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IIpenpunT

Ernest Ising (10.05.1900 — 11.05.1998).
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BCTYVII

[Mounnatoun 3 1997 poxy IacturyT disnkn konmencoBannx cucrem HAH
Ykpainu cuiibHO 3 Kadenpoio reoperudnoi ¢disuku JIbBiBChKOro Hari-
OHAJILHOTO yHiBepcuTery imeni Isana ®@panka mpoBOAATH MOPidHIiL ce-
Mminap i3 ¢isuku Haz0BUX MEPEXOiB i KPUTUIHUX ABUIL — [3MHTIBCHKI
quranisd. llporopiuni ynrannusa Oy/id TPUCBAYEHI CTOPIIIIO 3 JHA HAPO-
mxennsn Eprecra Isunra (10.05.1900 — 11.05.1998). ¥V Hux B34 y4acTh
cuiBpobitauku I[OKC HAHY, JIHY im. IBana ®@panka ta crygentu ¢i-
3u4HOro paxyJsibrery. Byso 3aciayxano Tpu gonosiai: ” Paszosi nepexonu
y panubomy Bcecsiti” (u.d.-m.u. Borman naruk, Incruryr npuksian-
Hux mpobsem maremarunku ta mMexaniku im. 4.C. Hincrpuraua HAHY),
”BrojiuB 30BHINTHHOTO MOJIA 1 TiAPOCTATHYIHOrO TUCKY Ha (pas30Bi mepe-
xonu y cerneroesiekrpukax” (K.¢.-m.H. Asuia Moina, IDKC HAHY) ra
”Mounekyspaa nunamika marditaux pigusa” (kK.¢.-m.H. Irop Omesnsn,
I®KC HAHY). Ho 36ipuuka ”Isunriscoki yuranus—2000” ysifiuin ma-
TepiaJan IBOX OCTAHHIX IOMOBiIe.
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BIIJINB I1I0310B2KHBOI'O

EJIEKTPUYHOI'O I1IOJIA TA
I''/TIPOCTATNYHOI'O TUCKY HA

CETHETOEJIEKTPUKUN CIM’I KH,PO,
A.Il.Moina

Inemumym ¢iszuxu xKondencosanux cucmem

Havionarvror axademit nayx Yrpainu
79011, Yxpaina, m. Jlveis, eys. Ceenuiuvkozo 1,

1. Beryn

Hocnimkenns noBeqiiky (Ppi3MUYHMX XapPAKTEPUCTUK CEIrHETOAKTUBHUX
KPUCTAJIIB IIiJ1 BIJIMBOM 30BHIIIHIX (PAKTOPIB, TAKUX, AK TUCK YK €JIeK-
TPUYHE M0JIe, HALAE BAaXK/IUBY iH(MOpMAaIio Tpo MexaHisM $Ha30Boro me-
pexoIy B IWX KPUCTAJIAX, Ta 1X OieJIeKTpUIHOTO BiAryky. B miit jekii
MOBA, iiTuMe, mepeBaKHO, Mpo cerneroesiekTpuku tuny KHoPOy, B Axux
B obstacTi TeMmeparyp Ta THUCKIB, fAKi HAC MIKATUMYTb, MAE MICIE OIIH
dazoBuil nepexin MixK CerHeroe/IeK TPUYHOK Ta, IapaeseK TPUIHOI (a-
3aMu, a MapaMeTp MOPAAKY Hponopiiitanit mo mossapusarmii. Taxi kpuc-
TaJIA € TI'€30€JIeKTPUKAMI B OOMIBOX (pasax.
liapocrarnaamii TMCK MO¥Ke AK MOHUKYBATU, TaK 1 MiABHUIILYBaTU

remieparypy (asoBOro mepexoiy. 3cyB remmeparypu ($hasoBOro mnepe-
XOMy IPYroro pofay 3 CigpOCTATHYHUM TUCKOM, $K CJiaye 3 dopmyJiu
Ependecra [1]

dlc _ (a”™ —a™)Tc

dp (p —cp)p
BU3HAYAETHCA CIIBBIIHOMIEHHAM Mix crpubkamu KoedilieHra 00’eMHO-
IO po3IIUpPeHHd « i TensoeMHOCTi ¢, B Touni nepexony. Haromicrs, njia
dazoBoro nepexomy mnepioro poay cupaseniua dhopmyna Kaaysiyca-

Kaneiipona [1]
dre . Av
dp ~ TOAQ’
e Av - crpubok 00’eémy B TOUI mepexoy, a A(Q) — MPpUXOBAHA TEIJIOTa
nepexojy. 3 MiKpOCKOIIIYHOI TOYKHU 30pY, 3MiHA TeMIIEpATYPU IIEPEXOLY
B CECHETOEJIEKTPUKAX THUITY JaA-0€3/1a/1 3 TUCKOM BU3HAYAETHCA 3MIHOIO
CIHIBBIIHOIIEHHA MiXK KOPOTKOCSAKHUMU Ta JAJIEKOCAKHUMU B3AEMOIiA-
mu (BHAC/IIOK 3MiHM Bimmasieil mMik aroMamu), siKi CIPUSAIOTH BIOPII-
KYBAHHIO YW PO3BINOPANKYBAHHIO B CHCTeMi. fK mpaBmso, MaJIeKOis




5 IIpenpunt

rpae gectabii3yody, a KOPOTKOIia — CTabiIi3y04uy pojib, OMHAK B KOH-
KPETHUX KPUCTAIAX MOXKJIUBA 1 3BOPOTHsA cuTyallis. 30LIbIIEeHHHs PO
aecTabisizy0unx Cujl HOBUHHO IIPUBOANTH [I0 IIOHUKEHHA TEMIIEPATYPHU
nepexojy, i HaBIAKMU.

B xpucranax tuny KHoPO,4 mpukiagamss rigpoCcTaTudHOTO TUCKY
MPUBOIUTH [0 3HUKEHHA TEMIEepaTrypu (ha30BOTO MEPEXOMY, TPUIOMY
e 3HUKEHH:A € TUM HOBLIbHIIINM, YMM BUIIMN CTYIiHb JefiTepyBaHHA
kpucraiy. Criodarky 1e 3uKeHHs € JiHITHUM, ajie, MOYMHAIYHN 3 je-
sAKoro tucky, B nepeiireposanomy KHoPOy 3uukenns crae nesiiininum,
a mpu 17kbar Temmeparypu nepexoay B IbOMY KPUCTaJIi 00EPTAETHCA B
Hyab 3 0T /dp — 0.

15 KpUCTAJIiB 3 BOJAHEBUMU 3B’ A3KAMU CYTTEBY POJIb Y BU3HAYEH-
Hi BEJIMYMHU KOPOTKOCHKHUX 1 HAJIEKOCAXKHUX B3a€MOJII BiAirparoTb
reoMeTpuvHi mapaMeTpn BOTHEBHUX 3B’A3KiB, 30KpeMa Horo moBXKUHA i,
0CcO0JIMBO, Bi/IA/Ib MiXk [IBOMA TOJIOKEHHAMHU PIBHOBATW MPOTOHA HA
3B’ a3Ky. OCKiJIbKY IiApOCTaTUYHAY TUCK € €IUHUM MOXKJIUBUM CIIOCOOOM
HEMEPEPBHO 3MIHIOBATHA T€OMETPUYHI XapAKTEPUCTUKY 3B’ A3KY, BiH 1€
YHIKaJIbHY MOXKJIMBICTBH HOCJIIUTHU 1i POJIb Y BU3HAYEHHI TeMIlepaTypu
repexoy Ta iHmmMX XapakTepucTuk Kpucrasis. Tak, BUBYEHH: 3a/1exkK-
HocTi TeMueparypu pa3zoBoro HEPEXOy Bijl reoMeTpil BOAHEBOIO 3B’ A3Ka,
B kpuctasax ci’'mi KHoPO4 BusiBuIn yHiBEpCAIbHY TpPAMY 32aJ/I€KHICTH
MiX BiIZa/Iio MiK piBHOBaXKHUMU TI0JIOKEHHAMU NPOTOHA (IefTpoHa)
Ha 3B’A3KY Ta TEMIEPATYPOIO IIePEXOLy B YCiX CErHETOeJIEK TPUYHNX 1 aH-
TUCETHETOEJIEK TPUIHUX KPUCTAJIAX [IHOIO THUILY, AKi MAIOTh TPUBUMIDHY
rparky BogHeBux 3B’#3KiB [2,3] (4uB. pUCYHOK HUXKUE).

[Tonibuo, Binna e 0 Biirpae BasKJIUBY POJIb y BU3HAYEHHI BEJIUUM-
HU 1HIYKOBAHOTO €JIEKTPUYHUM MOJIEM Yh CIOHTAHHOTO e(EKTUBHOTO
JIUTIO/IbHOrO MoMeHTa Komipku kpucrasis tumy KHoPO4 (skwuit crBo-
PIOETHCsA 3MIIIEHAMEU BaXKKUX 10HIB B HAIIPAMKY, HEPIEHIUKYJIAPHOMY
[10 IUIOLIMHY BOAHEBUX 3B’#3KiB). 3MeHwenHs Bignasi § 3 rigpocraruy-
HUM THCKOM IIPUBOIUTD JI0 3MEHIIEHH: NOJIsAPU3allili HAaCU4eHH:A 1 CTaJs101
Kiopi mmx kpucra/iis, mpudomMy TpUNyIIeHA JiHIHA 3a/JI€KHICTD MixK
BiLIA/IIO § 1 AUNOJIBHUM MOMEHTOM JA€ XOPOINE Y3TOIKEHHs MiK Teo-
pi€ro i ekcrepuMeHTOM 111 OAPUIHUX 3AJEKHOCTEH X Hie/TeK TPUTHIX
XapaxkTepucTux [3].

Edexru, BuK/inKaHi 30BHILIHIM €JIEKTPUYHUM II0JIEM TAKOXK CYTTE-
BO 3aJI€KaTh Bill pomy (Pa30BOTO MEPEXOTy. 3OBHIMTHE €JIEKTPUIHE TI0JIE,
TTapaJieIbHe 10 HAIPAMKY CIIOHTAHHOI NOJIAPHU3allil, iIHIyKy€ HEHYIbOBY
MOJIAPU3AIII0 Y BUCOKOTEMIIEpaTypHiil dazi. ko 3a BimcyTHOCTI 30B-
HiHbOro 10J1s BigbyBaerbes daszosuil nepexin apyroro pouay (crpubok
noJiApusanil B TOLUi Hepexoy [IOPiBHIOE HYJII0), TO IPU OXOJIOIKEHH] Ta-
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ND,D,AsO, (p=1bar)

280 | @ hydrostatic pressure
W uniaxial pressure p=-oy ND,D,AsO, (p=10kbar)
260 A experimental points for KD,PO,

[ (hydrostatic pressure, Ref. 2)
240 |
KD,PO, (1bar) ND,D,PO, (p=1bar)
220 | K(Ho 13D,7),PO4 (p=1bar)
K(Hy 13D g7),P04 (p=1Kbar) ND,4D,PO, (p=10kbar)

200
KD,PO, (10kbar) RbD,PO, (p=Lbar)

transition temperature (K)

| RbD,AsO, (p=1bar)
—
KD,AsO, (p=1bar)

180

RbD,PO,, (p=10kbar)

160

KD,AsO, (p=10kbar)

RbD,ASO, (p=l0kbany

0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.52 0.54
D-site distance 5(A)

Puc. 1. Banexunicrs Temneparypu ¢pa3oBoro nepexoiny B jeidTepoBaHux Kpuc-
tasmax cim’i KH2POy Bim Bigmasi § MiXK TOJTOXKEHHAME PIBHOBAru IeiiTpOHA
Ha 3B’A3Ky. fKmIO He 3a3HAYEHO iHAKINE, 3HAYKH — PE3YJIbTATUH THCJIOBOTO
pospaxyHuky [3].

KOI'O KPUCTaJly B 30BHIIIHbOMY I10JIi, IHAYKOBAaHA MOJIAPU3AIIiA [1IJIABHO
MEePEXOOUTh B CIOHTAHHY 0€3 CTPpHUOKIB TePMOIMHAMIYHUX XapPaKTEPUC-
TuK — as30Buil mepexin po3MuBaAETHCA. AKIO X das3oBmii nmepexim Mix
napa- i ceruerodasolo € IepexoIoM NepInoro poay (0CobIMBO 31 3HAUHUM
cTpubKOM noJisApu3alii B To4uui nepexouy), 1o curyauis € inworo. Hese-
JIMKI 1OJIA 1HIYKYIOTb [OJIAPU3ALII0 Y BUCOKOTEMIIeparypHii ¢dasi, To-
My CTpHUOOK MOJIAPU3AIIil B TOYI MEPEXOIy 3MEHIIYEThCsA. TeMueparypa
Tepexomy pHU MHOMY 3POCTaE MPOMOPIIHHO N0 BEJTUINHA TPUKJIAIECHOTO
mois. [lpu nesakomy 3HaYEHHI MOJIs CTPUOOK TOIAPU3aIlil 00epTAETHCA B
HYJIb — MA€ MICIe KPUTHYHA TOYKA; BUILI K OJIsI PO3MUBAIOTH (ha30BUil
rnepexisi.

AK mpuk/Iam TeMreparypHuX 3aJ/IeKHOCTEN MOJIAPU3allii B 30BHIII-
HBOMY eJIEKTPUYHOMY IIOJIi HA PUCYHKY HUXKYe HaBeIeHO BilMmoBinHi ekc-
nepuMeHTa IbHI TOYKY 1118 10X Kpuctasis — KDyPOy (ne BinbOysaerchs
dazosuit nepexin nepworo pony) i KHyPOy (ne pin dasosoro nepexony
6sm3bkuii 1o gpyroro. JIinii — pesysibraru TeOpeTudHOro PO3PaxyHKy B
pamMKax MofeJii IPOTOHHOIO BIOPAIKYBaHHs [4].

Tumnosa ¢asosa miarpama T — E cermeroeekTpuka, siKnii 3HaX0-
IOUTHCA B 30BHIMTHBOMY TIOJIi, CIPAKEHOMY OO0 MMapaMeTpa MOPAIKY, Ha-
BeIeHa Ha pHC.3.

Hiarpama micturh Tpu asu - OBl cerHeroe/ieKTpudHi, AKi Bigpis-
HAIOTHCHA HAIPAMKOM MOJIAPHU3ALil, Ta T.3B. [ICEBIONAPAEIEKTPUIHA 3
HEHYJIbOBUM 3HAYEHHAM IOJIAPU3AIIil, iH/IyKOBAHUM 30BHILIHIM I10JIEM.
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100
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Puc. 2. Bignomenns nonapusamnii P; mo monapusamnil HacmaeHHA AeiiTepoBa-
nroro KD»>POy (31iBa) i meneiireposanoro KH>PO4 (cipasa) six dbyskmil Tem-
neparypu Ipu Pi3HUX 3HaY€HHAX esekrpuunoro nosng Es (kV/cm): (saisa) 1
~0;2 2823 5.64; 4 846; 5 11.28 i (cipasa) 1 — 0; 2 — 5.813; 3 — 12.5
4 — 20.31. Excnepumenrasnbui Touku 3410 3 [5] (KD2PO4) i [6] (KH2POy).

*

(-E,T) ET)

E

Puc. 3. Tunosa Tc — E dasosa miarpaMa BJIACHOTO CETHETOEJEKTPUKA (Ha-
npuksan, KHoPOy).
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B mosax, Bummx Binm kpurwyanmx, mepexim mixk dasavmu BindyBaeThCs
IJIaBHO 6e3 crpubKiB TepMOAMHAMIYHUX BeJIMYKH - (a30Bi Hepexoi Bii-
CYTHI.

IMani My oKaxkeMo, AK i edeKTr OnUCyThCs (PEeHOMEHOI0ITYHO0
teopiero Jlarmmay. Mikpockomiunuii ) migxim mo miero mpobsiemu Oyme
OmmCcaHo 1A cerHeroesekrpudaroro kpucraiy tumy KHaPOy [4]. Mik-
POCKOIiYHA MOIEJIb JIJIsA X KPUCTAJIB IOBUHHA BPAXOBYBATU TAKOXK 1
3HAYHUIL 11'€30e/1eKTpUudHNi ePeKT, 0B’ A3aHUil 3 eJIEKTPUIHUM I10J1EM
B3[I0BXK CerHeroe/IeKTpudHoi oci. BHacsinok uporo edekry enekrpud-
HE MoJIe 1HIYKY€ 3CyBHY OedopMalino €¢, i 11 X medopMaliis BUHUKAE
CITOHTAHHO B CETHETOEIEKTPpUYHii (asi.

@a3zoBa T — p — E niarpama KpucraJy, B AKOMy Ma€ micie ¢dpa3oBuii
nepexij nepuioro poay Mix mapa- i ceraeroas’oro € He MEHII IIKaBO.
[Ipu omHovacHOMY NpUKJIAIAHH] T1IPOCTATUYHOIO TUCKY Ta €JIeKTPUY-
HOTO MOJIsl MOYK€ BUHWKATU TPUKPUTUYHA, TOUYKA, B fAKii pin ¢dazoBoro
IIepexony 3MIHIOEThCA 3 MEepIIoro Ha apyruit. Posriamemo kpmcran, B
AKOMY TeMIlepaTypa Iepexoay Ta CTpUOOK MoJIsApu3aliii B TOUIIl Tepexo-
[Iy 3 IiOpoCTaTWYHUM TUCKOM MOHMXKYIOTbC#A. Ilpukiiananus rigpocra-
TUYHOI'O TUCKY, TOMY, 3MEHIILYE BEJIMUUHY KPUTUIHOIO II0JIsA; [IPU [1€B-
HOMY 3HA4Y€HHI TUCKY JIiHil KDUTUYHUX TOYOK, sAKi BIANOBIIAIOTH Pi3HUM
3HAKaM IOJIsI, CXOOATHCS B omHiil Toumi. TunoBa T — p — E ¢dasosa
JiarpaMa BJIACHONO CErHETOEEKTPUKA 3 TPUKPUTUUHOIO TOYKOI (Ha-
upukian, KHaPOy [7]) nokasana na pucyuky nuxve. Becranosseno, wio
B KH5PO4 tpukpurnyana rouka Mae micie npu tuckax nopsaiuky 2-3kbar

[7].

2. Boaus nmoJisi. ®PeHOMEHOJIOTIYHUM aHaJIi3

BukopucraeMo po3Ksan TepMOAMHAMITHOTO MOTEHIAIy 33 CTEelmeHAMU
nosiapusaii Py
b

! —
e

G=Goy+ 5 1

Bzarasii kaxy4qu, crporo kopektaum s kpucrtatiB tuiy KHyPOy e

PO3KJIa] TepMOAMHAMiYHOro norexniaay G 3a mapameTpoM HOPALKY 1)
Ta 1edOpMAII€Io £g, AKAN MaE€ BUTJIAL

1 . . 1 o
G=Gy+ 3 (a1m” + aznes + asey) + 1 (bin* + banes + ban’ed) +

1 . 2
+ 5 (01776 + con’ee + 037745(23) - %Eﬂ — Voses, (2)
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line of critical points

tricrit. point

E

Puc. 4. Tunosa Tc — p — E dasosa miarpama B/TaCHOTO CerHETOETIEKTPHKA 3
TPpUKPUTHIHOIO TOYKOIO (Hanpukiax, KHoPOy).

Toni icrunnum (“relevant”) napamerpom HOPsIKY, 3a AKUM BLIOyBae-
Thesa Bas30BuUil mepexin € nedka JiHiitHa KoMmOiHamia 7 i £g. 11106 ii Bu-
3HAYUTH, 3OiICHIOTD JiiHiiiHe nepersopents (1,86) — (£, (), Axe mia-
ronasizye kBaaparuuny dopmy 3a (1,e¢) y poskuaui (2). Cepen € i ¢
iCTMHHUM [TapaMeTpPOM LOPAJIKY € TO, KoediuieHT npu KBagpari aKoro
obepTaeThesa B HyIb B Todi Kropi.

B okoni temneparypu daszosoro nepexony npu E = 0, TepmoguHa-
miunmii norenmian G(P) mae rpu minimymu PPy = (—b+ /0% — 4ac)/2¢
i P, = 0, ryinbunu sAKUX 3piBHIOIOTHCA B To4mi mepexomy. Orxke, Temie-
parypa ¢dazoBoro nepexomny nepuoro poay Tco npu E = 0 Busnadaerbes
3 YMOB

oG
6_P - 0, G(Pl’g) - G(O),
0 eKBIBAJIEHTHO
. 35>
=1 Tcoo =T, —_—
3 Bac, o o+ 16ca’

Touku ekcTpemyMy TepMmoauaaMivnoro norenniaaa G(P) npu E # 0
BU3HAYAIOTHCA PIBHAHHAM

E =aP +bP? + cP>. (3)
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3 ATy po3B’A3KiB IHOrO PiBHAHHSA, OBA BiOMOBIHAIOTH MAKCHMYMaM, a,
tpu — P; <0, P, ~0,i P; >0 — minimymam G(P). 3 ymoBu

G(P) = G(1%)

B JiiHifiHOMY 1m0 F Hab/IMKeHHI 3HAXOAMMO 3aJIEXKHICTH TEMIIEPATYpPHU
daszosoro nepexony mnepuioro poay Bin mojis E (kpuBy pisHOBaru ¢has)

12¢ 4c¢
To =Teo — By —.
R 7T T

Kpusi piBuosaru daz (uinii ¢pasoBux nepexonis nepuioro poay) 3a-
KIHYYIOTbCA B ABOX KPUTHYHHUX TOUYKaX, Koopmaunaru (+E* T*) saxux
BUNJINBAIOTH 3 TEPMOIUHAMIYHUX YMOB — PIBHAHHA CTaHY 1 YMOBHU piB-
HOBaru

o), "% =" ="

oG OF 0*E
(57) -
B mux Toukax 3HHKAE Pi3HAIA MiXkK ICTUHHO CErHETOCIeKTPUIHOIO i “ma-
PaeIEKTPUIHOIO” 3 HEHYJIbOBOIO MOJIAPU3AIIEIO (ha3aMu, TAK MO TePeXi
3 omHi€l B iHmIy BiaOyBaeThCA MIaBHO 0e3 CTPHOKIB T€PMOOUHAMITHIX
BeJINYIUH.

3. MikpockomiuyHa Moae/b

Posrismaemo kpucran tumy KD;POy, 10 AKOro mpuk/amgeHo 30BHIMIHE
efekTpuyHe mojie Fs, AKe B KpUCTaJdl iHAyKye monapmwsamniio Ps i ge-
dopmariiio £6. Pospaxynku nmpoBomuMo B paMKax MOIESI MPOTOHHOTO
BIIOPAIKYBaHHsA, Ky MU MOAudiKyeMo 3 TuM, mob BpaxyBaru edekru
OB’ s13aHi 3 11'€30€JIEKTPUIHOIO [1ePOPMAIIEIO .

[loBHuit TaMinbTOHIAH MOJIE/T CKIATAETHCA 3 3aTPABOYHOL YaCTUHU,
JAKa HE 3aJIEXKUTD Bin KOH(Iryparliii mpoToHHOI migcucTemu i BigmoBimgae
rpaTii BaXKUX i0HIB, Ta MCEBIOCTIHOBUX TaMiIbTOHIAHIB KOPOTKOCAK-
HUX 1 JAJIEKOCHAXKHUX MiKITPOTOHHUX B3AEMO/Iill, TYHEJTIOBAHHAM HEXTY-
emo [4]

E0

C . 0 .
H=Nv <%€é - 626E366 - %E;)%) + Hlong + Hshort- (4)

“3arpaBouna” eHepris,Bupaxkena depes ejiekrpuune nose s i gedop-
MAIIiI0 £¢ BKJIIOYAE B ceOE MPYIKHY, IT'€30€JIEKTPUYIHY 1 €JIEKTPUIHY daC-
tunn. cEY, e3¢ 1 X33 — T. 3B. “sarpasouni” mpyxmHa crasna, Koedinient
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T'€30€/IEKTPUYHOI HAIPYTH 1 [IieJIeKTPUYIHA CIPUAHATINBICTD, BiOnOBi -
Ho; ¥ = v/kp, v — 06’em upumituBHOl Komipky; kg — crana Bosbumana;
N — KiJTbKiCTh NPUMITUBHUX KOMiPOK.

Hyong — Tle TaMiTbTOHIAH CEPEIHBOTO MOJIA 32 JAJTEKOCAKHUMA -
[OJTb-IUTIO/IbHUMY 1 HenmpsAMuMU (4Yepe3 KOJIUBAHHA IPATKU) B3aE€MOi-
AMM MiX OeATpOHAMH TJIIOC JiiHiliHe 3a J1edOPMAIEI0 £ MOJIEKYJIAPHE
noJie [8,4], inaykoBane 11’€30€1€KTPUIHOI0 B3AEMOIIEI0

1 o Og
Hlong: 5 Z Jff’(qql)( qf>< qf>

2 2
af'af

nlogr) | our 9qf

=2 || 2 e (ad) =5 | 5 — 2esey
qf q/f/
o
= 2Nvi® — zf: (2vn — 2¢p6ee) %f; (5)
q

e
4v = Ji1 + 2J12 + i3

BjacHe HadeHH:s Gyp’e-00pasy MaTpuil HAJEKOCANKHUX B3AEMOIii
Jir = Yr,-wr, Jrr(ad);

n={(oq) = (0g2) = (043) = (0g4)

— CcepellHE 3HaYEHHA i3IHIBCHKOrO ICeBAOCHINA 04y = %1, uni nBa BIaC-
Hi 3HAYEHHA BiANOBIZAIOTH ABOM PiBHOBAXKHUM TOJIOXKEHHAM MPOTOHA
(mefirpona) Ha f-omy 3B’#A3KY B ¢-ifi KOMipiIi.

laMisibTOHIaH KOPOTKOCSKHMX KOH(MIrypauiiHux B3aeMouiii Mix
MMPOTOHAMHY 3BUYARHO BUOUPAIOTH TAK MO0 BiITBOPUTH €HEPreTUIHI PiB-
Hi Monesi tuny Coerepa mist KDP (nus., nampukian, [12]) — eneprii
BEPXHIX /HUKHIX €4 (nBiuil Bupomxeni npu ¢ = 01 E3 = 0), 6iunux £, (4-
KPaTHO BUPOMKEH] ), OIHOKPATHO-10HI30BaHUX €1 (8-KpaTHO-BUPOIKEH]),
i nBoKparHo-ionizoBanux g (aBivi Bupomzkeni) nporoHHux KoHdirypa-
miii (€5 < g, K €1 K €9).

Banucanuii B NCEBIOCHIHOBOMY IIPEICTABICHHI 3a CTAHIAPTHUMUI
npasuaamu [12] ramisibToHIaH KOPOTKOCAYKHUX B3AEMO/Ii, B AKOMY Bpa-
XOBaHe PO3IIEIJIEHHS BHACJIIIOK BTPATH CUCTEMOIO CUMETpil m3epKaJib-
HOTO TIOBOPOTY S4 HABKOJIO OCi ¢ €Hepriii BepxHiX i HUXKHIX, OI9HUX i
Ta OIHOKPATHO i0HI30BaHMX KOHMIrypauiii, npu HaiBHOCTI gedopmalil
€¢ Ta B ejekTpudHOMy ol Fs3, B Hab/uKeHHI 40TUPUYACTUHKOBOTO
KJIACTEPA, AKE € HAUOLIbIN aJeKBATHUM /I [IUX KPUCTAJIIB, Ma€ TaKu
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BuraAn, [4]
Haport = ;{U [%% + %%] +¢%%%% +
+(V+5a666)[%%+%% +(V—6a656)[%%+%%”
- [A+H3E3 - @56} zq:fz::l U—;f. (6)

B (6) BukopucTaHO TaKi IIO3HAYEHHA

1 1
V:—Ewl, U:§w1—z—:, ® = 4e + 2w; — 8w;
ne
€=¢Eg — & W=¢E1 —E&s, WL =¢E0E&s

— T. 3B. CJIET€PIBCbKi eHeprii.

3 yMoBHz piBHOCTI CepenHix 3HaUeHb ICEBIOCIIHIB 1) = (04f), PO3pa-
XOBaHMX 3 YOTUPUIACTUHKOBHUM 1 OJHOYACTUHKOBUM IIPOTOHHAMU TaMi-
JIbTOHIaHAMM, MOYKHA BUKJ/IIOUUTH IapamyTp camoysromxkenns A. Ila-
paMerTp nopsaKy 1 Ta aedopMarlio g MOXKHA 3HANTH, MiHIMI3yIOUHl TEp-
monunamivnuii norennian (Gibbs’ function) g1 (T, 06, E3,n)

U Eo_2

B v
g1e(T, 06, E3,n) = 5066 €6 — Uege%’Es - §X§3E§ (7)

+2T1In2+ 2un? — 2T In(1 — 5?) — 2T In D — voges,

e
D = ch(2z + Bdsse6) + 4bch(z — Bd16€6) + aas + ai’
6
1. 1+ E
Z:—ln—nﬂ‘ﬂlj?’]—,@’(/)@i‘:@"‘m,
21Ty 2

a = exp(—fe), b = exp(—pw), asg = exp(—Bd.6cs)-

BukopucroByioun cucremy piBHAHDb

dpgm  2Mg
E0 0
= — e F 8
96 = Ce6 €6 — €363 T —— 5 T T (8)
P = ¢eY 0 m 2/”3@

3= 63656 + X33l 277
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AKa BUMJIUBAE 3 YMOB T€PMOAMHAMIYHOI PiBHOBATH

1 (0g1p B 091k L
v < Oeg )ES,UG =0 <5E3 )aﬁ =

3HAXOIWMO i30TE€pMIUHY MOieJIeKTPpUYHY COPUAHATIUBICTH BLIBHOTO
kpucrasy (npu g = const)

OP. e2
To __ 3 _ . E 36
X33 = <6—E3>0'6 = X33+ % (9)

S| =

AKA BUPAXKAETHC:A 4Yepe3 130TepMidHy e/ IeKTPUYHY CHPUNHATIUBICTD
3aTMCHYTOrO Kpuctasy (upu €4 = const)

OP; u: o 2Bk
X:aTzE = <8—E3>56 = Xg3 + 22— (10)

isoTepMmivnmii KOeMIMIEHT 11'€30€IEKTPUIHOI HATIPYTH

OP: 2 36
T 3 0 3
el — =gy f —— 11
%0 <856>E3 36 v D—2/<;ga’ ( )

i30TepMiYHY NPYKHY CTAJLy HPU NOCTHHOMY HOJI

5 _ (‘906) _owo g SOVt 26
E3

Ce6

Fe6 v D-2xp oD °
28 .
~ D [636 ¢h(2z + Bds06) + Jgg(aas + =) + 1
A 4pr?
, ~ .
+ 4bdig ch(z ,6’51666)] STD(D = 2rp)"

Tumi i3oTepmivni mienexkTpudni i '€30€I€EKTPUYHI XapAKTEPUCTUKU MO-
KyTh OyTH mepepaxoBaHi depes Bxke 3HAli[eHl 3a JOMOMOTOI0 BimMux

dopmy.r:
KOHCTAHTA I’ €30€JIEKTPUIHOI HApyru hsg

(9E3> (60’6> €36
has=—(5—] =-(3n) =-—o 13
. ( Oeg TP; OPy Teq X35 (13)

Py KHA CTaly Clg npu moctiitniit monapusanii

0
che = el = cog’ + esghss. (14)
666 TP;
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TTOAAT/IUBICTH TIPY MOCTIiHOMY TOJTI

siE = <—866> L (15)
66 — - "TE>
dog TE; €66
koediuienT 11’e30e/1eKTpudHOl aedopmarii
OP.
T _ 3 _ T .TE
d3g = <—8 = €36566 » (16)
96/ 1E;

KOHCTAHTA I €30€/IEKTPUIHOI Hedopmarrii

OF. h
936 = — <—3> = %- (17)
TP;

0o Co6
Y Bupasax (8)-(17) BuKOpUCTaHO TaKi MO3HAYEHHS.

M@ = _656 Sh(2Z + ﬁ(ssﬁiig) + 6&6 <aa6 - a%) + 4b(516 Sh(Z - /661656);
KR = Ch(QZ + ﬂ(ssﬁé‘(;) + bCh(Z — 561656) —nm,
r = ds6 Ch(?Z + ﬂ(ssﬁé‘(j) — 2bd16 ch(z - 561656) + nMsg,
0 = —2kyg + 1,

1
= 1= n2

¢ + Bv.

[Ipu BukopuCTaHHI TMHAMIYHIX METOIIB BUMipIOBAHD, EKCIIEPUIMEH-
TaJIbHO BU3HAYAIOTH HE i30TepMmiuHi, a amiabaruyni xapakTepuctuku. B
mapadasi mpu BiICYy THOCTI 30BHIMIHKOTO €JIEKTPUIHOTO MOJIs adiadaTmd-
Hi Ta i30TEepMiyHI BEJIMYUHU CHIBIAIAI0TH, OJJHAK IIPU HAABHOCTI OCTAaH-
HbOI'O, BOHU MOXKYTb CyTTEBO BiapisHaTuc:A. AniabarudHi BeJmduHu MO-
XKyTb OyTH mepepaxoBaHi depes3 BimmoBimHI i30TepMidHi 3a HOMOMOrOI0
TaKWX CHiBBinHOIIEHD [1]

1 1 [ 1 (8P3/8T)§33]_ 1 {1 T p?,];

X35 X35 Xi§ (8S/0T)p, | xif X35 Py
S T Xg?fr
dsg = d36 ~755 (18)
X33
SE _ JTE _ (1 _ X35\ (d3s)? 19
S66 — 566 “To To > (19)
X33 X33

e

: 2M,
S=R (—2ln2+21n[1 —n?] +2InD + 4Tl n + D6>
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— €HTPOTiA MPOTOHHOI MACUCTEMU KPUCTAJITY, P, — MIPOEJTEK TPUIHIN KO-
ediuient, cp, — NUTOMA TEIUIOEMHICTb Npu craJiil nosspusauii. 3 (18)
BUIHO, IO HAWTIOMITHINIO Pi3HUIA MiXK amiabarnaHuMu i i3oTepmivHn-
MU BEJIMINHAMH € B 00J1aCTi MIBUAKOI TEMIIEPATyPHOI 3MiHHI MOJIAPA3AIIii
— B OKOJIi TOYKH MEpexoiy abo MaKCUMYMY TPOHUKHOCTI.

4. OGroBopeHHA

st Bucokopneiireposanoro kpucrany K(H; _, D, )2PO4 3 remueparyporo
nepexoqy B HyJjiboBomy 1osti Top = 211.73 K (nominanbuuil piBens neit-
repyBants = 0.89, nagani ckopoueno KDyPOy), a rakox neneiirepo-
Banoro KHoPO4 Gynemo BUKOpPUCTOBYBaTH 3HAYEHHA TAPAMETPIB TEOpii,
sHaiineni B po6ori [9,4], ski 3a6e3nedyoTh 3a10BlIbHII KiBKICHU OMTHC
TEeMIEePaTyPHOI TIOBEIIHKN DAY OB A3aHNX 3 AeDOPMAIIIEI0 £ TI€TEKT-
PUYHUX, II'€30€I€KTPUYHUX 1 IPYXKHUX XAPAKTEPUCTUK IHOI0 KPUCTAJLY
1npu armMochepHOMY THUCKY.

Ha pucynky 5 3o6paxeno Tc — E3 dasosi miarpamMm KpucTaJIiB
KD2PO4 i KH2POy4. Touku dhazoBoro nepexoy, a TaK0K KPUTUIHI 1MOJIe
1 TeMmepaTypy BU3HAYAJIN 34 MOBEIIHKOIO MAKCUMyMa i30TepMidHOI mi-
€JIEKTPUIHOI IIPOHUKHOCTI BiTbHOrO KpUCTaTy. KpuTudHuM BBaXKAJIU T
1oJie, Ipu AKOMY MAKCUMYM 130T€PMIidHO] [Iie/IeKTPUYHOL IPOHUKHOCTI
[IOYMHAB 3MEHIIYBaTUCH.

Tc (K)
C
Tc(K) 122.80
2125 7TL 3 77777777777777777777777 3 122.78
2120f !
Tt 12276 [ |
2115[ }
| 122745 |
21107 | ; E; y
-E; 2 - ‘
2105 5 0 5 E4(kV/cm) 272 -100 0 100E4(V/cm)

Puc. 5. Tc — E;3 dasosi giarpamu xpuctasiais KD2PO4 i KH2PO4. Excnepu-
MeHTasIbHI TOUKY B3aTO 3 [10].

Ockinbku pin pazoBoro nepexoiy B HeleiTepOBAHOMY KpucTaJii 6Jim-
3pkuil no apyroro, a B gefirepoanomy KDyPQOy mae micue 3naunumit
crpuboK nosspusanii B Touni nepexomay, kpurudse nosie 8 KHo POy na
nopAmoK Menie, Hixk B KDsPOy.
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Ak Gaunmo, mis AefiTepoBaHOrO KPUCTAJTY OTPUMYETHC 3aI0BLIbHE
Y3IOMKEHHA 3 €eKCIEePUMEHTAIbHIMY [TAHUMU JJIs 3POCTAHHA TEMIIEPar-
typu dasosoro nepexomy 3 moseMm Ejz ra xpurmunoro nosa Ej, npu
KoMy 3HuUKae (daszoBuil nepexin B cucremi (reoperuune 7.0 kV/cm i
excrepumenTaisie [10] 7.1 £0.6 kV/cm).

151 HemelTepoOBaHOIO KPUCTAJTY, PO3PAXOBAHI KOOPAUHATH KPUTHI-
HOI TOYKM 3HAXOMATHCA B MEXKAX, BUSHAYEHUX EKCIEPUMEHTAJIbHO Yepe3
poskiagu Jlangay. Cotin, onHak, 3a3Ha9uTH, MO MIKPOCKOIIYHI KOOI~
HATH KPUTUIHOI TOYKHM iCTOTHO 3a/1€KaTh Bisl BHOOPY ImapaMeTpiB Teopii,
BiZ TOYHOCTI pO3paXyHKIB Ta Bil BEJIMYMHYN CTPUOKA MapaMeTpa MOPI-
KY B TOYIIl TIEPEXO/LY PK HYJIHOBOMY mOJIi (Bil CTYNEHs MepriopimHocTi
dasosoro nepexony). Tak nmpu An = 0.31 maemo E* = 110 V/cm, a npu
An = 0.347 Bxe E* = 170 V/cm. Besmuuna An 3apaerbes cuiBBiaHO-
LIEHHIMU MiX Hapamerpamu Teopil, npudomy mis 3miam An Big 0.3 no
0.35 B8 KH>,PO,4 nmocrarabo HABITH HEBE/MKHUX 3MiH y ITapamMeTpax, Tak
[0 PO3PAXOBAHI MAKPOCKOIIYHI XapaKTEPUCTUKH, SAKi OlIbII-MEHII [10-
CTOBIPHO BUMIPIOIOTHCH €KCIIEPUMEHTAJIHHO, P [IbOMY MPAKTUYHO HE
3MIHIOI0THCA. OCKIIbKY TOYHO BU3HAYUTY EKCIIEPUMEHTAJIBHY BEJIMIUHY
BinHoweHus crpubka nosApusauii 1o nouspusauii HacudenHs (CrpubKa
napamerpa nopsKy) HemoxkJauso (pos3kus 3uadens i 0.3 no 0.35), mik-
POCKOTIiYHa Teopid Ta€ JIuIIe OIIHOYHI 3HAYeHHA KOOPANHAT KPUTUIHOL
touxu — Bixg 110 V/cm mo 170 V/cm.

Ha pucynky 6 naBemeno temueparyphi 3a/€KHOCTI JBOX XapakTe-
PUCTUK — i30T€pPMiYHOI CTATUYHOIL AieJIEKTPUYIHOI IPOHUKHOCTI BIJIbHOIO
Kpucrany Yis Ta m'esomomnysia hzg NefiTepoBaHOrO KpUCTaIly NP pis-
HUX 3HAQUEHHAX 30BHIMIHHOTO eJIEKTPUIHOrO MoJIA. SKiCHO momibHnMT 10
Xg{ € TAKOXK TeMIepaTypHi KPUBI iHIMIX XapaKTEePUCTUK KPUCTAJIIB, AKi
MaJOTh OCOOIMBICTE B TOWII TIEPexoIy — MOMATIHBOCTI 55 1 me30Momy-
JiiB d3g 1 €36. AHas10riuHOI0 10 h3ge € TEMIIEpaTypHa i 10JIbOBA [OBEIIHKA,
IT'€30MOIYJIA §36.

MakcumasibHe 3HAYEHH:A Ta [MOMIOHUX BEJUYUH 3 POCTOM IOJIA 3Mi-
IyE€THCA B 001aCTh BUmux TeMmrneparyp. [Ipy nabmmkenni nosisa 10 Kpu-
TUYHOTO, 1X MIKOBI 3HAYEHHA B TOYKAX MEPEXOIy 3POCTAIOTh i € MaKCH-
MAJIbHUMU OPU KPUTUIHOMY 10Jii. Bumi nosisi posmuBaiors (azoBuit
repexin, 3r1aKyI0Th Ta MOHUKYIOTh HMiKK UUX BeJanduH. Brius mosis
Ha mw’'e3omonysti hsg i g3¢ € MOmIOHUM 110 fOr0 BILIMBY Ha IMOJIAPU3AIIIIO.
[Mpu migBumenni moiaa cTpubOK MUX BEJUYUH B TOUIN IMEPEXOIY 3MEH-
IIYETHCA 1 00epTAETHCA B HYJIb B KpUTUIHOMY T0J1i. [Ipu BUImux mosisax
I TIAX BEIUYIMH XapaKTepHi IJIagKi TeMIepaTypHi 3aJ1eKHOCTI.

[likaBo Bim3HAYIATH, MO HOJIHOBI 3a/I€2KHOCTI a11aDATHIHIX BETIMTINH
€ 3HAYHO CUJIbHimwmMu, HiXkK i30repmivnux. Tak, Ak BumHO 3 puc. 6, e
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HaBEIEHI TeMIepaTypHi KpuBi aaiabaTuaHOrO i i30T€PMIdHOTO 1'€30MO-
oy d§6 nenedirepoBanoro KHyPOy, B mosnsx, BUux Bij KPUTUIHOLO,
fioro mikosi smauennsa (i, BinnmosiaHo, nikoBi 3HAYEHHA S5¢, €56, X33)
CIIaJAI0Th 3 30BHINIHIM [1OJIEM 3HAYHO CUJIbHINIE, HiXK HiKOBI 3HAYEHH:A
i30TepMivHOTO dgﬁ (un BiANMOBiMHUX i3TEPMIYHUX BEJMYUH), & MAKCH-
MyMH# a1ia0aTUYHAX BEJIUYUH 3MINIyIOThCA MPU MPUKJIAIAHHI TOJIA 1O
BUIIUX TEMIEPATYP 3HAYHO MOMITHIiIIE, HIXK 130TepMiYHUX.

N (10 4dyn/esu)

1600
1200 241
1 2/34 /5 /6
800 20l
400 2.0
1.8

211 212 213 T(K) 211 212 213 T(K)

Puc. 6. Isorepmivna craTnana mieIeKTpUYHA TPOHUKHICTD BLIBHOTO KPUCTAILY
X% ra n’ezomonyiib has peiireposanoro KDoPOy ax dyukuii remueparypu
npu pi3HUX 3HAYEeHHAX esiekTpuaHoro mosis Bz (kV/cm): 1 -0; 2 — 3.82; 3 —
5.64;4 - E* =17.0; 5 — 8.46; 6 — 11.28.

Puc. 8 imocrpye nosibosi 3asexnocrti amiabarnanux obeprenoi mo-
3II0BXKHOI CTATUYHOI JIieJIEKTPUYHOL CIPUAHAT/IMBOCTI BIJIbHOI'O KPUCTA-
7y Ta Ipy:HOi cTasnoi cg’ B Hemeiiteposanomy KHoPOy [11] Ta ix ommc

B paMKaX HABEIEHOI BUIIE Teopii.
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dag (10 Pesu/dyn)

122 123 124 T(K)

Puc. 7. Isorepmiunuii Ta amiabaruunuii n’esomomnynb dsg HeneiiTepoBaHOro
KH>PO4 sk dyHnkus reMueparypu 1pu pisHUX 3HAYEHHAX €JIEK TPUIHOIO IIOJIH

Es; (kV/em):1-0;2-1;3-2;4-3;4-5.

Soy-1 SE 10 2
] x5 402 e (10'° dyn/cm?)
. v 1kv/cm? 6l = 1kvicm?
ar N « 2kvicm? S . 2kviem?
s 3kviem? S s 3kviem?
3r = 4kvicm? 4+ v 4kviem?
2t 3
2 |
i 1
0 : 0
-1 0 1 2 AT(K) -1 0 1 2 AT(K)

Puc. 8. Anmiabaruuni npyxXHa CTata Cge’ Ta 0GepHeHA MO3IOBIKHA CTATHIHA,
nieslekTpuuHa cupuiHamsicrs x55 nemeirepoanoro KHaPOy ax dyukuii
Temueparypu npu pisnux smadenuax nosa Ez (kV/cm). Excnepumenrtanbui
To4KHY B3ATO 3 [11].
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1. Introduction

Computer experiment remains an important tool for the prediction and
theoretical understanding of various phenomena in magnetic materials.
The methods of Monte-Carlo (MC) and molecular dynamics (MD) were
intensively exploited over the years for the investigation of phase dia-
grams, critical phenomena, scaling, and the dynamic behavior of lattice
systems such as the Ising, the XY, and the Heisenberg model [1-3].

The necessity to extend these studies to disordered models of mag-
netic liquids was motivated by a great amount of additional physical
properties arising when both spin (orientational) and liquid (transla-
tional) degrees of freedom are taken into account [4-9]. Computer ex-
periments for such systems have been restricted to MC simulations [5,7]
in which only static quantities could be calculated. Dynamic phenom-
ena, in particular, spin and density relaxations, and the effects connected
with the mutual influence of magnetic and liquid subsystems can be in-
vestigated in MD simulations.

Until now, there have been no attempts to simulate spin liquids
within the MD approach. This can be explained by the absence of an
MD algorithm for handling the corresponding equations of motion. The
traditional numerical methods [10] for solving differential equations are
unsuitable because they become highly unstable on time scales used in
MD simulations. As has been well established for pure liquid systems
[11,12], even standard predictor-corrector schemes are not efficient be-
cause of poor total energy conservation.

The properties of an acceptable algorithm for long-time observations
of a many-body system should be: stability, accuracy, speed and ease of
implementation. There exists only a small group of integrators satisfying
these criteria. An important one is the velocity Verlet (VV) algorithm
[13,14] which allows a high accuracy with minimal costs in terms of time-
consuming force evaluations. However, the VV and other similar schemes
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[11,15] were designed to simulate pure liquid dynamics. In the case of
magnetic liquids the situation is more complicated since the translational
positions and momenta are coupled with spin orientations in a character-
istic way and, hence, all these dynamical variables must be considered
simultaneously. This requires substantial revision of the liquid dynamic
algorithms.

Recently, new algorithms have been devised for spin dynamics sim-
ulations of lattice systems [16]. They are based (like the VV integrator)
on the Suzuki-Trotter (ST) decomposition method and appear to be
much more efficient than predictor-corrector schemes. These algorithms
are applicable to spin systems if the decomposition on two (or several)
noninteracting sublattices is possible. However, they cannot be used for
models with arbitrary spatial spin distributions and, therefore, not for
spin liquids.

In the present study we develop the idea of using ST-like decompo-
sitions for spin liquid dynamics and derive the desired MD algorithm.
This allows quantitative measurement of dynamical structure factors of a
Heisenberg ferrofluid. The main result obtained (reflecting the influence
of the liquid sybsystem on spin dynamics) is the identification of a new
propagative sound-like mode in the spectrum of collective longitudinal
spin excitations.

2. Numerical integration of the equations of motion

Consider a classical system composed of N magnetic particles of mass
m, described by the Hamiltonian

N 5 N

mv;

H = Z 2l + Z ((,0(1“1‘]') - J(Tij) S,'-Sj) . (1)
i=1 i<j

Here r; and v; are the translational position and velocity, respectively, of

particle ¢ carrying spin s;; the liquid potential is denoted by ¢(r;;), and

J(ri;) > 0 is the exchange integral for a pair of spins with interparticle

distance r;; = |r; — rj|. The classical approach treats s; as a three-
component continuous vector with a fixed length for each site 7 (putting
for convenience |s;| = 1, so that J will be measured in energy units).

Although the results presented below can easily be adapted to a larger
class of Hamiltonians, we restrict ourselves to the basic model (1) which
represents a typical isotropic Heisenberg ferrofluid [7,8].

In order to study the dynamic properties, the equations of motion
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given by dp/dt = Lp(t) must be integrated numerically, where

L =

(3

M-

s
Il
-

(V"i +a..i + [wxs].i)
¢ 8ri ¢ 8vi ¢ ¢ Os

(Le; + Ly, + Ls;) = Ly + Ly + Ls, (2)

I
.MZ

=1

is the Liouville operator; i.e., Lp = [p, H] with [, ] being the Poisson
bracket; p = {r;, vi,s;} denotes the full set of dynamical variables; a; =
f;/m and w; = —g;/h are the acceleration and local Larmor frequency,
respectively, fi = — Ej(j;éi) (d(p(’l"ij)/dﬂj — dJ(T,‘j)/dT,‘j Si'Sj)I','j/T,'j is
the force and g; = ;) J(rij)s; the internal magnetic field. Note
that the components L., L, and Lg act only on position, velocity and
spin, respectively, and the quantum Poisson bracket was used to obtain
L [8,16].

The desired solutions can be cast in the form p(t + h) = e""p(t) =
e(LrtLvtLe)h n(t) where h is the time step. Since the exponential prop-
agator e’" cannot be evaluated exactly, one introduces some approxi-
mations which take advantage of the smallness of h. Assuming for the
moment that the spin variables are frozen, i.e. setting Lg — 0, we come
to the usual (liquid-like) equations of motion. They can be solved in a
quite efficient way using the second-order VV integrator [13,14] which is
based on the ST formula e(Lrtiv)h = eLvh/2elehelvh/2 1 O(h3). Taking
into account the fact that this formula is valid for arbitrary two op-
erators and unfreezing now the spin variables, we obtain immediately:
ellrtlvtloh — olvh/2(LetLa)holvh/2 1 O(h3), where the sum L, + L
was treated as one operator. The spin-position subpropagator can further
be decomposed in a similar way, e(frtLe)h = elxh/2pLsheleh/2 L O(P3),
resulting in a full propagation of the form

p(t + h) = elv3elrseleaholesolvs p(t) + O(h3). (3)

Note that other decompositions are also possible, but then the local fields
g; and/or forces f; have to be updated (the most time-consuming opera-
tions) more frequently, which reduces the efficiency of the computations.

The main idea of the decompositions is to obtain subpropagators
which can be evaluated analytically. It can be shown [14] that the posi-
tion el*7 = ], el~™ and velocity e~v™ = [], el~:™ propagations repre-
sent shift operators, namely, ef="r; = r; + v;7 and elvi"v; = v; + a;T,
where the equalities Ly, Ly; = Ly; Ly;, Ly, Ly; = Ly, Ly, have been used.
Since the components L, and L, (as well as Lg) do not commute, such
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shifts must be performed in a rigorous order (as specified by Eq. (3))
and applied to the current values of r; and v; within the time step.
The spin subdynamics is described in Eq. (3) by the exponential op-
erator e”s". This operator has no simple explicit form, given that the
Larmor frequency w; for each particle depends in general on the orien-
tations of all other spins of the system. In other words, it is itself time
dependent and is, therefore, not known a priori. The explicit solution,
nevertheless, may be found as follows. Since all the partial components
L, do not commute each other, it is quite natural to find an ST-like
decomposition for the whole set (i = 1,...,N) of these noncommuta-
tive operators. Consecutively (k = 1,..., N — 1) dividing the subsets
(¢t = k,...,N) into groups composed of only two operators (Ls, and
Z;V:k_u Ls;) and using the usual ST formula for them, one obtains

eLsh

—elnt  elsvoiTeleanhelon13 | olub (4)
Eq. (4) constitutes an ST analog for arbitrary number of operators and
it is accurate to the same order O(h?®) as the terms already truncated.
Again, other O(h?) decompositions may be introduced. However, only
Eq. (4) will lead to a scheme with minimal number of local field recal-
culations.

The problem is now considerably simplified because, according to
Eq. (4), each current value of s; is updated spin by spin at a fixed
instantaneous Larmor frequency w;, and this case allows analytical
solutions. The result is: ef=i7s;(t) = D;(t,7)s;(t), where D;(t,7) =
I+ W,;sin(w;7) + W2(1 — cos(w;7)) denotes an orthonormal (DD* = I)
matrix (which rotates around axis w; on angle w;7) and W; = W (w;)
is a skewsymmetric matrix (Wog = —Wpg,), with Wxy = —@z,
Wxz = 0y, Wyz = —0x and @ = w/w. Since the decompositions
used are correct within an uncertainty of order O(h?), the trigonomet-
ric functions can be replaced by their rational counterparts, cos{ =
(1— €/4)/(1+€2/4) + O(€%) and sin€ = &/(1 + €2/4) + O(€%), which

maintain the orthonormality of D. Then the spin rotation reduces to

2

el=i"s;(t) = (Si(t) + [wixs; ()] + %(“’i(“’i'si(t))

— Swewdsi)) /(14 (20)). (5)

This completes the new algorithm.
We note that our basic equations of motion are time-reversible and
exact solutions behave symplectically. As can be shown, the algorithm
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derived reproduces these features, even though the trajectories are gen-
erated with a limited accuracy. Indeed, the initial propagator was de-
composed (Eqgs. (3) and (4)) into subparts symmetrically, and, as a con-
sequence, the final expressions for r;, v; and s; will be invariant with
respect to the transformation h — —h. Furthermore, simple shifts (ap-
plied separately in position and velocity space) do not change the phase
volume. These properties are very important for our purpose because,
as is now well established [11,14], the stability of an algorithm normally
follows from its time reversibility and symplecticity. Another property of
the algorithm is its exact conservation of spin lengths (rotations given by
Eq. (5) do not change the norm of vectors). This is crucial as well, since
the condition [s;| = const is of major importance in the definition of
the model. Symmetries of the Hamiltonian (1) impose also conservation
laws on the total momentum P =m ), v;, total spin S =}, s; and to-
tal energy EE = H. These three integrals of motion cannot be conserved
perfectly at the same time within any approximate scheme (exact con-
servation can be achieved only for some of the integrals). This a typical
situation in MD simulations.

3. Applications to a Heisenberg ferrofluid

In our MD study of the Heisenberg ferrofluid, a magnetic interaction
via the Yukawa function J(r) = eZexp[(c —r)/o] [7] and a soft-core
liquid potential [11], ¢(r) = 4e[(c/r)*? — (o/7)%] + € at r < 2'/%0 and
o(r) = 0 at r > 2% (where € and ¢ describe the intensities of spin and
core interactions, respectively) have been used. The function J(r) was
truncated at R = 2.50 and shifted to be zero at the truncation point (to
avoid force singularities). The simulations were carried out for N = 1000
particles (employing periodic boundary conditions) at a reduced density
n* = %03 = 0.6, a reduced temperature T* = kgT/e = 1.5 < T¢
(where T} = 2.06 is the critical temperature of the system [17]), a
reduced core intensity €/e = 1, and a dynamical coupling parameter
d = o(me)'/?/h = 2. This parameter presents, in fact, the ratio 7, /7y,
where 7, = o(m/€)'/? and 1, = i/e are the characteristic time intervals
of varying translational and spin variables, respectively. Since we are
investigating a ferrophase and dealing with a microcanonical (NVES)
ensemble, a non-zero magnetization of the system must be specified ad-
ditionally. This quantity was taken from our single MC simulation [17],
(S)o/N = 0.6536 + 0.0001, where ( )o denotes the canonical averaging.
All test runs were started from an identical well equilibrated con-
figuration. The recalculation of local magnetic fields (during spin sub-
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dynamics (4)) took approximately the same processor time as that of
translational forces, spending in total 0.5 sec per step on the Origin
2000 workstation. It is worth emphasizing that contrary to pure spin
dynamics [16] (when auxiliary MC cycles are invoked to generate equi-
librium configurations as initial conditions for the equations of motion),
the equilibration of our system can be performed within NVES MD sim-
ulations exclusively (at the specified value for S = (S)g). This is possible
because of the energy exchange between the spin and liquid subsystems.

The MD results for the total energy E* = E/e (subsets (a)—(d) and
the total spin S (subsets (e)—(h)) as functions of the length of the sim-
ulations are presented in Fig. 1. Four time steps, namely, h* = h/1y =
0.00125, 0.0025, 0.005 and 0.01, were used to integrate the equations
of motion within our approach (Egs. (3)—(5), solid curves of Fig. 1).
These results are compared with those obtained by us using the well es-
tablished Adams-Bashforth-Moulton (ABM) predictor-corrector scheme
[10] of fourth-order (dashed curves in subsets (a) and (b)). As can be seen
from Fig. 1 (a), the ABM integrator fulfills energy conservation up to a
similar accuracy as our algorithm at the smallest time step h* = 0.00125.
However, for larger step sizes (see Fig. 1 (b)) the ABM scheme is un-
stable and, thus, cannot be used. Note that very small step sizes are
impractical because then too much time-consuming force and field eval-
uations have to be done during the typical observation times. Moreover,
the ABM scheme is neither reversible nor symplectic and it turns out to
be about twice as slow even if one iteration only is applied within the
corrector procedure.

No systematic drift in E(t) and S(¢) was observed within our al-
gorithm at time steps up to h* = 0.01 over a length of t/h = 100
000. The precision of the algorithm was measured in terms of the ra-
tio Ty = (((E(t) — E(0)*)/{(U(t) — U(0))?))*/? of total and poten-
tial (U) energy fluctuations. Taking into account that for our system
(U(t) — U(0))*)'/? =~ 0.0335, we have obtained: I'y ~ 0.12%, 0.28%,
0.98% and 7.7% for the time steps h* = 0.00125, 0.0025, 0.005 and 0.01,
respectively. In order to reproduce properly the features of microcanoni-
cal ensembles the ratio I'g should not exceed one or two per cent. As we
can see, time steps of h* < 0.01 satisfy this requirement and, thus, can
be used for precise calculations. The case h* ~ 0.01 may also be accept-
able if precision is not of great importance, for example, in hybrid MC
simulations [18] (where only the time reversibility is required to satisfy
detailed balance).

Note that the decomposition and ABM methods conserve the to-
tal momentum P to within machine accuracy. The reason is that all
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Figure 1. Reduced total energy E*/N (subsets (a)—-(d)) and magnetiza-
tion S/N ((e)—-(h)) per spin as functions of the length t/h of the simu-
lations performed on a Heisenberg ferrofluid within the decomposition
(solid curves) and predictor-corrector (dashed curves in (a) and (b)) al-
gorithms at four fixed time steps: h* = 0.00125 ((a), (e)); 0.0025 ((b),
()); 0.005 ((c), (g)); and 0.01 ((d), (h)). The initial levels £*(0)/N and
S(0)/N are plotted by the horizontal thin lines.
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velocities are updated simultaneously and the interparticle forces are
evaluated exploiting Newton’s third law. For similar reasons, the ABM
integration maintains the total magnetization S (but it does not con-
serve individual spin lengths). During our decomposed integration, the
magnetization is not conserved exactly. However, the fluctuations ap-
pear to be very small (see Fig. 1 (e)-(h)) and lead to the values
((S(t) —S(0)*)Y/?/N ~ 1077,5-10"7,2-10"% and 10~° at h* = 0.00125,
0.0025, 0.005 and 0.01, respectively.

Finally, the spectra F(k,w) = 3= [*° F(k,t)e *!dt of the spin-spin
FLY(k,t) = (3, ;57 (0)-57" (t)nij(k, 1)), density-density Fl,(k,t) =
(Z” nij(k,t)) and spin-density FL (k,t) = (Z” st (0)nyj(k,t)) time
correlation functions are shown in Fig. 2. The superscripts (L) and
(T) refer to the longitudinal and transverse components of s; with re-
spect to the vector S, and nj(k,t) = 4T O)=Ti(1) These spec-
tra were obtained within our decomposition integration at A* = 0.005,
and the microcanonical averaging ( ) was taken over 100 000 steps for
each of 10 independent runs. A dimensionless representation has been
used for F*(k,w) = F(k,w)/m with w* = wry, k* = k/kpnin and
kmin = 27T/V1/3.

C
1of Fi (k) ”
0.1 ¢
0.01 ¢
0.001

w* w*

Figure 2. Transverse (a) and longitudinal (b) spin-spin, density-density
(c), and spin-density (d) dynamic structure factors for a Heisenberg fer-
rofluid as functions of frequency w*. The curves corresponding to the
wavevectors k* = 1,2,3, and 5 are marked by 717, 72”7, ”3” and 75",
respectively.

One peak can be identified for the function Fl} (k,w) at each wavevec-
tor k. This peak is very sharp at small k and shifts to the right with in-
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creasing k. Such a quasiparticle behavior should be associated with the
existence of transverse spin waves in the spin liquid. Up to three maxima
were observed for the component FX (k,w). While the first maximum at
w = 0 corresponds to pure diffusive relaxation processes, the position of
the second peak coincides with that of the transverse spin wave peak,
indicating the possibility of propagating longitudinal spin waves as well
which, however, are damped much more strongly. The origin of the third
maximum in FY(k,w) can be explained by the direct influence of the lig-
uid sybsystem on the spin subsystem, because its position coincides with
a peak position in Fj,,(k,w). This last peak should be associated with
a propagative sound mode, which is well established for liquid systems
[19], whereas a maximum of Fy,(k,w) at w = 0 represents the well-
known diffusive heat mode. The function FY (k,w) behaves similarly to
F,n(k,w). In general the results obtained are in good agreement with
the predictions of Ref. [9]. The additional possibility of longitudinal spin
wave propagation in magnetic liquids at sound frequency can be con-
sidered as a new effect which has yet to be quantitatively described in
theory and observed experimentally.

4. Conclusion

In conclusion, we list the chief advantages of the new algorithm over
existing numerical schemes: (i) time-reversibility and symplecticity, (ii)
explicitness (no iteration); (iii) exact conservation of spin lengths, (iv)
much more accuracy in total energy conservation. Moreover, its excellent
stability (allowing applications with much larger time steps) may lead to
a substantial improvement in the speed of MD simulations for magnetic
liquids. It can also be used for lattices (then only Egs. (4) and (5) must
be employed) with arbitrary structures. These and related problems will
be considered in a separate publication.

5. Acknowledgements

Part of this work was supported by the Fonds zur Férderung der wis-
senschaftlichen Forschung under Project No. P12422-TPH.

References

1. H.G. Evertz and D.P. Landau, Phys. Rev. B 54, 12302 (1996).
2. A. Bunker, K. Chen, and D.P. Landau, Phys. Rev. B 54,9259 (1996).
3. D.P. Landau and M. Krech, J. Phys. Cond. Mat. 11, R179 (1999).




29

IIpenpunT

10.

11.

12.
13.

14.

15.

16.

17.
18.

19.

. K. Handrich and S. Kobe, Amorphe Ferro- und Ferrimagnetika
(Akademika-Verlag, Berlin, 1980).

. E. Lomba, J.J. Weis, N.G. Almarza, F. Bresme, and G. Stell, Phys.
Rev. E 49, 5169 (1994).

. J.M. Tavares, M.M.T. Gama, P.I.C. Teixeira, J.J. Weis, and M.J.P.

Nijmeijer, Phys. Rev. E 52, 1915 (1995).

M.J.P. Nijmeijer, J.J. Weis, Phys. Rev. E 53, 591 (1996).

. ILM. Mryglod, M.V. Tokarchuk, and R. Folk, Physica A 220, 325
(1995).

. I. Mryglod, R. Folk, S. Dubyk, and Yu. Rudavskii, Physica A 277,

389 (2000).

R.L. Burden and J.D. Faires, Numerical Analysis, 5th ed. (PWS

Publishing, Boston, 1993).

M.P. Allen and D.J. Tildesley, Computer Simulation of Liquids

(Clarendon, Oxford, 1987).

LP. Omelyan, Phys. Rev. E 58, 1169 (1998).

W.C. Swope, H.C. Andersen, P.H. Berens, and K.R. Wilson, J.

Chem. Phys. 76, 637 (1982).

D. Frenkel and B. Smit, Understanding Molecular Simulation: from

Algorithms to Applications (Academic Press, New York, 1996).

M. Tuckerman, B.J. Berne, and G.J. Martyna, J. Chem. Phys. 97,

1990 (1992).

M. Krech, A. Bunker, and D.P. Landau, Comput. Phys. Commun.

111, 1 (1998).

R. Folk, .M. Mryglod, and I.P. Omelyan [unpublished].

S. Duane, A.D. Kennedy, B.J. Pendleton, and D. Roweth, Phys.

Lett. B 195, 216 (1987).

LM. Mryglod and I.P. Omelyan, Mol. Phys. 91, 1005 (1997).

ICMP-00-16

30




[IpenpunTtn lacruryry disuku xoumencoBannx cucrem HAH Yxkpainn
PO3IOBCIOKYIOTHCA Cepell HAyKoBuUX Ta indopmatiitiux ycranos. Bonn
TAKOXK HOCTYIIHI IO eneKTPoHHiil koM torepuiil mepexi na WWW-cep-
Bepi incruryry 3a aspecoto http://www.icmp.lviv.ua/

The preprints of the Institute for Condensed Matter Physics of the Na-
tional Academy of Sciences of Ukraine are distributed to scientific and
informational institutions. They also are available by computer network
from Institute’s WWW server (http://www.icmp.lviv.ua/)

IBUHTIBCBKI YU TAHHA-2000 (JIbBIB, 24 TPABHST 2000 P.)
Pobory orpumano 16 xosrua 2000 p.

Barsepmxeno 10 apyky Buenoio panoio IOKC HAH Ykpainu
PekomenpoBano o apyky ceminapom IOKC HAH Ykpainu

Burorossieno npu IOKC HAH Yxkpainu
(© VYci npaBa 3acrepexeni



