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Awnoramisi. B Mexax TOYHOIO CTATUCTUYIHOIO MMIAXOIY PO3IJIAIAETHC
auHaMika rafizenOepriBcbkol momesti dgepodioiny B riapoguHaMivHii
rpanuni. OrpuMaHi aHaiTUYHI BUpa3u /i yCiX rigpoguHaMigHux da-
COBUX KOPEJIAMIRHUX (DYHKIIH, TOOyI0BaHUX HA KOHCEPBATUBHUX 3MiH-
mux. [IpoanasizoBani Bupasu i IUHAMIYHUX CTPYKTYPHUX (aKTOPiB
“ryctuna-ryctuHa” 1 “cmiHoBa rycruna-crninoBa rycrtuna’. Ilokaszano,
O [yif BUIAJAKY HEHYJIbOBOIO MArHITHOIO I0JisA 3BYKOBI 30yIKEHH:A
[POABJIAITHCA Y MArHITHOMY IMHAMIYHOMY CTPYKTYypPHOMY (PakTopi fK
OpisoeHiBehKi miku. dj1a HY/IbOBOTO 30BHINTHBOTO MATHITHOTO OIS OT-
PUMaHi pe3yJIbTATH MOPIiBHIOIOTHCA 3 BUMAIKOM MIPOCTOL PiIWHM.

On the statistical hydrodynamics of a Heisenberg model fer-
rofluid

I.M.Mryglod, Yu.K.Rudavskii, S.O.Dubyk, M.V.Tokarchyk

Abstract. Within rigorous statistical approach the dynamics of Heisen-
berg model ferrofluid in the hydrodynamic limit is considered. Explicit
expressions for the hydrodynamic time correlation functions, constructed
on the conserved variables, are derived. The results for dynamic struc-
ture factors of “density-density” and “spin density-spin density” are ana-
lyzed. It is shown that for the case of nonzero external magnetic field the
sound excitations are observed in the magnetic dynamic structure factor
as Brillouin-like peaks. For zero value of an external magnetic field the
obtained results are compared with the results known for simple liquids.
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1 IIpenpunT

1. Beryn

Mopesni MaruiTHOl pinuamM, 1€ MOPA i3 TPAHCIAMINHUMA CTYIIEHsI-
My BiiabHOCTL (piaMHHA nigcucrema) NpUAMAIOTHCH 10 PO3IVIALY TAKOXK
crinoBi abo K OpieHTaNiiiHl cTyneHi BiIbHOCTI (MarHiTHa miacucrema),
BUKJINKAIOTH AK YUCTO TEOPETHYHUI Tak i mpukjagHuii intepec. 3 Te-
OpPeTUYHOI TOYKH 30pPY Il MOJIEJi IMiKaBi 10 BUBYEHHA K IMPUKJIAI 0a-
raTOYaCTUHKOBUX CUCTEM y AKHAX B CUJIy B3a€MO/Il MiICUCTEM BUHUKAE
minil pAg HOBUX BJIACTUBOCTEM, IO BiICYTHI y mpocTmx pimmHax abo
K TBEPAOTITHHUX MArHETWKAX i AKi 3HAXOMATH CBiif IPOAB AK y PiB-
HOBaxKHill Teopii, Tak i npu mocsigxkenui nuHamiku. [Ipukaamamu Ta-
KUX BJIACTUBOCEH €: MOXKJIMBICTH icHyBaHHsA (Ha3z0BOTO hepOMarHiTHOTO
nepexogy y piakomy crani [1,2]; MoxJ/uBictb BiuuBy Ha ¢dasoBy nia-
rpamy piaumau Ta ii T€pMOAMHAMIYHI BJIACTUBOCTI Yepe3 30BHILIHE Mar-
HiTHe TIOJIe [3—6]; NpOAB B OKpeMHX BUIAAKAX AHI30TPONHHUX BJIACTHU-
BocTell y TepmoamHaMmini [7]; ocobsmBocTi rigpoamHaMivHOI TOBEIiHKY,
sHaiineni y deHomenosoriuanx minxonax [8-10]. Ilpukaanuuii iHTEpec
10 BUBYEHHA MATHITHUX PiOWH CTUMYJIIOBAINA HA NOYATKY 80-X POKiB 1O-
BIJIOMJIEHHS TIPO €KCIIEPUMEHTAJIbHY MOXKJIUBICTH IIEPEX0ly Y MarHiTo-
BIOP#AIKOBaHUi cran y Meraniunux posmiasax [11-14]. Henasui ekcue-
PUMEHTH TiATBEPIMIIN 1i paHHi moBinomiienHs [15] mis pigkoro criaBy
CogoPdsg. Bkaxkemo Takoxk Ha Te, 0 BUBYEHHS BJIACTUBOCTEN MIPOCTUX
Mojiejiell MArHiTHUX PiIMH MA€ BaXKJIMBE 3HAYEHHHA 1 /IJ1s PO3BUTKY Te-
opii pepokosioinnux cucrem [16,17], wupokoro kiacy ¢isuunux 06’ekTiB
B PiIIKOMY CTaHi, /i AKUX CyTTEBUM € BPAaXyBaHH: ABUIIA MATIHITHOL
pesnakcamnii [18].

Hocaimxkenua yacoBux Kopesamiianx GyHKIif ¢JrokTyariit macu,
iMIyJsibCy, eHeprii, y3arajgbHeHnX KoedimieHTiB B’ A3K0CTi, TEMIOMPOBi-
HOCTI, MaruiTHOl qudysii y plakux MarHeTukax € Haa3BU4YaliHO LiKaBu-
mu i BazxksuBumu. OcobiiuBuii iHTEPEC CTAHOBUTH BUBYEHHS CIIEKTPIB KO-
JIEKTUBHUX 30yIKEHHDb Ta PO3PAXYHOK AUHAMIYHUX CTPYKTYPHUX (hak-
TOpiB, 1O ONUCYIOTh (PJIIOKTYalii I'YyCTHHM YUCJIA YACTHHOK Ta CIIIHO-
Boro momenTy. Ili BenmuymHu BimoOpaxkaiOTh TPOIECH TEPEHOCY TEeIIa,
[IOIIMPEHH:A 3BYKY, 3MiHy (JIIOKTyaliii Macu 3 BpaxyBaHHAM MarHiTO-
CTPUKIiiiHNX, nudy3iiHuX NPOUECIB a TAKOXK IEePEXPECHUX KOpesisuii
MiXK TeIJIOBUME Ta B’A3KUMHU IIPOLIECAMU.

Ils poboTa MPOmOBKYE UKJI TOCIIIIZKEHD, IO 3aN09aTKOBAHUIT B PO-
6orax [19,20] i mMae Ha MeTi MOCHIIOBHUIT PO3PAXYHOK TigpOgWHAMIY-
HUX 4aCOBMX KopeJianiifinux (pyHKiiil raiisenbepruBcbKol mogesi gpepo-
duoiny y [0BroxBusiboBili rpasuui. Mu OpuBOIMMO ACHUMIITOTUYIHO
TOYHI aHaiTWYHI pe3yabTaru [Jisd 4YacoBUX KopesAuifinux ¢yHkuii
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“ryctuna—ryctuna”’, “immysbc—immyiibce”’, “emeprisi—enepria’, “criHoBa
I'yCTHHA—CITIHOBA I'yCTHHA” , & TAKOXK 1X HeAilaroHaJIbHUX KOMOIHAIIIM, 110
OTpUMAaHi y TimpoguHaMivHIi MpDaHUIIL.

2. 3araJjipHi CIIiBBiOHOIIIEHHSI

Bynemo posrisinaru raiizendbepriBecky monesb ¢gepoduioiny sk cu-
cremy 3 N Maraitaux aromis 3i cninom S; y nocriffHomy HeomHopimHOMY
maruiraomy nosi h. s cucrema onucyerbces raminbronianom [3,19,20]

ﬁ:HL-f—I‘:rs, (1)
e

N p? | N
22_ EZ (Iri;1), (2)

#J

N
Z (Irax]) SSk—hZSZ. (3)
i#k =1

[lepunit nonanok B ramisbroniani (1) onucye “pinuuny nincucremy” sk
MIPOCTY KJIACUIHY PianuHy, TOOTO OMHUCY€E KJIACHYIHI TPAHCIAINHI CTymeH]
BisbHOCTI 9acTUHOK. /I mMOmA/IbIINX PO3PAXYHKIB MOTEHINA MapHOI
B3aemomii V (|r;;|) moxua Bubparu sk morexniasn Jlenapna-xomHca, mo-
TeHIa/JI M’'AKuX 9u TBepaux cdep, Tomo. [Ipyruii qomaHok - 9acTuHA
ramijibToHiaHy (KJIaCHYHA YU KBAHTOBA), MO BLAMOBiNAE “MaruiTHii mi-
cucremi” i onucye cuinosi cryneni BisibHOCTL (200 2K OpieHTALINH] pyXu)
i cKJIQIAE€THCA 3 raMijIbTOHIAHY OOMIHHOI B3a€MOil MArHITHHX aTOMIB
Ta TaMiJIbTOHIAHY CITIHOBOI B3a€MOJil 3 30BHINIHIM MArHITHAM TOJIEM.
Besmauna J(|r;;|) - me norenniag obminHOI B3agMomii. ¥ 3araJbHOMY
BUIAJKY CIIHOBA B3a€MOis MOxke OyTu Bubpana (3a/€kHO Bif cucre-
MM, WO AOCJIIKYETHCH) AK 130TpOIHa a0 XK JAUNOJIbHA.
Oneparop JliyBiis cucreMu MOXKHA 3AlUCATA AK CyMy HACTYITHUX
IIOJAHKIB:
Ly=L"+L%+L", (4)

ne L* - xknacuunuii oneparop Jliysiia “pimuanoi” migcucremu

N

jr_N P09 I 0 (9 9
iLk = >~ oV (75~ ;)

=
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a omeparop Lg y BUDagKy KBAHTOBOI'O OIIMCY MATHITHOI IiICHCTEMH MO-
Ke OyTr O3HAYEeHHH depe3 KOMYTaTop CIIHOBUX 3MIHHUX

iLSF = % [Hsf ~ fﬁs] .

Ocranniit nomanok LYS B (4) onucye B3aemonio Mix “pinunHoro” i “mar-

HITHOIO” MiJACHCTEMAMU i MA€ HACTYIIHAN BUIJIAL

P 0 0
ZLLS Z a |I'” S S <ap %) .
J

HepiBHOBakHMI CTaH CHCTEMHU ONUCYETHCA HEPIBHOBAYKHUM CTATH-
criarmM onepatopoM g(zY,t). 14 #0ro 3HAXOIKEeHHA BHKOPHCTAEMO
MeTOJ HEPIBHOBAJKHOTO CTATUCTUYHOrO omeparopa 3ybapesa [21,22]. ¥
mpomy Meroni o(xY,t) oTpuMy€eThCA AK PO3B’A30K MiKPOCKOMIYHOTO PiB-
uannA JIiyBiisia 3 rpaHMYHOI0 yMOBOIO

ag(iﬁN,t) + i-szQ(wNat) =€ (Q(ZUN,t) - Qq(ZUN,t)), (5)

ne rpanuisg € — +0 00UUCTIOETHCA TIC/IA TePMOTUHAMITHOIO IIEPEXOTY.
KsasipisHoBaxuuii craructuanuii oneparop g, (2, ) smaxomumo cran-
JAPTHUM 9WHOM 3 YMOBHU €KCTpeMyMy iHdopmariitnoi enTpormii mpu 10-
JATKOBUX YMOBAX, IO 3HAYEHH IUHAMIYHIX 3MiHHUX (DIKCOBaHI Ta BU-
KOHYETHCH yMOBA HOPMYBAaHHHHA

Sp g(mN,t) =1.

/1 KOPEKTHOTO OMHUCY TiApOAMHAMIYHOI rpaHuii HAOID AUHAMITHUX
sMminaux P noBunen BkJIOYaTH yci KoHcepBaruBHi Bejuuunu [19,20],
TOOTO y HAIIOMY BHUIAIKY

P(r) = {f(r),p* (r),é(x), rin(r)}-

s HacTynHOrO po3riisALy 3py4dno nepeiitu B k-ipocrip, 3acrocyBasiuiu
neperBopents Pyp’e

Fk) = / e F(r)dr.

Toni oTprMaemo Is(k) = {f, P, éx, M }, e

N
fa = ) ek (6)
i=1
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- 'yCTuHa 411CJIa YaCTUHOK,

N
e =D i el (7
i=1
- I'YCTUHA iMIIYyJIbCY,
N
Be=Y o= ZJ (Irij]) SiS; €™ + ZV (i) e™ i (8)
i=1 z;éJ 175]
- TYCTWHA eHeprii,
N
mk = Z S,‘ elkri (9)
i=1

- IyCTUHA MarHiTHOIO MOMEHTY.
®opmasbHuil po3B’A30K pIiBHAHHA (5) [J1A HEPIBHOBAaXKHOIO CTATH-
CTUYHOTO oIleparopa p(:cN ,t) Moxe OyTHu 3anucaHuil HACTYTHUM YUHOM

o(t) +Z/

ne d = {n,p,e,m}; F5(t) - muoxuuku Jlarpanxka, mwo oTpumMyOThCH 3
yMOBu camoysromkenns (P5)t = (P5>

1
“=t) Fy (1)’ / o ()T (t, 1) T3 () g}~ dr,
0

Is(t) = (1 = P(t)) iLnPs
- y3araJibHeHi [IOTOKU;
t
T(t,t') = exp {—/ (1-"P(r)) iﬁN(T)dT}
t!

-oTepaTop eBOJIIONII 3 mpoektiiinum oneparopom Mopi, mist sKoro o3xa-
YyeHa CHIBBIIHOINIEHHAM

BukopucroByioun po3s’s30K piBHAHHA (5) 1)1 BUNAIKY MaJIUX Biaxu-
JIeHb Bij piBHOBaru B po6ori [19] orpumani JiHeapn3oBaHi piBHAHHA me-
peHocy 1 piBHsAHHA [JI PIBHOBAXKHMX 4aCOBUX KOpesauiiinux ¢yHkuii
(UK®). Bokpema, piBHsAHHA 1J15 9ACOBUX KOpeJisAuiinux dyHKuif niciis
repeTBOpeHHA Jlamnjgaca MaTuMyTh BUTVIAL;

{21 —iQq(k) + d(k, 2)} F(k,2) = F(k), (10)
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ne
F(k,2) = (P(k),ﬁ(—k))z - (P(k) #P(_k)> (11)

- MaTpuls Jamiac-3o0paxens UKD F(k,t);

1
F(k,t) = / dr(AP(k) e LNt pr APH(K) pi7) =
0

= (P(k),e—iﬁN’f P+(k)> ; (12)
- MATPUILA YACOBUX KOPEeJIAMINHUX (pyHKUIH;
F(k)= F(k,t=0) = (P(k),ﬁ(—k)) (13)
- MaTpUIlA CTATUYHUX KODPEJIAMINHNX DyHKITIH;
iQ(k) = (iLnP(k), P(-k)) (P(k), P(~k))~* (14)
- YaCTOTHA MATPUIA, &
~ A oA 1 ~ A
ok, z) = <(1 — Pu)iLnP, C 0P Pn (1-"Px) iLNP>

X (15(k),15(—k))_1 (15)

- marpuna dynxuiit nav’arit. 3aysaxumo, mo marpudne pisuanna (10)
€ bopmasnbro rourum. Oueparop Py - 1e JjiineapusoBanuil npoexniinuit
oneparop Mopi, sikuil nie 3a npasusiom [19]

Py F = (F,P(-19) (P09, P(-K))  P(k).

/15 BUKOHAHHS KOHKPETHUX PO3PAXYHKIB 3pydYHiIIE MpAIioBaT 3 Op-
TOTOHAJII30BAHNM HAOOPOM AUHAMIYHMX 3MiHHUX Y O3HAYEHUM HACTYII-
HuM guHOM [20]

> ~ A 1 ~

Yie = {7, Pics b Sk
ne $x = (1 — Pyp)rx 1a hx = (1 — Ps — Pp) ék - oneparopu ryCTUHU
y3araJJbHEHOTO CITIHOBOTO MOMEHTY Ta €HTaJIbMii, a Py, 1 Py - mpoekiitai
omeparopu Mopi, mobymoBaHi Ha 3MiHHUX Nk 1 Sk, BiAMOBiAHO.

1V smpasax (10)-(15) BpaxoBaHO Te, IO KOpesAmiitHi byHKIiI TPOCTOPOBO i30-
TPOIHOI CHCTEMH 3a/1e2KaTh JIAIIE Bif MOMYJidA XBH/ILOBOIO BEKTOpa K.
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3. linponunamiuyuna obGJ/acTb

B pobori [20] nokasano, wo njis 3minaux Yy marpuus F(k) e aia-
POHAJIBHOIO 3 eJIeMEeHTaMM, AKi B IiIpOoJuMHAMIYHIA IpaHulll MaTUMYyTb
HACTYIHUNA BULTIAL,

Fn(k) = NS(E)|eso ~ NTkynkqp, (16)
FO (k) = 6apNTkym, (17)

th(k) = kBT20n7m(k)|kﬁ0 ~ NkBTzcmm; (18)
FSS(k) = kBTXT,n(k)|k—>0 ~ NkBTXT,na (19)

ne

o, = _L(OV
TV ANOP ) 4,

- i3oTepmiuHa cruc/uBicTh Tipu noctiinomy h B ancam6mi (N, V, T, h),

o _ 1 (o
XT’n_nV oh TN

- MarHiTHa COPUUHAT/INBICTD CUCTEMU, i

oS
nom =1 | 5=
c ' <8T>m,N

- NATOM3, TEMJIOEMHICTH CHUCTEMU MPHU MOCTiiiHOMY 00’eémi B amcamOJIi

(N,V,T,M). ®opmyau (16)-(19) e crammapranmu IIOKTyaiiHnmm

dopmystamu, ski B rparuni k& — 0 noB’A3yI0Th MiK c06010 (oK Tyarnii

GiznYHUX BEIUYUH 3 TEPMOAMHAMIYHUMU XaPAKTEPUCTUKAMM.
Enementn wacrorHol MaTpwmiii

A

(k) = (iLn¥ (), ¥ (k) (Y(1<)vf’+(k))_1

y rigponuuamivuuiii rpaHuui MOXKyTb OyTu rTakox sanucani [20] gepes
TEepMOAVMHAMIYHI BEJIMYMHH, & CaMe

1
- 0 0
1 0 1 Bem 1 7pp
. . Kz b Cnym NErm Xr,n MR R
07 =ik oy ’ ’ ’ mo, (20)
’ o L lem 0 0
m NKg m
o Lrme 0 0

m Nk b
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e P - tuck cucreMu, a CUMBOJIA

B =L o _1jov
cm=VAOT )y, T VO ) gy

MMO3HAYAIOTH BiAMOBiAHO KOediieHTr 00’€MHOTO PO3MIUPEHH:T i MArHITO-
CTPUKIIii.

Enementu marpuni ¢pyskuiii nam’sari 6es3nocepenibo 3B sA3aHi 3 KO-
edinienramu neperocy raitsenbepriBCbKoi MaruiTHol piguau. Y rigpomau-
HaMIYHI TPAHUI MOKEMO CKOPUCTATUC 3 MaPKiBCHKOTO HAOJIMIKEHH T
nia bynkmii nam’ati ¢(k,z) ~ ¢(k,0) = ¢ (k), AKe € acuMmTOTHIHO
Tounum tipu k — 0. Ilpu nupomy oTpumaemo

0 0 0 0
L
nm
bul) =K | o o A Lon_ |, (21)
NCn,m nXr,n
0 Lsh ss

ncn,mT NXr.n

ne koediuienru nepenocy Lgss v Bupasi (21) mars HacTynHuil 3micr:
(i) Lpp = m = %17 + ( - mOB3IOBXKHA B’A3KICTH, s1e Jitepu 1) 1
MO3HAYAIOTh 00’€MHY 1 3CYyBHY B’A3KOCTIi, BiANOBiIHO;
(ii) Lpp = T A onucye mporecu mepeHocy Termia, ge A - koedimienrt
TETJIONTPOBIAHOCTI;
(iii) Lgp i Lps - nepexpecui koediuientn repmomaruiTaoi mudysiiz;
(iv) Lss - koediuienr cuinoBoi audysii.
Y pob6ori [20] mis uux Koediuienrtis BuBeneHi Binnosinni Mikpockomiy-
Hi dopmyu tuny I'pina-Ky6o. Binmitumo, mo xoedinientu nepeHocy
3aJIeKaTh Bill BeJIMYMHA MATCHITHOTO IOJIs A 1 BOJIOIIIOTH TaKUMU BJIa-
CTUBOCTAMHU CUMETPil

Lii(h) = Lyi(—=h) i Lgp(h) = —Lps(—h).

Ak cainye 3 (10) cuexrp rigpoguHaMivHUX KOJIEKTUBHUX 30y12KE€Hb
BHAXOAUTHCA AK PO3B’A30K CEKyJIAPHOL 3anadi (a0 XK 3a1a4i Ha BJIACHI
3HAYEHHs) JJIs y3arajJbHEHOro TiApOIMHAMIYHOIO ONepaTopa

Tu(k) = ITij(R)| = =i (k) + ¢u ().

2Mpu upomy Lps = Lgp.
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IlonibHuM YmHOM PO3B’30K IJIA TiAPOAMHAMITHUX TaCOBHUX KOPE-
aauiinux Gynkuiii moxe Oyru 3anucanuit y dopmi [26]

Fij(k,t) =Y G2(k) em k), (22)
§

e ij (k) - Barosi koediuienTu, 10 XapaKTepusy0Th BKIaL y (yHKLI0O
F;j(k,t) rinpomuaamivnoro s6ymxenna 3 nucuepciero zs(k). Koedimien-
™ ij(k) MOZKHA BUPA3HUTH Y€PE3 €JIeMEHTU MATPUIIl BJIACHUX BEKTOPIB
X = [|X;.5(k)|| rizponuuamiunoro oneparopa Ty (k), a came misa Bumas-
Ky OPTOTOHAJIBHOTO HAGOPY AMHAMIYHUX 3MIHHIX OTPUMAEMO

Gy (k) = X 5X5} Fyj(k). (23)

Marpuusa X ! e obepuenowo 10 X = || X;]|. dna ananituannx pospa-
XyHKIB Koedirmienris G?j (k) MOKHa TaKOXK BHKOPHCTATH €KBiBaJIEHTHI
1o (23) Bupasu y dopwmi

625

G (k) = —@Fjj(k)a
abo x
ICACERAE)
4 —
CO= T m—m T
f#6

ocraHHiil 3 sikux ciinye 3 Treopemu Cinbecrpa. ¥ rigpoauHamivniii rpa-
HuLi BaroBi KoedilieHTH Ta CHEKTP KOJIEKTUBHUX MO MOYKHA HIYKATH Y
BUIJIAL PO3BUHEHDb 33 MAJIIM MapaMeTpoOM, AKUM € MOIYJIb XBUIHOBOTO
BekTopa k.

4. CoekTp KOJIEKTUBHUX 30yIXKEeHb Ta IUHAMIYHI
CTPYKTYpHi dakTopu

Bnacui suadenns rimpopguaamiunol marpuni Ty (k) maorh cnektp
rigpoarHaMigYHIX KOJIEKTUBHUX 30ymKeHb [20]. IIpn nbomy oTprMyemo:
(i) IBi KOMILIEKCHO-COPsKEH] 3BYKOBI MOIU

zs, = Likvg + Dskz;
(ii) rimpomuHAMIYHY TENJIOBY MOy

Zh — th2,
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(iii) rigponunamivuny cuin-nudysiiiny Moy

Zm = D k2,

v, = m _<8_P>
Tk \Op ),

- agiabaTu9HA MIBUAKICTH 3BYKY IIPU MOCTifiHOMY MAarHiTHOMY MOMEHTI
m, a KOedili€HTn 3racaHHs MAIOTh HACTYITHWA BUTJIALL
_ 1

D, == 4 l(’Ym - 1)/\ + 1(1 - (%)Lss + {6P,m7T_T,PLsh ’
2nm 2 ncem 2 nYmXrn N2Kq hX1,nCr,m

Dm:ﬂ_\/ﬂ2+ ;
Du= 1 VFTL

[Mapamerpu 3 i ( o3Hadeni Bupazamu

e

1 A 1 L L
ﬁ _ 1 1 Sf ('Ym +0, — 1) + ?P,mﬂ;T,P sh ,
2ncem  2NYmXrn Kz X1 ,nCe,m
C = 7)\2‘[1551—‘ _iLgh (ST.
n2cp mT'Xr,h
e 0y = Kgm/Krp T8 Ym = Cpm/Ch,m - BioHOmeHHA i30TepMidHIX

CTUCJIUBOCTEN 1 TNTOMUX TEIJIOEMHOCTEN, BiIIIOBIIHO.

B napamaruiTHOMy BUNAAKy, KOJIM 30BHiIHE MarHiTHe mosie h = 0,
i3 BUpaBiB NMPUBEIEHNX BUIIE OTPUMYEMO DPE3YJILTATH, BiloMi B Teopil
MIPOCTUX PiAWH Ta TBEPIOTITHLHUX MArHETUKIB:

20 = +ik, [ + Tk,
PRT

z,g:kQL, 20 = k2 I:ss,
ncp NXr,n
e
1 -1
r—- (AL + ﬂ) .
2 nep P

Haii6inpm nikaBuMu 3 TiAPOOAMHAMIYHUX YaCOBUX KOPEJIAMINHAX
dbyukuiii € pyHkuii “rycrusa - rycruna”’ ta “CiiHOBa I'yCTHHA - CIIHOBA
ryctuna’”, AKi MOXKYTb OyTH OTPUMAaHI 3 €KCIIEPUMEHTIB 110 PO3CiIOBaHHI.
Ixmi dpyp’e-0bpasu maroTh BiAMOBiAHO HWHAMIYHMII CTPYKTypHHUil hax-
top S(k,w) i maruiTHuil nquuamiunuii crpykrypauit dakrop Sp,(k,w).

ICMP-98-31U 10

Buxkopucrosyrouu dbopmyay (22), nicsis neBHux po3paxyHkiB ui ¢yHk-
il MOXKHA 3alUCATU HACTYIHUM YHMHOM

S(k,w)  6r Z Dsk? — ok (w/vs + ok) by,
S(k)  2mym (w+ okvg)? + (Dsk?)?

1 G"D,k?
_ Yo 77 24
+ﬂ- Z w? + (D, k2)?’ (24)

o=+,—

o=h,m

Sm(k,w) 1—0r Z Dsk* — ok (w/vs + ok) by,
Sn(k) 27y il (w + okvs)? + (Dsk?)?
1 Gm D,k
- __Jo Zol 9
ne
bn:l_gD& bm:bn+2 I_Jss +2 LshﬂP,m ;
nm nXr,n 7rT7P6TnCn,m
dr Ul Ym
p=—|—-2D,—(1—-—)D,, },
9 Ym (D — Dp) (mn ( Or )
6T m Tm
= | — —-2Dy;—(1——)Dy |,
G Ym(Dp — D) <mn ( 6T) h
1 g
no= - 6T m — 1)D )
i Y (Dm — Dp) <ncn,m (0 + ) h)
1 Aor
m _ — (07 m — 1)Dp, | .
Im Ym(Dn — D) <ncn7m (0r + ) >

Y Bunagky h = 0 Bupas mjisa DUHAMIYHOTO CTPYKTYPHOTO (hakTOpa
S(k,w) sBomuThbesa 00 Bimomoi y sireparypi dopmysu Jlangay-Iliadeka
[23,24]

S(k,w) 1 Z Tk? — o k(w/vs + k) (m/p — 3T)
(w + ovsk)? + (Tk?)?2
lfy— 1 k*X/ncp
7 7 w?+ (kA /ncp)?’

(26)
Maruirauii quaamivauii crpykrypauii paxktop Sy, (k, w) y upbomy Bunami-
Ky MicruruMe Jmme BKJIa[ Bif andysiitrol cninoBoi Mmomm [25)

Sm(k,w) _ l kQLSS/”XT,n
Sp(k) — mw?+ (k2Lgs/nX1n)?

(27)
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CyrreBo BiaMiTUTH TpHU HOMY, IO OPU HAABHOCTI 30BHIIIHBOTO Mar-
HITHOIO 1OJId, AuHAMiuHuMi crpykTypHuit dakrop S,,(k,w) mictureme
BKJIaJ Bijl 3ByKOBUX 30yaKeHb (OpiIt0eHiBChKI TiKH).

5. HacosBi kopeJsmniiiai pyHKIii

3a cxemoio omucanon Bume (nus. (23)) OyJiu BUKOHAHI TaKOXK poO-
3paxXyHKHU yCiX IHIMUX 9acoBUX KOpendmmiitnux QyHKIii, axi popMyo0Th
marpuizo F(k,t), i sualineni mis HUX aHAJITUYHI BUpasu B rigpoau-
HAMIi9HI#l TpaHunIi.

Esementu Marpuui yacoBux KopeJssuifinux dyuxuiit F(k,t), axi no-

GynoBaHi Ha 3MiHHEX {7, h, §}, 3aMIAIOTHCA HE3MIHHUMU TIPH TIEpeCTa-
HOBIIi 1HIEKCIB, TOOTO /I HUX MAEMO

Fij(k,w) = Fj,-(k,w).

Binnosinuo dyp’e-306paenns uacoBux Kopejsauiitnux ¢yukuiit (abo
K crnektpasibHi dyHKIii) 3 iHgekcamu ij = {nh,ns, sn, hn, hh, sh, hs}
MOYKHA 3AMUCATH Y TAKOMY 3arajibHOMY BUTJISAI

Dsgfjk2 — ok (w/vs + O'k) bij
(w+ okvs)? + (Dsk?)?

L1 3 D, Gi;k?
TYm w? + (D, k?)?

o=h,m

Fi]’(k,w) 1 Z

F.H (k) B 27T’ym o=+,—

(28)

Hna oysxnii Fpp,(k,w) xoedinientn byp, Gij, Gf), MaOTb HacTynHuil
BUTJIAL
gzhEgZ:’ym—l,

A 07Ty pLsh :|
b =b, = gs |:bn +2 + 2 — )
=T nenm T BpmXrm
1 6L
gh Egh:ghD,Dm:7<_D+Tss>7

1 (_ D+ 5T_Lss> _
(Dh - Dm) nNXr,n
Hna xoedinmientis bnp, G2, G2, HacoBoi KoppenAmniiinol dyHKmii
Fpn(k,w) sHaxonumo
wh = Ghn = Bom oy = nh [b” +

n,m

G =GR = Gp (D, Dp) =

A + (5T7TT,PLsh :|,

NCn,m nTﬁPnn)_(Tm
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5 L 6T7TT pLsh
G = Grn(Dim, Dp) = =20 [Dh— =t el
h 1w(Dm, D) (D,, — Dy,) Xz L BemXrm
. Lss Orm Lsh
=g DhaDm:¢[Dm_ — R }
g h( ) (Dh - Dm) nXrn nT/BP,mXT,n
Koediuienru bys, G, G, mia bynxuii F,s(k,w) Taki
e L S W W L ] :
Tn NXr,n 6Tnc’n7m7TT7P

G", = G" (D, Dp) = 913 >y L }

__Ins  |p, _

(Dm - Dh) [ h NCn,m 6T7TT,Pncn,m
i |: _ A + /6P7mLsh :|
(Dh— D) ™ ncpgm  Oomrpnicnm]|

Hna xopensanifinol dyukrii Fyy, (k,w) xoedinientn by, G2, G2, Ma0Th
HACTYITHUN BULJIAL

G = Gps(Dr, D) =

s _ s /BP,mﬂ-T,P
sh — ghs - Ky hNC )
T, n,m
A L K hL h
b, =G5 |b 55 T,hlis 5o —
sh sh |On F NCn,m NXr,n TﬂP7m7TT7P( " ’7m) ’
s OrkrnLgh
gg == g? DmaD = 2h (D - >7
g h( h) (Dm - Dh) " TﬂP,mﬂ-T,P
5 Opkp pL
m h sh T hlsh
sh QSh( " ) (Dh - Dm) ( TﬂP,mﬂ-T,P>

Yacosa kopeJisniina GyHKiA “IMIIy/1bC-iMITyJIbC” MICTUTH JIMIIE BKJ1a-
U Bill 3BYKOBHMX MO/,
Fpp(k,w) 1 Z Dsk? — ok (w/vs + ok) (m/nm — D)
F,(k) 2w Y (w+ ok)? + (Dsk?)?

(29)
=+,—
Hacosi kopensuifini dyukuil 3 innekcamu ij = {pn, ph, ps} B 3aranbHo-
My BUIVIAO] 3AIICYIOTHCA HACTYIIHUM 9HHOM

Fij(k,t)
I e G7: exp{—=zat}. 30
Fys (k) U:+;h,m j exp{—2al} (30)

Hns piiicanx Ta yABHEX 9YacTHH BaroBux koedinmientis GY; ¢ynxmii
Fpn(k,t) maemo

1

h _ m + — _ - - _
Re G}, =Re G, =0, ReG,, =-ReG,, Snvare
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Im G}, = Im G}, (D, Dy)

(5Trn Dh Ym M
=k ———— (== —1)Dp = 2Dy + —
Ym Dm_Dh (6T ) " S+nm ’
— (5 m m
Im G, = Im G, (Dy, D), Im G, =Im G,, =k 2T7m [m _ QDS} '
Barosi koedinientu dyukuii Fyp(k,t) MaoTh HacTymHUi BUrIAL
Be,m

Re Gl =Re G}, =0, Re G; =—-Re G, =

__ HPem
2nVsKr hOrCnim

Im G, =1Im G, (D, Dy)
k ﬂP,mm Dy, |: N — Ly + 6T7TT,PLsh :|
YmCn,m D,, — Dy, NXr,n Tn/gpnn)ZT,n ’

Im Gy}, = Im Gy, (Dp, D), Im G, =Im G,

/6P7mm E _2D. + A + 6T7rT7PLSh
2YmCn,m ° '

—k n
nm NCnm  InBemXrn

I makinenp 1is 9acoBOi KOpesiAmiitaol dyHKII Fps(k, t) 3HAXOOUMO

R _ _ + _ - _ Tr,p
Re GPS—RE GI’Z—O, Re Gps——Re Gps——m,

Im G, =Im G}, (D, D)
k 6T7T1;,Pm Dy, D, — A + /6P,mLsh ,
TYmXr,n D,, — Dy NCp,m ncn7m6T7rT7P

Im G, =Im Gj,(Dy, D), Im G}, =Im G,
Tr,p0rm {1 _op. 4 Lss  BenLon }

nm nXrn ncn,m(sTﬂ'T,P

=k
QVmXT,m

SayBaXuMO, MO AK HEBAXKKO TEPEKOHATHUCH, [Jis YCIX YACOBUX KOpe-
asAnifinnx GyHkuii y dopmi npusBeneHiii Buile BUKOHYETHCsA HYJIbOBE
npaBusio MoMmenTiB. B rpannunomy Bunauky h = 0 orpumani pesyJsibra-
TU A1 TIAPOAMHAMIYHMX 4acOBUX KOpessuiiinux pyHkuiii (popMasibHO
CTiBNAJIAIOTH 3 BUPA3aMU BLIOMUMH JJIA MPOCTUX PinuH [23,24].
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6. Bucuosku

Ha mimcraBi mpoBemeHOro mOCTiIKEeHHs MOXKHA 3POOUTH HACTYITHI
BUCHOBKH:

(i) mBuakicTs 3ByKy raiizenbepricbkol momesti dgepoditoiny € i3o0-
TPOITHOIO 1 BUPAXKAETHC Yepe3 aaiadaTudHy CTUC/IUBICTH CUCTEMU MIPU
MOCTIHTHOMY MAarHiTHOMY MOMEHT;

(ii) yci repmonunamivyni Besmaunu Ta KoediuieHTy I€peHocy y Bupa-
3aX, [OJIAHUX BUIIE, 3aJ1€2KaTh Bil BeJMYIuMHN MAraitaHoro mosd h. s
BUMAKY, KOJIU 30BHiIIHE MaruiTHe nosie Bincytae (h — 0) i cucrema me-
pebyBa€e y nmapaMaraiTHoMy crami gquHamivni crpykryphi dakTopu (24)
i (25) marorh HalibLIbm mpocTy cTpykTypy. Hampukian, y mpomy Bu-
naJIKy Jmme crin-gudysiina Moma Oyie JaBaTu HEHYIbOBUI BKJIAI 10
MarsiTHoro crpykrypHoro gakropa Sy, (k,w). 3 inworo 60Ky BKjam Bil
ui€i momu Gy e BincyTHiil y Bupasi mjis crpykrypHoro dakropa Sy (k, w);

(iii) B cumy B3aemonii Mix “pinuHHO0” Ta “MarHiTHOK0” HigcucTeMa-
MU I BUIQJKY HEHYJIHOBOTO MATHITHOTO MTOJIsA h MarHiTHUR CTPYKTYP-
uuii pakrop Sy, (k,w) marume noparkosi 60KOBI Hiku HA 3BYKOBi# 4a-
crori. s cabux noJis BKJa/l Bij 3ByKoBux Moz, nponopuiitauii h2. Ile
nepenbadeHHs MOXKHA €KCIEPUMEHTAIbHO IePEeBipUTH B €KCIePUMEHTAX
IO PO3CIAHHIO;

(iv) koedinienrn Jlannay-Iliadeka [23,24], mo xapakTepusyoTh Bil-
HOILIEHHAIHTErPAJIbHUX IHTEHCUBHOCTE! HA HYJIbOBIil YacToTi Ta 4acTori
3BYKOBHUX 30y/I2K€Hb, OTPUMYIOTHC i3 BUPA3iB OTPUMAHUX B POOOTI mjisa
byukuiit F,,(k,w) = S(k,w), Fan(k,w) 1a Fpm (k,w) = Sy (k, w). Boun
piBHi, BinmoBinHo, (Y — 01)/0z, 1/(ym — 1) 1 (ym — 14 62)/(1 — 67).
Orpumani pe3yabpTaTd MOXKYTh Oy T KOPUCHAMU [IPU iHTEPIIPETAllii eKC-
MEPUMEHTAJIbHUX TaHUX ab0 K Pe3y/IbTATiB KOMITIOTEPHUX CAMYJIAIIA.

Jlireparypa

1. Lomba E., Weis J.J., Stell G. Phase transition in a continuum model
of the classical Heisenberg magnet: The ferromagnetic system. //
Phys. Rev. E- 1994.- V.49, No 6.- P.5159-5178.

2. Nijmeijer M.J.P., Weis J.J. Monte Carlo simulation of the ferromag-
netic order-disorder transition in a Heisenberg fluid. // Phys. Rev.
Lett.- 1995.- V.75, No 15.- P.2887-2890.

3. Vakarchuk I.A., Ponedilok G.V., Rudavskii Yu.K. Theory of liquid
magnets. // Teor. Mat. Fiz., 1984, vol. 58, p. 291-302 (in Russian).




15

IIpenpunT

4.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

Vakarchuk I.A., Rudavskii Yu.K., Ponedilok G.V. Free energy of the
amorphous ferromagnets with Heisenberg exchange Interaction and
liquid-like disorder. // Phys. Stat. Sol. B, 1985, vol. 128, p. 231-242.
Tavares J.M., Telo de Gama M.M., Teixeira P.I.C., Weis J.J. and
Nijmeijer M.J.P. Phase diagram and critical behavior of the ferro-
magnetic Heisenber fluid from density-functional theory. // Phys.
Rev. E.- 1995.- V.52, No 2.- P.1915-1929.

Schinagl F., Folk R.., Iro H. Multicritical bahavior in magnetic fluids.
// Cond. Matt. Phys.- 1999 (in press).

Henjes K. // Ann. Phys.- 1993.- V.223, P.277.

Akhiezer I.A., Akhiezer I.T. Oscillations of a ferromagnet liquid. //
Sov. Phys. JETP, 1984, vol. 59, No 1, p. 68-70.

Hubbard J.B., Stiles P.J. Hydrodynamics of magnetic and dielectric-
colloidal systems. // J. Chem. Phys., 1986, vol. 84, No 12, p. 6955-
6968.

Blums E., Cebers A., Maiorov M.M. Magnetic fluids.- Berlin, New
York: Walter de Guyter, 1997, 416 p.

Kalaf T.R., Wu T.M. Model calculation for a liquid ferromag-
net//Phys. Rev.B- 1978.- V.18, Nol.- P.448-452.

Muller M., Guntherodt H.-J.// J. Magn. Mater. 15 (1980) 18 P.1345
Busch G., Guentherodt H.-J. Ferromagnetic Behavior of liquid al-
loys. // Phys. Lett. A.- 1968.- V.27, No 2.- P.110-112.

Chen H.S., Sherwood R.C., Gyorgy E.M. The influence of composi-
tion and aging on the Curie temperature of metallic glasses. // IEEE
Trans.Magn. MAG.- 1977.- V.13, No 5.- P.1538-1540.

Albrecht T., Biihrer C., Fdhnle M., Maier K., Platzek D., Reske J.
// Appl. Phys. A - 1997.- V.65, p.215.

Rubi J.M., Miguel M.C. Transport phenomena in ferrofluids// Phys-
ica A- 1993.- V.194.- P.209-217.

Felderhof B.U., Jones R.B. Orientational relaxation in a colloidal
Heisenberg model// Phys. Rev.E- 1993.- V.48, No2.- P.1142-1153.
Coffey W.T., Kalmykov Yu.P., Quinn K.P. On the calculation of
field-dependent relaxation times from the noninertial Langevin equa-
tion// J.Chem. Phys.- 1992.- V.92, No7.- P.5471-5481.

Mryglod I.M., Tokarchuk M.V., Folk R. On the hydrodynamic the-
ory ofa magnetic liquid. I. General description. // Physica A, 1995,
vol. 220,No 3-4, p. 325-348.

Mryglod I.M., Folk R. On the hydrodynamic theory of a magnetic
liquid. II. Hydrodynamic modes in the Heisenberg fluid. // Physi-
ca A, 1996, vol. 234, No 1-2, p. 129-150.

Zubarev D.N. Nonequilibrium statical thermodynamics. New—York,

ICMP-98-31U 16

22.

23.

24.

25.

26.

Consultant Bureau, 1974.

Zubarev D.N. Modern methods of the statistical theory of nonequi-
librium processes.- In: Itogi Nauki i Tekhniki, Sovr. Prob. Mat./
VINITI, 1980, vol. 15, p. 131-226 (in Russian).

Boon J.P., Yip S. Molecular hydrodynamics. New-York, McGraw-
Hill Inc., 1980.

Hansen J.P., McDonald I.R. Theory of simple liquids. 2nd ed., Lon-
don, Academic Press, 1986.

Schwable F., Michel K.H. Hydrodynamics of Heisenberg ferromag-
nets// Phys. Rev.B.- 1970.- V.2, Nol.- P.189-205.

Mryglod I.M. Generalized statistical hydrodynamics of fluids: Ap-
proach of generalized collective modes. // Cond. Matt. Phys.- 1998.-
V.1, No 4(16) (in press).




Ipenpunrn Incruryry disuku konnencoBanux cucrem HAH Ykpainu
PO3IOBCIOKYIOTHC Cepell HAyKoBuX Ta indopmartiitiux ycranos. Bonn
TAKOXK HOCTYIIHI IO eJIeKTPOHHIi#T KoM toTepHili mepexi Ha WWW-cep-
Bepi iHcTHTYTY 32 agpecoro 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/)

Irop Muponosuua Mpursios

IOpiit Kupuiosuu Pynascbkuii
Cepriit OpecroBuu [lybuk
Muwuxaitno Bacunsosua Tokapayk

10 CTATUCTUYHOI I'JIPOAMHAMIKM IPAN3EHBEPIIBCHKOT MOOEJII
®EPO®JIIOTTY.

Pobory orpumano 16 smcronama 1998 p.

Barsepmxkeno 10 apyky Buenoio panoio IOKC HAH Ykpainu

PekomvennoBano mo IpyKy ceMiHApOM Biaiy Teopil HEPiBHOBAKHUX
TPOTIECiB

Burorossieno npu I®OKC HAH Yxkpainu
© Vci npaBa 3acrepexeni



