs TEH30pa KPUBU3HHU.
I'padik 3aexHocTi BiAbHOI eHepril Ha OMMHMINO ILJIOLIL Big pajiyca Mi-
[e/In IpeacTaB/IeHnit Ha, puc.7.
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Figure 7. Binbua eneprist cdhepudHux ta NuiiHAPUYHAX Minesa sk yH-
kuis pagiyca R [20].

5. BucuoBku

My 3ynmHHIECH, HA TPHOX B3a€MOMOIOBHIOIYHNX IIiIX0IaX B Teopii ca-
MoacortifioBannx cucrteM. KoxeH 3 HUX Mae CBOI nepeBaru i HEAOJIIKH.

1). Mikpockoniyni mifgxogy B OCHOBHOMY BUKODPUCTOBYIOTHCH IJis
onucy (asoBux miarpam i Haigacrimne anpoOyIOTHCA HA TPATIACTUX MO-
[Iendax, X04a OCTAHHIM 49acoM POO/IATHCA CHPOOHU Onucy i HemepepBHUX
mouedeit [21]. Hosi MmoxkmuBocTi MiKPOCKONIYHUX NIIXOIiB BUHUKAIOTH 3
PO3BUTKOM METO/IIiB KOMII IOTEPHOIO MOJIEJTIOBAHHA.

2) Minxin I'ins6ypra-Jlanmay 3HAYHO CIIPOINIY€E CHCTEMY, OTHCYIOHH
i B TepMiHAX KiJIBKOX MapaMeTpiB mopAnKy i koediieHTiB, mo MOXKYyTh
OyTu B3ATi 6€31M0CEPETHBO 3 €KCIIEPUMEHTY.

3) MemOpanHi migxonu onucyoTh cucremu, B akux amgidinbai Mo-
JIEKYJIM € HACTLIbKMA HEPO3YMHHUMH, IO BOHU MOXKYTb TPAKTYBATUCDH
Ak memOpanu. laguBinyaspHicTs aMmdidiTbHIX MOJIEKYJI TPX IIBOMY Bi-
[I0OpaKaAETHCA YePe3 eJJaCTUYIHI MOyl MEMOpAH, IO 3HAYHO CITPOIILY€E
onuc 3MiH 00ymoBJeHHUil ix popmoio Ta Koudirypamie. Ockiabky mpu
bOMY MAacCIITaOu JOBXKUH HE € MiKPOCKOIIIYHIMHU, BUHUKAE MOXKJIUBICTH
onucy edpeKTiB JaIeKOCAKHUX KOPeJsIsLiil.
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Introduction

Pseudospin-electron (PE) model is one of theoretical models which con-
siders the interaction of electrons with local lattice vibrations where an
anharmonic variables are represented by pseudospins. The theoretical
investigation of the PE model is an enduring subject of interest at the
quantum statistics department.

The model is used to describe the strongly correlated electrons of
CuOs sheets coupled with the vibrational states of apex oxygen ions
Opv (which move in the double-well potential) in YBaCuO type high-T.
superconductors (HTSC) [1]. Recently a similar model has been applied
for investigation of the proton-electron interaction in molecular and crys-
talline systems with hydrogen bonds [2].

The model Hamiltonian is the following:

1
H = E H; + E tija;;aw — 5 E J,ijS]Z, (1)

ijo
H; = Un,-Tnu - Mznia +gznian - th,
g g

where the strong single-site electron correlation U, interaction with the
anharmonic mode (g-term), and the energy of the anharmonic potential
asymmetry (h-term) are included in the single-site part. Hamiltonian (1)
also contains terms, which describe electron transfer ¢;; and direct inter-
action between pseudospins J;;. The energy of the electron states at the
lattice site is accounted from the level of chemical potential p.

In the case of strong coupling (¢ > t) and correlation (U > t)
the perturbation theory can not be applied. It is reasonable to include
these one in zero order Hamiltonian (single-site Hamiltonian H;). Its
eigenfunctions are build of the vectors |nit,ny,S?), which form the full
unit cell state basis [3]:

1 1 1 1
|1> - |0707 5)7 |2> - |1717 5)7 |3> - |0717 5)7 |4> - |1707 5)7 (2)
- 1. -~ 1. = 1. - 1
|1> - |0707_§>7 |2> - |1717_§>7 |3> - |0717_§>7 |4> - |1707_§>'
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In the early works the main attention at the investigation of this
model has been paid to the examination of electron states, effective el-
ectron-electron interaction, to the elucidation of additional possibilities
of occurrence of superconducting pair correlations. On the basis of PE
model a possible connection between the superconductivity and lattice
instability of the ferroelectric type in HTSC has been discussed [4,5]. A
series of works has been carried out in which the pseudospin (S#S%),
mixed (S*n) and charge (nn) correlation functions were calculated. It
has been shown with the use of the generalized random phase approxima-
tion (GRPA) in the limit U — oo [3,6], that there exists a possibility of
divergences of these functions at some values of temperature. This effect
was interpreted as a manifestation of dielectric instability or ferroelec-
tric type anomaly. The tendency to the spatially modulated charge and
pseudospin ordering at the certain model parameter values was found
out. The analysis of ferroelectric type instabilities in the two-sublattice
model of high temperature superconducting systems has been made [7].
The influence of oxygen nonstoichiometry on localization of apex oxygen
in YBayCusO7_, type crystals is studied in the work [8].

The purpose of this article (lecture) is to present the thermodynamics
of the PE model in the case of the different type interactions between
pseudospins. First, we provide an overview of the results of works which
deal with the theoretical investigation of the PE model with the inclusion
of the direct pseudospin-pseudospin interaction (but without the electron
transfer (¢;; = 0)). Second, we present the results of the investigation of
the model in the case of the absence of the direct pseudospin-pseudospin
interaction and Hubbard correlation (J;; = 0, U = 0), when interaction
between pseudospins via conducting electron is done.

1. Direct interaction between pseudospins.

1.1. Ferroelectric type interaction.

The work [9] is devoted to the study of the PE model in the case of zero
electron transfer (¢;; = 0). The direct interaction between pseudospins
is taken into account. It is supposed to be a long-ranged that allows one
to use the mean field approximation (MFA). In this approximation, the
model Hamiltonian has the following form:

~ N . . B .
H= Xi:Hi‘F?JﬂZ, Hi:—u;nia—-f—UniTnu—f—gXg:niasi —(h-|—Jn)Si .

The interaction (J;; ~ J/N) is taken as the ferroelectric type one;
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the order parameter n = (S?) does not depend on the unit cell index.
Grand canonical potential and partition function of the model, cal-
culated per one lattice site are equal to

Q 1
¥ :—TanZ-+§J172, (3)

Zi=2 [COSh Bhy+e U720 cosh B(h,,—g)+2¢°* cosh B (hn_g)] :

where h, = h/2+ Jn/2.

Then, all thermodynamic properties can be derived from the pre-
sented formulae (3).

The average number of electrons is determined as follows [9]:

w3z

The equation for the order parameter is obtained from the thermo-

dynamical relation [9]:
0
(%) -o (5)
on T\h,p

For the investigation of equilibrium conditions one should separate two
regimes: p = const and n = const. We would like to note that hereafter
we shall demonstrate the results of numerical investigation which show
the main features of the considered model.

1.1.1. p = const regime.

The pu = const regime corresponds to the case when, for example, charge
redistribution between the conducting sheets CuO, and other structural
elements is allowed. For this regime the equilibrium is defined by the
minimum of the grand canonical potential that form an equation for
pseudospin mean value (5) and expression for (n) (4).

At some regions of h values the field dependencies n(h) possesses S -
like behaviour Fig. 1 (the first order phase transition with the jump of
order parameter and electron concentration take place at the change of
field h). The phase transition point is presented by a crossing point on
the dependence Q(h).

The phase diagram 7T, — h is shown in Fig. 2. One can see that with
respect to Ising model the phase coexistence curve is shifted in field and
distorted from the vertical line and hence the possibility of the first order
phase transition with the temperature change exists in PE model.
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Figure 1. Field dependencies of the order parameter and grand canonical
potential (7" = 0).

g-U2)
Uiz

g2 Ug2g2 U+g?

Figure 2. T. — h and p — h phase diagrams.

The phase diagram p — h (Fig. 2) indicate stability regions for states
with n = £1/2 (U < g and T = 0). The form of diagram depends on
the relation between U and g parameter values [9]. Transitions between
regions |r) <+ |p), |F) <> |p) lead to the change of the average number of
electrons only. At transitions |r) < |F) the flipping of pseudospin takes
place, and at |r) <> |p) (r # p) both processes occur.

Hence, the possibility of the first order phase transition with the
change of field h and/or chemical potential y takes place and is shown
by thick line on phase diagram in Fig. 2.

O<n<1
1.1.2. n = const regime. os/"
In the regime of the fixed electron concen- V22
tration value the equilibrium is determined ~ **f
by the minimum of free energy F' = Q+uN 1/2'3" ‘ | |
and form a set of equations (4), (5) for the -0s5—— | h
chemical potential and order parameter. hohh A L5 "

Typical example of the n(h) depen-  Figure 3. Field dependen-
dence is shown in Fig. 3 which corresponds ¢y of the order parameter
to the (n) value in the interval 0 < n < 1. (T = 0).
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1 n

Phases 1 = —% (phase 1), = % —n (phase 2), n = 3 — 2 (phase 3),
n =% (phase 4) exist between phase transition points (which is deter-
mined according to the Maxwell rule from the range of S-like behaviour
(between the spinodal points Z;)) and outside of them. At the change of
the model parameter values the regions, where metastable phases exist,
can overlap, some phase transitions disappear (some intermediate phases
can not be realized). In case 1 < n < 2 the dependence 7(h) is generally
similar. The phase 3 and phase 2’ at n = % — n, which now appears
instead of phase 2, may play the role of the intermediate phases.

On the phase diagram n — h Fig. 4 the 1,
thick solid line indicates the phase coex- 2
istence curve and hence the possibility of 1 2
the first order phase transition with the | 3
change of the longitudinal field h and/or
electron concentration (n) takes place.

More detail analyse of a free energy be- 0 h,
haviour shows that the above presented (in . # 2
this paragraph) results are not realized. F}g“re 4 n— h phase tran-
The investigation of the equilibrium con- sition diagram (T' = 0).
ditions shows that the first order phase transition transforms into the
phase separation. One can see regions where state with homogenous dis-
tribution of particles is unstable (du/dn < 0), and the phase separation
into the regions with different concentrations exists (Fig. 5). The phase
diagram n — h (Fig. 5) illustrates the separation phases.

n
I 2t i

L n 0 ‘V ‘h

0 1 2 g 2g
Figure 5. Dependence of the chemical potential u on the electron con-
centration and n — h phase separation diagram (7' = 0).

The phase 3 splits into phase 4 (with concentration n = 0, order
parameter 7 = 1) and phase 1 (n = 2, n = —1) with weight coefficients
1 — n and n respectively (thin dotted lines in Fig. 4 and Fig. 5).

Therefore, more convenient and thermodynamically stable is the pha-
se separated state, which is the mixture of states with different electron
concentrations and different values of order parameters.
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1.2. Antiferroelectric type interaction.

In the case of antiferroelectric type interaction it is convenient to in-
troduce two kinds of sites (A-sites, B-sites). These corresponds to the
doubling of the lattice period [10].

Within the framework of the MFA we shall write:

S4S% = —nans +naSh + 1S3, (6)

where n4 = (S%), n8 = (S§)-
Then, we obtain the following expression for the model Hamiltonian:

) . i Iy
H = zi:HiA+zj:HjB+N{777AnB+Z(7LZ4+UZB)}:
Hia = —pniag +niar) + Uniagniar + g(niay +niap)Siy —
—(h+ Jin + Jana)Sia,
Hijp = Hja|,, , (7)

The Hilbert space forms as a direct product of the eigenfunctions (2) for
H,4 and Hp operators (7) {|niATNiAJ,, le)} D {|niBTNiBJ,;SiZB>}- The
analytical consideration in this case in general is very similar to the previ-
ous (ferromagnetic interaction) one, but formulae are more complicated
(see in details [10]).

Grand canonical potential can be written in the form:

2,5 , 1 , 1
Q = Jinans + ?2(7)124 +1%)+Tln { <77,24 — 5) (77123 — 5)}
—T'ln (1 + e A(2utUtg) 4 Qe*/@(*;&%))

Th (1 +eB(=2utU=g) 4 2e—ﬁ(—“—%)) . 8)

1.2.1. p = const regime.

The set of equations for n4, np is defined by the
minimum of the grand canonical potential (8). The
expression for the electron mean values is determined
from the thermodynamical relation (4).

The form of the grand canonical potential field
dependence Q(h) (and therefore the type and number
of phase transitions) depends on the relation between
parameters J; and Jy values (Fig. 6). There are no any specific behaviour
when J; and J, are placed in the regions 5 and 6. The case when J;

Figure 6. J1—J2
area.
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and J, are placed in the domains 1, 7, 8 is similar to ferroelectric type
interaction.

0.7 Rt 0.7

0.0 0.0 -

0.7 ‘ _ h 0.7 ‘ _ h
-0.8 0.0 0.8 -0.8 0.0 0.8
Figure 7. Field dependencies of grand canonical potential within the

2 and 4 regions respectively (7' = 0).

The location of .J; and .J> parameters within the area 4 leads to the
possibility of the two sequential second order phase transitions: from
the ferroelectric phase (FP) with the one pseudospin mean value to the
antiferroelectric phase (AP) and then to the FP with the another order
parameter value (Fig. 7).

The case when J; and Jy belong to h, 3 L
the region 2, 3 is shown in Fig. 7 and W —
the corresponding phase diagram p—h in
Fig. 8.

One can see that two first order phase 2
transitions with the change of the field h
and/or chemical potential u take place.
With respect to ferroelectric type inter-
action between pseudospins (Fig. 2) the
phase coexistence curve is split and one
obtains the range (the range width is equal J;) where the AP exists
(Fig. 8). With the temperature increase the first order phase transitions
transform into the second order phase transitions. Hence the possibility
of the first order phase transition from FP into AP and then the sec-
ond order phase transition from AP into FP exist with the temperature
increase for the narrow range of h values.

1)

13)

42 14) B
g2 Ug2 g2 Usg2

Figure 8. pu — h phase dia-

gram (T' = 0).

1.2.2. n = const regime.

As it was mentioned above, in the case of the fixed value of the elec-
tron concentration (regime n =const) the first order phase transition
transform into the phase separation.
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In Fig. 9 one present the phase diagram n—h when J;, J> are placed
in the region 2. Within the area surrounded by the lines the phase sep-
aration into the regions with different concentrations and phases FP
(solid lines) and AP (dotted lines) takes place. Outside of these bound-
aries (which surround the phase separated states) the state with the
space homogeneity of electron concentration (FP) is stable. Between the
boundaries one have the AP.

h
Figure 9. n — h phase diagram (7' = 0 and T # 0).

We would like to remind that in the p =const regime with the tem-
perature increase the first order phase transitions transform into the
second order (J1, Jo € domain 2,3). On the other hand, in the n =const
regime this correspond to the narrowing of the range of the phase sepa-
rated states and transform into the second order phase transition curves.
Then the phase transition curves approach one to another and, finally,
disappear at the certain value of temperature.

The location of J;, J, within the area 4 leads to the possibility of the
two second order phase transitions with the change of the field (similar
to the p =const regime).

2. Interaction between pseudospins via conducting el-
ectron.

In the U = 0 and J;; = 0 limit operator (1) can be transformed to
the Hamiltonian of the electron subsystem of binary alloy in the case
of equilibrium disorder. Model (1) is close to the Falicov-Kimball (FK)
model but differ in thermodynamic equilibrium conditions, i.e. in a way
how self-consistency is achieved ((S*) = const for the FK model and
h = const for the PE one).

In the present part of work we propose (for the case of the U = 0 and
Jij = 0 limit) the self-consistent scheme for calculation of mean values of
pseudospin and particle number operators, grand canonical potential as
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well as correlation functions. The approach is based on the GRPA with
the inclusion of the mean field corrections. The possibilities of the phase
separation and chess-board phase appearance are investigated [11].

The calculation is performed in the strong coupling case (g > t) using
of single-site states as the basic one. The formalism of electron creation
(annihilation) operators a;, = bio Pi7, @iy = big P~ (Pii = % + S57)
acting at a site with the certain pseudospin orientation is introduced.
Expansion of the calculated quantities in terms of electron transfer leads
to the infinite series of terms containing the averages of the T-products
of the a;s, G, Operators. The evaluation of such averages is made using
the corresponding Wick’s theorem. The averages of the products of the
projection operators P are expanded in semi-invariants [11].

Nonperturbated electron Green function is equal to

Pt P~

g(wn) = <gi(wn)>; gi(wn) = iwnl— - + iwnl— &’ (9)

where e = —u+¢/2, €= —pu—g/2 are single-site energies. Single-
electron Green function (calculated in Hubbard-I type approximation)
is == = Gr(wn) = (97 (wn) — tk)fl and its poles determine the
electron spectrum

1 1
unlth) = 5 (B0 + th) £ 5\/g2 + 4ta(S9)g + 17 (10)

In the adopted approximation the diagrammatic series for the pseu-
dospin mean value can be presented in the form

(5%) =

Here we use the following diagrammatic notations: () — §%, —{—=%—
— gi(wy), wavy line is the Fourier transform of hopping tg. Semi-invari-
ants are represented by ovals and contain the d-symbols on site indexes.
In the spirit of the traditional mean field approach [11] the renormal-
ization of the basic semi-invariant by the insertion of independent loop
fragments is taken into account in (11).

The analytical expression for the loop is the following:

F(iwn — &)L+ Py (iw, —6)71)
z Zt’“ oo — th

= ﬁ(alpj + aaP). (12)
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It should be noted that within the self-consistent scheme of the
GRPA, the chain fragments form the single-electron Green function in
the Hubbard-I approximation and in the sequences of loop diagrams in
the expressions for grand canonical potential {2 and pair correlation func-
tions ((S7S7), (Sin;), (nin;)) the connections between any two loops by
more than one semi-invariant are omitted. This procedure includes the
renormalization of the higher order semi-invariants, which is similar to
the one given by expression (11).

From (11) and (12) follows the equation for pseudospin mean value

e Pe
(S%) = %tanh {g(h + a3 ((S%)) — a1((S?))) + In %} . (13)

The grand canonical potential in the considered approximation has the
form:

Zl COSh 51 tk))(COSh ggll(tk))+<sz>(a2_al)

(cosh 5 €)(cosh %é)

1 3 I+e P\ 1 E Lie 7
_EIHCOSh{E(h+a2_a1)+Inm}+EIHCOSh{ h+1n 1ro—0¢

AQ:Q—QL:

The solution of equation (13) and calculation of potential {2 were per-
formed numerically.

In the p = const regime (in the uniform case) there exists a possibility
of the first order phase transition with the jump of the pseudospin mean
value and reconstruction of the electron spectrum [11].

In the n = const regime one can see (Fig. 10) that the regions with
dp/dn < 0, where states with a homogeneous distribution of particles are
unstable, exist. This corresponds to the phase separation into the states
with different electron concentrations and pseudospin mean values. In
the phase separated region the free energy as a function of n deflects
up (Fig. 10) and concentrations of the separated phases are determined
by the tangent line touch points (these points are also the points of
binodal lines which are determined according to the Maxwell rule from
the function p(n)).

The analysis of the (S*S%)4 correlator temperature behaviour shows
that the high temperature phase become unstable with respect to fluctu-
ations with g # 0 for certain values of model parameters. The maximal
temperature of instability is achieved for ¢ = 0 or ¢ = (m,7) (in the
case of square lattice with nearest-neighbor hopping) and indicates the
possibility of phase transition into a modulated (chess-board) phase.
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Figure 10. Dependence of the chemical potential y on the electron con-
centration n and deviation of the free energy from linear dependence

AF = F(n) — [§F(2) + (1 — §)F(0)] for different T' values.

The analytical consideration of the chess-board phase within the
framework of the presented above approximation can be performed in a
similar way.

From the comparison of the grand 1]
canonical potential 2 values for uniform
and chess-board phases, the (u, h) phase
diagram is obtained (Fig. 11). One can %]
see that chess-board phase exists as an
intermediate one between the uniform o0 b | | »
phases with the different (S*) and n =~ 06 04 02 0.0
values. The transition between differ-
ent uniform phases (bistability) is of the |
first order (Fig. 11, dashed line), while &™ I = uniform phase, IT -
the transition between the uniform and chess-board phase.
modulated ones is of the first (dotted line) or second (solid line) order.

Appearance of various phases in the considered model remind the sit-
uation known for the FK model with a rich phase diagram [12]. However,
contrary to this model, an existence of uniform phases is possible in our
case. This results from the another regime of thermodynamic averaging
(fixation of h field which is analogous to the chemical potential in the
FK model).

h

1

Figure 11. p-h phase diag-
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