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Spin-one Ising model with biquadratic exchange interaction is in-
vestigated within functional integration approach. Free energy in the
approximation following random phase approximation (RPI%{ is cal-
culated. Expression for ferromagnetic ordering temperature in RPA
is obtained. Phase diagram of the system is studied by means of the
free energy expansion. System’s properties dependence on the ratio
of bilinear to biquadratic exchange interaction constants is discussed.
Structurally disordered model is considered. Ferromagnetic transition
temperature change caused by structural disorder is found. Results
of numerical simulations for hard core system’s structural factors are
presented.

Systems with both dipolar and quadrupolar types of interactions are
now of current theoretical interest. Adequate examination of many mag-
netic systems also required more intricate than routine Ising and Heisen-
berg spin models to be considered. In ferromagnets and antiferromagnets
the importance of biquadratic exchange interaction and its influence on the
magnetic properties have been studied by many authors (rather detailed list
of reference articles can be found in [1-3]. In this investigations the discus-
sion mostly has been focused on regular Heisenberg ferromagnets. In the
present paper we consider both structurally ordered and disordered spin-one
Ising models with bilinear and biquadratic exchange interactions, using the
functional integration formalism developed by one of the authors in coop-
eration with his collaboratours in [4-6]. Such approach allowed earlier to
obtain important results in physics of magnetism more quickly and easily
comparing with other methods.

1

Model

We consider the system with Hamiltonian of the form:"

H = Hy + Hipn:. (1)
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Term

EZJ(lR R;1)5757 - ZZJIR - R;)QQ? (2)

=1 7=1 1=1 j=1
i#] : ]

describes bilinear A, J(|R; — R;|) and biquadratic A2J(|Ri — R;|) exchange.
interactions of the two atoms with spins 5%, localized in the sites of the:
crystal lattice with radius-vectors R; and Rj; 2,5 = 1,....N; N is the number
of the lattice sites. The quadrupolar operator {n the case S = 11is given by

QP =v3[(srP-2/3]. (3)
Reference system’s hamiltonian
N N '
Ho=—hY 85i-9) @} (4)
i=1 j=1

describes the interaction of ideal system of spins and quadrupoles with the
external magnetic field directed along 2-axis and with the field of the single-
ion anisotropy type affecting on quadrupoles. It is convenient to rewrlte (2)
in the form:

Hint = ——ZZJ(IR le)fxifj, | ()
1—1’1#:7]‘1
here
Ll = 22: AR | (6)

LM = vasz, I = vl (7')'

After the Fourier-transformation in (5) we obtain for H;pn,:
Hipt = — Z V(k)LkL k> I (8)
where Fourier-image of exchange integral
Al kR
v(k) =) _ J(IR;)e™ ™, (9)
=1
wave vectors k belong to the first Brillouin zone;

.
By = “1}\7 S Lo kR, (10)
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Free energy functional

Using well-known Stratonovich-Hubbard transformation and approach de-
veloped in [4-6] we obtain partition function of the system as the functional
integral:

Z = exp ( - ﬂFo) /(dw) exp (F[Sé]), (11)

here 3 is the inverse temperature; free energy of the reference system reads:
1 - :
Fo = —ElnSpexp(—ﬂHO)' (12)

integration is carried out over the real and imaginary parts of functlonal

variables go{c o) , conjugated to operators L{( );

[tde) = II / dol) 1ver TT' / A7 / doleM VT, (13)

k#O_ o0

a prime near sign of product means that the wave vector k > 0. Free energy
functional reads

Fle]= -3 Z¢k¢_k + Fi[¢], (14)
- |

Fife] = In{exp { 3 /Bv(k)prl - }), (15)
k

and angle brackets <()>0 means averaging over the reference system

‘where

<()> = Spexp ( - ﬂHo)(...)/Spexp ( - ﬂHo). (16)

Using cumulant expansion functlonal Y3 [tp] can be represented in the form
of the functional series over cp

N1-i/2
Filel=Y 7 33 Mooy (ki ki) X

121 " ki ki

xy/Buky)...Br(k)elet) ol (17)

coefficient functions Mg, ., (k1...k;) are irreducible averages of the opera-

N LN

© tors L{:’) (symbols ”c” means irreducible (cumulant) average):

Mal“'al(kl"'kl) = NI/2*1<L{<‘:1)---L](:0>0 =

= §(kr + k)(LEVLED) = (ks + k) Moy (18)

So with (11-18) free energy of the system can be represented as a functional
integral:

F=F- %ln/(dcp) exp (F[tp]) | (19)
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~ Calculation of the free energy

Let us calculate Fy and coefficient functions. For the free energy of reference
'system is easy to obtain:

N2QB N '
Fo= g =g {2exp (82V3) ch(Bh) + 1}, (20)
Formally generalizing (20) onto the case of nonhomogeneous fields h; and
Q; , we have '
M\ _  Alsz @\ — Aolov
<L" >0 - A1<S,- >0’ <Li >0 - /\2<Q’>0 (21)

and further:

(s7), = -j;ih( — BFolh, 0] Inzn = Mi(h,9),
19
=5

. ( — BFolhi, %)) lniza = M(h,Q), (22)

($258), = ﬁ'é‘f‘ gy (= Bl 0]z = Mia s

oo\ _1 0 0 Q. _ .
<Si1 i2>‘0 = Eimm( - ﬁFo[hz,Qz]) lhizhiza = Mia(h, Q)6;, 4,
and so on. We present here the expressions only for cumulants of the first
and second order, which appeared in the expression for free energy in ran-
dom phase (Gauss1an) approximation:

Ma(h, @) = 2;;?5:1_1?};(}?)? 1 (23)
Mua(h, Q) = % %Mﬂh,ﬂ)— M2(h,Q), (25)
Ma(h, ) = g— Z5Ma(h, ) = M3, ), (26)
Mys(h, ) = TMl(h ) = My(h, Q) Ma(h, ). 27)

We note here that in the case A — 0, 2 — 0 all irreducible averages contain-
ing odd number of indices “1” (M1(0 0), M12(0,0), M;11(0,0), M122(0,0)...)
are equal to zero. Among cumulants from the first to the fourth order (which
will be used for free energy analysis) only the following are nonzero ones:

2 2
M141(0,0) = 3’ M3,(0,0) = 3’

2 2
My2(0,0) = ———,  Myp(0,0) = ———
112( ) 3\/5 222( ) 3\/3-
2 2 2
Mi111(0,0) = -3 Mi122(0,0) = —g’ - M3222(0,0) = -3 (28)
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Let us rewrite free energy functional (14) in the form:

Flg) = Fgle] + AFlg] = Falel+ 3+, (29)
>3

where Gaussian functional reads

1 o .
Fgle] = -5 Z Pk + F g =

= —Zﬂz/ k){/\an R e + Ao Maa(h, Q)p{PeC) +

+V A1 AaMaa(h Q)(So(l) @ kT 90{(2)80(_11)()}7 (30)
and
Nl /2 R
-l YooY Moo, ki) X

kl 23] klal

xy/Bu(ky)...Bu(k)eieH .ol (31)

Considering non-Gaussian part of the functional integral as a small pertur-
bation free energy can be represented as:

F = Fpo + Fg + AF. (32)

Component F,, is obtained by integration the term with [ = 1 in
(31), also self-consistent fields y; and y, must be singled out with next
substitution in expressions for Fp and cumulants:

Bh — 1 = Bh + ﬂ/\ly(o)(sz), (33)
B — yo = B+ BAw(0)(QO), (34)
FO[ha Q] - FO[yl,yZ]; Mal...al(hy Q) - Mal...al(ylay2)7 (35)

where (...) means statistical averaging over Gibbs distribution with Hamil-
tonian (1). Finally

Foo = g%}’—f - ﬁln {2 exp(y2\/§)chy1 + 1} +
N (1 = Bh)* N (y2 - BQ)°
B 2a(0) B 2ay(0) (3%
here
' Oél(k) = )\1,61/(]9), ag(k‘) = /\Qﬂl/(k) (37)

Integrating (19) with Flp] = Fg[], we obtain contribution into free energy
in Gaussian approximation:

{

Fe = ﬁ Eln ((1 — a1 (k)Mi1(y1,92)) X (1 — a(k)Maz(y1,92)) —
k

~a1(lc)a2(k)M122(y1,y2))- (38)
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Contribution into free energy from non-Gaussian part of functional A F[¢] is
taken into account by means of the expansion over the Gaussian moments
with renormalized interaction. In the approximation following RPA, so
called "two sums over k” approximation (corresponding second order of the
perturbation theory over the cube of inverse effective exchange interaction
range) we obtain:

N 2y N (31 — ph)?
F= i \/E Eln {QGXP(y2\/§)Chy1 + 1}+ 3 ; 1(0) +
+%% Zln( (1 — oy (k)M11(y1,2)) X

x(1 = 0a(k)Maa(1n, 32)) — 1 (k)ea(k) ME(31, 32))) —

1 M1111 ?/1,1/2
(kz) —
“5— a2 2 aik)ga(ks)

k: k;

1 Maga(y1,y2)

Ma222(y1, y2) (k1)g2(k2) ~

,3 SN %%gz 1)92( 2)

;Muzz Y1, Y2) 2291 k1)ga(ks) —
ki k,

1 M [

- __111_2%\[1& Zzzgl(kl gl(kz)gl(kg)é(kl +ks +kj) -
ki ko ks

1 M ) 4

_ 1 Miy(51,92) SSTST ga(kn)ga(ka)ga(ka)(ks + ks + ks) -
B 12N K k, ki
1 M3 ;
_E—HZZ(]%L& > > > al kl)gl k2)g2(k3)é(k1 + ks + ks) —

ki ky kj

1 M [

ﬁMZZZ g1(k1)ga( kg)gz(k3)5(k1 +ke +ks), (39)
k] k2 k3

where
o k as(k
g1(k) = 1(k) 92(k) = 21 (40)

1 - a1(k)Mu(y1,v2)’ 1 — ag(k)Maz(y1,92)

Landau free energy expansion

We first restrict ourselves to molecular field approximation and so consider
the ﬁrst four terms in the expression (39) for free energy. From the condi-

tions a = 0 and aF = 0 we obtain the system of self-consistent equations:

<Q0> - _l + M (41)
V3 26y2‘/§chy1 +1

Supposing external field to be equal to zero, let us consider first some par-
ticular cases.

Qeyﬂ/gshyl

%) = ————,
\5%) Qeyzﬁchyl-{—l
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1) /\2 = 0, Q= 0; )

below Ty = 2/3A1v(0) phase transition from paramagnetic to ferro-
magnetic state occurs; dipolar ordering ((§%) # 0) is accompanied by the
quadrupolar one ({Q°) # 0) even in the absense of biquadratic exchange as
it usually takes place when multipolar moments of higher rank are taken
into consideration {7]. '

2) A2 =0, Q2 #0;

for transition temperature into ferromagnetic state we obtain the follow-
ing equation:

| T; = ?-,\11/(6)(1 + ﬁ—) (42)
‘ 3 V3T,

For small values of single-ion anisotropy parameter €2 we ﬁnd immediately:
2 Q

Ty= =X — 43

4= 3 1#(0) 7 ‘ (43)

which agrees with known results. From equations (41) under this conditions
followes also possibility of transition to a state of nonzero quadrupolar but
zero magnetic order in the system with only bilinear exchange interaction
and single-ion anisotropy; the last fact was noted earlier, e. g. [8].

3) /\1 = 0; :

supposing 2 = 0, we obtain transition temperature into the state with
(S%) = 0, (Q°) # 0 (quadrupolar phase):

To = gx\gu(O). | (44)

We now come back to the general situation (equations (41)). Supposingb
h=0,Q=0and y; — 0, y2 — 0, we find:

2
Td = g')\lll(()), TQ = 5)21/(0) (45)

Pattern of possible phase transitions is determined by ratio of bilinear and
biquadratic interactions constants. In the case A; > A, below Ty transition
from paramagnetic to ferromagnetic phase occurs; in the case A; < Ag -
transition from paramagnetic to quadrupolar phase occurs below Ty.

System (41) also was solved graphically eliminating (Q°) from the first

equation. As a result, temperature dependences of (S*) and ((5%)?) for dif-
Il"frent ratious of bilinear and biquadratic exchange constants are presented
y Fig. 1-2. . .

For further detailed analysis we shall consider Landau expansion of the
free energy. An expansion is made as a function of two order parame-
ters m = (§%) and @ = (Q°) in the vicinity of transition temperatures.
Rigorously, justification of such expansion, in general, remaines under the
question, because m and ¢ are not fully independent order parameters.
Indeed, if the state with m = 0, @ # 0 is possible, a state with m # 0,
@ = 0 cannot exist; as noted above, when spins are ordered, all their higher
rank multipolar moments are ordered too. That’s why for following analysis
usual theory of models with two coupled order parameters, e. g. {9], is not
applicable.
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Figure 1. The temperature dependence of (§%) for various values of bi-

quadratic exchange interaction constant. Curves 1-7 correspond to Az/A;=
0,0.4, 0.5, 0.55, 0.8, 0.95, 0.99 respectively.
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In molecular field approximation we obtain:

L aa(Tym? + 5y(T)Q? + as(T)m?Q + by(T)Q° + as(T)m* +

N
Fh(1)M?Q? + eg(T)Q",  (46)

where coeflicients

oa() = 5752 (1~ Suv(0),

(1) = 552 - (D),

ay(T) = ~§i'f"‘—§,f;@3 bs(T) = gﬁ_’;ff_)g

(1) = 3 S, by = L AOE,

ei(T) = %:\%%Olf (47)

Equations for finding m and @ are:
2m(ax(T) + as(T)Q + 2a4(T)m? + by(T)Q?) = 0,
265(T)Q + az(T)m?* + 3b3(T)Q? + 2b4(T)m2Q + 4c4(T)Q> = 0(48)

We shall consider first the simplest case, retaining in (46) minimal quan-
tity of terms which allowed to reveal phase transition from paramagnetic to
ferromagnetic state: :

% = ag(T)m? + bo(T)Q? + a3(T)m?Q + as(T)m*. (49)
After appropriate changes in (48), we c')btain two solutions:
Hm=0, Q=0; (50)
_ 2(1,2(T)b2(T) _ ——ag(T)a3(T)
D= i ey @ A ey

The first of this solutions corresponds to paramagnetic state and is stable
for T > 2/3\v(0) and T > 2/3A,v(0). The second exists and is stable for
T < 2/3M\v(0) and A;.> 2X;. Substituting in (49) value of the @ from (51)

_ a3(T) m?
262(T)

we obtain expression for the free energy as function of one order parameter
m. Putting the coefficient of the m* term to be equal to zero we find the
tricritical point T = 4/3A»(0) (A1 = 2Az). So, if bilinear exchange is
stronger than biquadratic are below T = 2/3A;v(0) transition from param-
agnetic to ferromagnetic phase occurs and for Ay = 2X; it becomes of the
second order. In ordered state

me~ T —T, Q~Tc—T.

Q= (52)
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Figure 2. The temperature dependence of ((52)?%) for various values of bi-
quadratic exchange interaction constaut. Curves 1-7 correspond to Az/A=
0,0.4, 0.5, 0.55, 0.8, 0.95, 0.99 respectively. :
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Figure 3. First order transition point’s dependence on the ratio of bilinear
to biquadratic exchange interaction constants.

For investigation of the ordered phase in the region 7' < 2/3A11(0), A, <
Ay < 2\, we return to the expression (46). From equations (48) we have:

| _ B(T) 1 , e
Qi = ~ 8T {1 + B(T)\/BZ(T) _12A(T)C(1 )},
m? =~ (ay(T) + as(T)Q + ba(T)Q?), (53)

2(14(T)
where

A(T) = 2b5(T)aq(T) = as(T)ba(T),
B(T) = 4by(T)ay(T) = a3(T) - 2a4(T)ba(T),
C(T) = —ap(T)as(T). (54)

A matter of further interest is solution Q. In the case A} = A, it exists in
the region T < 3/4A\;v(0) and is stable for T < 3/4A,v(0); for A} = 2y
respectively for' T < 2/3A\v(0) and T" < 2/3X;»(0). In the region A; <
A1 < 2, stability bound quietly falles and for A > A; become a straight
line T/M\v(0) = 2/3. Stability bounds of paramagnetic (T' = 2/3A(0))
and ferromagnetic phases in the interval Ay < Ay < 2A; do not coincid.
Free energy of these phases equalized in the points T/Av(0) = 60/81 for
A = Ag and T/A\p(0) = 2/3 for Ay = 2A,, in the last point transition
becomes of the second order. Variation of first order transition point in
indicated interval is shown on the figure 3.

Let us consider now quadrupolar phase with m = 0, Q # 0. @Q is defined
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0 0z 04 06 08 1 12z 14 16 | 2

7.:v(0)

I'igure 4. Phase diagram of the system; P, I and () means paramagnetic,
ferromagnetic and quadrupolar states respectively. Dashed lines indicats
first-order transitions. (except the case of A\; = A; required special study-

ing).

from the second equation of (48). Non-trivial solutions are:

_ 3by(T) 1 , — ]
Qs = _864(T){1 + 3b3(,[,)\/9b§(T) —32(T)ea(T) ), (55)

()2 does not correspond to free energy minimum. @ exists in the region
T < 3/4X2v(0) and is stable for T < 3/4A,1(0). Stability bounds of param-
agnetic (T' > 3/4A;v(0)) and quadrupolar phases do not coincid; equalizing
free (‘norgy in both states we obtain the point of first order phdse transition;
T/Av(0) = 60/81. Finally phase diagram of the system in molecular field
approximation is shown on the figure 4.

We shall find now transition temperature from paramagnetic to ferro-
llldgll(’tl( state in random phaqo approximation. We obtained expression
for az(7') in this approximation and further equation for transition temper-
ature. First iteration of such cquation can be considered as its solution in
this approximation; we obtain:

2 1 2 l’yk'>
Ty =1- i - 56
( NZ< 31-—[1—"}’k+ +«3 -11 l’yk . ( )

where (Ty)" = TSIT, I = /A1, v = v(k)/v(0), T9 and Tf are "para-
magnetic- feI‘I‘OHlngl(‘ll( transition temperatures respectlvely in molecular
field and random phase approximations. Expression (56) can be found also

by means of approach developed in [10].
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Figure 5. Correction for "paramagnetic-ferromagnetic” transition tempera-
ture in RPA. Curves 1-3 correspond to o =1, 5/4, 3/2 respectively.

For widely used model interaction potential

a4

it ey B0

J(r)=Jexp (= a(rja=1)), v(k)=

passing from summation over k to integration and using integrals estimates
of [11], we obtain dependencies T*(!), which are shown in the figure 5.

Behaviour of the system in the region [ > 0.5 requirs further studying,
using the conditions of phases equilibrium. / — 1 must be considered as a
special case because of the competition between small parameters a® = rJ"
and Ilj In the similar manner, expression in RPA for transition temper-
ature from paramagnetic to quadrupolar state is obtained, which requirs
further studying.

Disordered system

Let us consider now system of N randomly distributed and fixed in volume
V magnetically active atoms, which coordinates are (R;..Ry) = {RV}.
In this case Hamiltonian H = H[{R"}] is dependent on the configuration
{Rn} of atoms. J(JR; — R;|) we shall treat as theory parameter which can
be chosen in convenient manner from physical considerations. We suggest
that J(R) can be expanded in Fourier series in cube with volume V:

J(R) = %Zu(k)e’kR, (58)
: : k
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here v(k) is defined as
v(k) = / dRJ(R)e¥R (59)

and wave vector k in contrast with the case of crystal lattice is not restricted
to the first Brillouin zone and can vary in the infinite space of its values.
Free energy of the system is given by

Fom —%<an[{RN}]>w, (60)

here <()> means configurational averaging with normalized disribution
av

function of variables Ry probabilities P(Ry, ..., Ry) = P[{RM}]; by means
of P[{R"}] structure disorder of the model is specified; choice of P[{R"}]

proceeds from the considerations about disorder system structure in each
particular case.
By similar transformations as for crystalline magnetic we obtain:

ZURMY = exp (- BEo) [(de)exp (Flpi{(RYY),  (61)

where

Flp;{RN}] = _‘Z‘Pk‘P k+ > Y. ZMm o

l>l ' k1a1 k;al

Nl -1/2

x\/Bu(k1)N/V.. ﬂu(k;)N/V Z kA ROR, o) | (‘jf). (62)

] =1

All the configurational dependence of Z[{R"}] is included in the factor
N1 Z;-Vﬂ exp (- (ki + ...+ kl)Rj) of functional (62), which in the case of

crystal lattice coincids with Kronecker é-symbol. For structurally disordered
system

N
LA !
ﬁ E e (ki+..+k)R; — \/—Npkl'i'm'*'kl + (S(kl + ...+ k[), (63)

where

wafZe%kﬂ (64)

is the Fourier-image of density fluctuations. F[@;{R™}] can be repre-
sented in the form:

Flp; {RV}] = Flgi p] = Flp) + AF(; 0] (65)

First component formally coincides with the free energy functional for crys-
talline magnetic, taking into account the difference noted about the manifold
of possible values for wave vectors and new definitions of a;(k) and as(k):

ar(k) = MPu(k)N/V,  as(k) = Xafu(k)N/V. (66)
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All the information about structural disorder is included in the second term:

12 |
AF(p;pl =3 ]_V_ll_'_ )Y M‘dl...a,\/EV(kI)N/V'"ﬂV(IW)N/V

121 T ki ko

1 A [+ 4
Xﬁpkl+...+k,¢§<l )---‘Pi,'), ki +...+k #0. (67)

(67) is the functional both of variables cp{fl), connected with spin fluctuations
and of collective variables py, which described structure fluctuations.
Using (66), we separate in explicit form Z[{R"}] dependence of py:

ZI{RNY] = e T exp(AF|p; p]) = e P77 Ul (68)

here (...) - means functional averaging over Gibbs distribution with configu-
rationally independent functional F[p]. F°" formally coincides with earlier
obtained expression for free energy of the cfystalline model taking into ac-
count noted above differences. Functional '

Ulp] = nexp(AFTpiA]) = Y- 3 TAFIgi ALY (69)
TS .

is represented by infinite functional expansion in series over the structural
variables py:

Nl—l/2
Ulel =) T S an(ky, - k)8(ke + -+ ki) Pk Ki # O
121 kl kl )
(70)
Coefficients

az(kl, e k)O(ky + .+ K ='71,-{A[<P;k1]---A[<P; kz]}b (71)

are irreducible averages of products of
i Nl—l/'2

A[‘P; k] = Z i Z E 6(k1 +..+k- k)Mal---C’l X
>1 T kien ki

VBUk)N/V..Br(k)N[V el it (12)

Finally the free energy of disordered system is given by:

1 N1-i/2 ' '
Fom — por _ ' E...Zal(kl, o k)(ky + . 4+ ki) X
B >1 ! ky k, .

(prpr),, ki #0 (73)

The influence of structural fluctuations on the system’s behaviour is de-
termined in (73) by the configurational averages of py products. Let us
introduce [-particle irreducible structure functions:

c

SE™ (ks k) (s + 4 K1) = N2 o) - (74)

av
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Such approach (”liquid approximation”) developed in [12] is one of the most
successful methods of structure disorder modeling. It allows to represent
thermodynamical features of the system by means of experimentally ob-
servable values. Among these values the most important is pair structure
factor §3™(k) = S¢™(k,—k). So structure factors 5¢™(ki,...,k;) can be
considered as parameters, which may be taken from experimental results in
each particular case. From the other hand, they may be approximated by
corresponding structure factors of hard cores system.

Further calculation of the free energy is reduced to the calculation of
coefficients a;(ky, ..., k;). Functional integrals can be found by the expansion
over the Gaussian moments considering the non-Gaussian part as a small
perturbation. We have obtained the expression for the free energy in "two
sums over k” - approximation [13], but it is too cumbersome to be presented
here. In the Gaussian approximation:

F&§" = F& - %Mf(yx,yz) ng(k)sé”"(xk, -k) -
k
~ L2 5) T (k) SEm (K, ). (75)
20 o

Let us find in this approximation expression for ferromagnetic transition
temperature. From the appropriate expression for ay(7") and b3(T') we ob-
tain:

N 3 2 I 4 Yk
dis —_1_ 2 _c_ - _ Zegam _
(Td~) =1 4N " [(1 31-1 352 (k, k))l—’)’k+

2 1 Iyi .
(”El—l) 1—17k]’ (76)

For noted earlier model interaction potential (57) we calculated numerically
§76). Structure factor was simulated by solution of Percus-Yevick equation
or hard cores system. The results are pfesented in Figures 6a, 6b.

For the figure 6 we must repeat once more all the precautions noted
above for the figure 5. Competition noted between small parameters ¢ 3 and
77 especially can be observed in the region 0 < a~! < 0.25 of the figure 7.
Further studying is required for the expression obtained for ”paramagnetic-
quadrupolar” transition temperature. It would also be interesting to find
the change of tricritical point in random phase approximation and carry out
numerical calculations for other model interaction potentials.
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OJOCJIII>KEHHSA I3IHI'IBCHKOI MOJEJII 3
OIMHMNYHHMUM CIIHOM 3 BIKBAIJPATUYHOLIO
OBMIHHOIO B3A€MOII€I0O METOJOM
OYHKIIIOHAJIBHOT'O IHTET'PYBAHHSA

}0.K. Pynascexuii, 0.3. Batamanmok, B.Il. CaBenko

B paMkax MeTony ¢yHKLIOHAJILHOrO iHTErpyBaHHH NOC/LLXKY-
€TbCH 131HIIBChKA MOTENE 3 OMMHMYHUM CIIHOM T4 6IKBAIPaTUUHOIO
oBbMiHHOIO B3asmopieo. QBUMCMIOSTHCA BlIbHA €Hepris Mofeli B
Habmmkenni xaorwunux ¢a3 (HXP). Y ubomy X HabuukKeHH
OTpPUMAaHO BMPa3 [JIA TeMIepaTypy ¢ epoMarHiTHOTO BIOPAIKYBaH-
HA. BusBuaeThca ¢a3zoBa miarpaMa CUCTEMHM, OTPUMAaHAa MPU HOIO-
Mo3i po3kJafy BiibHOL eHepril. QBroBOpIOIOTHCA BAACTUBOCTI CH-
CTEMM B 3aJIeXKHOCTI BiJl 3HaYeHHA KoHCTaHT GiminiiHol # 6ikBanpa-
TUYHOlI o6MiHHO] B3asMofil. PoaraagaeThca BUIIAJOK CTPYKTYPHO

' HEeBMOPANKOBaHOl CHCTeMM. JHalNeHo 3MiHy TeMIepaTypHu iiiepo—
MAarHiTHOTO IepexoMy, CIpUUnHeHY CTpYKTYpHUM Geanagom. llpen-
CTaBIIEHO Pe3yNbTATH YMUCENLHMX DO3PaXYHKIB JJIA CTPYKTYPHMX
daKTOpiB CHCTEMM TBEPOUX Cep.



