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Amnoramisi. [liejlekTpuyHi BJACTUBOCTI IBONIAIPATKOBOL Momesai Xab-
Oapaa 3 JIOKAJIbHIM aHTaPMOHI3MOM Ta, IIPAMOIO B3aE€MOIIEI0 MiXK IICEB-
JOCIIIHAME PO3IVIAHYTI B HAOJINZKEHHI CEPEIHBbOrO MOJIA Ta OTHOIETIEBO-
My Habmxkenni. Taka mMomesib MOXKe Oy TH BUKOPUCTAHA M1 OMUCY [Iie-
JIEKTPUYIHUX BJIACTUBOCTEN B30BXK OCi ¢ HaAnpoBinaukiB tumy YBaCuO
(mceBnOCHiHY OMUCYIOTh AHIAPMOHIYHI KOJIMBAHHS BEPUIMHHUX KUCHIB
0O4). IloBeuinky nomepedHol AilejeKTpUdHOl cupuiiasriausicri X H0-
caimkeHo B HAOIMKEHHI HEB3aEMOMIIOYNX K/IacTepiB. BuzHnadeno 3xa-
YeHH: MMapaMeTpiB MOMIEJI, Mpyu AKUX MATh Micue (Ha30Bi mepexomu B
CTaH 3 HEKOMITEHCOBAHUM BIOPSAIKYBAHHAM TICEBIOCIHIHIB. 3AMPOIOHO-
BaHO METOJl YCyHeHHs HonarkoBux (Hedisnunux) ¢HasoBux IepexoiiB B
OJIHOIIET/IEBOMY HADJINKEHH.

Structural phase transitions in the two-sublattice pseudospin-
electron model of high temperature superconducting systems

I.V.Stasyuk, O.D.Danyliv

Abstract. The dielectric properties of two-sublattice Hubbard model
with local anharmonicity and direct interaction between pseudospins
are considered within mean field approximation and one-loop approx-
imation. Such a model can be used for the description of dielectric prop-
erties of YBaCuO-type superconductors along c-axis (the pseudospins
represent an anharmonic motions of apical oxygen O4). The behaviour
of the the transverse dielectric susceptibility x is considered in the non-
interacting clusters approximation. The regions of model parameters,
where phase transitions into phases with noncompensated ordering of
pseudospins are established. It is proposed the method how to avoid the
additional (nonphysical) phase transition within one-loop approximation
(the first order of high-density expansion method).
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1. Introduction

The Hubbard model was one of the models to be proposed for the de-
scription the behaviour of high temperature superconductors (HTSC). It
describes the electrons (holes) transfer in CuO planes of copper-oxygen
HTSC taking into account the strong correlation of electrons (holes) on
the sites in the superconducting planes. It is simplification of Emery
[1] model which more fully describes electron properties of CuO lay-
ers. The analysis of EXAFS spectra and Raman spectra for the most
studied superconductor YBaCuO [2-4] manifests in the existence of a
strong anharmonic double potential well of apex oxygen O4. This con-
clusion agrees with experiments on the diffraction of X-rays [5]. The role
of apex oxygen vibrations (which usually described by the pseudospin
formalism) in the superconducting phase transitions can be decisive [6].
In the last years the pseudospin-electron model was proposed in which
the Hubbard correlation is supplemented by electron-pseudospin inter-
action on the site. The dielectric properties and electron spectrum of this
pseudospin-electron model were studied within the Hubbard-I approxi-
mation [7] and GRPA (generalized random phase approximation) [9]. It
was shown that the interaction of electrons with anharmonic vibrational
modes leads to the appearance of extra Hubbard sub-bands and causes
their additional narrowing. The investigation performed within the mean
field approximation [8] gave evidence for the possibility of the phase tran-
sition into a charge-ordered state at electron concentration n ~ 1. It was
pointed that an interaction between electron subsystem and pseudospin
one leads to the appearance of an effective Vn;n; type term. It is respon-
sible for a phase transition with a modulation of electron concentration.
The results obtained in GRPA confirm it. Moreover, it was shown that
there is a phase transition in the centre of the Brillouin zone at low elec-
tron concentrations. This transition manifests itself in the divergency of
dielectric susceptibility x 1 at certain value of temperature.

In some experiments YBaCuO was found to be both pyroelectric and
piezoelectric, implying the existence of macroscopic polarization direct-
ed along the c-axis [10]. In order to explain such type behaviour in the
framework of pseudospin-electron model it is important to take into ac-
count the interaction between pseudospins. This interaction can lead to
ordering of pseudospins and appearance of a ferroelectric phase [11].

In this paper we investigate the dielectric and thermodynamical prop-
erties of the two-sublattice pseudospin-electron model. We shall restrict
our consideration to the case of zero electron hopping. In Sec.2 we intro-
duce the Hamiltonian of the model. In Sec.3 we calculate the transverse
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dielectric susceptibility in the noninteracting clusters approximation.
The thermodynamical properties and susceptibility in the presence of
pseudospin-pseudospin interaction are considered within the mean field
approximation (MFA) in Sec.4. The improving of MFA results (one-loop
approximation) is given in Sec.5. Finally, in Sec.6, we present a summary
of results and conclusions.

2. The Hamiltonian of two-sublattice model.

The Hamiltonian of the model with lattice local anharmonicity written
with the use of pseudospin formalism has the form

H = H8+HS+H87S+HS*S7 (]-)
He = —p Z(ﬁfl +5) + UZ(ﬁ’Ilﬁ%l + b0,
8 12
H, = _hZ( - fz)_QZ( i+ 55,
i i
H, , = gZ(ﬁflsfl_ﬁfZSgZ)a
8
1 .
Hy_;, = _JZ izl fZ - 522‘]11’55505 ZZ’B
i i a8

Here, H, is the Hubbard Hamiltonian without term describing trans-
fer of electrons, Hy is the pseudospin part of the Hamiltonian, H. s and
H,_; are terms describing the electron-pseudospin and the pseudospin-
pseudospin interactions respectively. n;, is the operator of occupation
number of electrons with spin s and S, stands for the operator of
the pseudospin at the i cell in « plane (a = 1,2 in the two-sublattice
case). h describes the asymmetry of site potential (this parameter has
opposite signs in sublattices 1 and 2), © is the tunnelling splitting of
the vibrational mode. The interaction —.JS7 S7, inside one cell clusters
is separated. We consider two different variants of model realization:
u = const,n = n(p) and n = const, u = p(n) with the purpose of elu-
cidating the role of structural elements or electron bands which are not
explicitly included into model but can hold the fixed value of the chemical
potential. Hamiltonian (1) is invariant with respect to the transforma-
tion nf, = 1—nf,, h = 2g—h, p —» —p—U. It allows us to use (1) for
the description of hole-pseudospin system as well.

Let us introduce the cluster basis of statesT| R%E Inl,, ni,nl,nh) @

n; denote the eigenval-

z 2\ — |7 1 T 1 z z
IS5, S7) = Injy,nis s, iy, Sii, Si) (here ngy,ny,
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ues of operators ﬁlTa and ﬁfa) which consists of sixty-four state vectors
1) = 10,0,0,0,1,7)
2) = 10,0,0,0,%,{)
3) = 10,0,0,0,],1)
[4) = 10,0,0,0,},) (2)
) )

= |070707 17T7T
64) = [1,1,1,1,1,1).

On this basis the Hamiltonian (1) without interaction Jg:ﬁ between clus-
ters has a block diagonal form with size of blocks 4x4. Only the pseu-
dospin part of Hamiltonian is non-diagonal. The ¢ — th block, which
corresponds to a fixed electron configuration |K;) = |nly, i, nly, nh),

has the following form

. K‘a 3
el + L(ny —ni) — 7 -8 -9 0 | K3, 1, 1)
_% €'+ 5(ni1 +ng) + % —h 0 _ % K, 1, 1) -
_% 0 o 5‘51‘ —Q%(nzl 4}‘(“12) + % + h —J% |Ki7~l/, T)
0 ) ) {-:ell %(nll 7742) -2 K
| 17~L7\L>-

i

ia?

and 65i is the electron

Here n;, is the eigenvalue of operator ﬁ}a +7n

contribution to the energy of the |K;) state.
In the case J = 0 and J;:.,B, the general problem can be reduced to

the problem of two noninteracting sublattices. This corresponds to the

case considered in [7].

3. Dielectric susceptibility along c-axis in the absence
of the pseudospin-pseudospin interaction.

Let us consider the simplified case Jfl,’g = 0. Then Hamiltonian (1) de-
scribes the behaviour of the system of ”noninteracting” clusters. The
coupling between them exists only through the common reservoir of
charge carriers (described by chemical potential p). That is why the
case J = 0 is not reduced exactly to the one-sublattice case [9]. We
included in the Hamiltonian a part which describes the influence of an

electric field perpendicular to the planes:

Hint = _EL Z-Piza (4)
1
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where P? is the operator of polarization along the direction of the field.
It is given by the formula

Piz = ds( izl + fQ) + de(nil - niQ)a (5)

where d; is the dipole moment connected with pseudospin flipping (tran-
sition of oxygen atom from one minimum of double well potential to
another); d. is the dipole moment of electron charge transfer between
planes. Then the transverse dielectric susceptibility is given by

1 0, PP ) HyHine 19 P*) v Hin,

= = B —L R 6
XL = %N DE, Bimo ve OBl |m—o ©)

here N is the total number of sites, v, is the volume of a primitive cell.

In order to understand the possible temperature behaviour of y i,
firstly, we consider the ground state of the system at the different values
of model parameters. Fig.1 illustrates the ground state diagram for Q =
0, J > 0, U — oo. The solid lines on this figure separate regions with
different ground states. The chemical potential changes along the AC; DE
segment at n ~ 0 and along ABCE at n ~ 2. One can draw a line parallel
to the h-axis to consider the u = const case. The calculations show that
the eigenvalues of the polarization operator in the ground state have
a nonzero values at J > 0 only inside the region KHFG; its width is
proportional to J (at J < 0 this region is absent). Inside region BC; KH
the ground state is doubly degenerate and is described by the state
vectors |R;) = 10,0,0,0,1,1), |0,0,0,0,],]). In FGDC region the states
with the lowest energy are |K;,1,1) and |Kj;,l,]); in region BCDC;
the ground state is four-fold degenerate. The electron part of the ground
state dipole moment is different from zero only inside the region BCDC;.
The susceptibility x, is proportional to e™#® (a > 0) outside of those
regions and it is obeyed the % law inside of them:

n = const
1 =28,
xL(0<n<1)= v%n(ds —d.)?, (7)
w<n<?) =2eowd - dp

I1I x1(0<n<l)= vﬁ{n(ds—de)Qﬁ-(l—n)dz},

xi(l<n<2)= vﬁ{(Z —n)(ds — do)* + (n — 1)d?}.
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Figure 1. The ground state diagram. Average concentration of electrons

is shown in the brackets.
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= const
pd:
> = ;
S L I TED)
Bd;
>g, <0 = 5 ; 8
1l > g, n = s e ) (8)
p~0 XL(—h>>g)=v£d§e’5%,
_ 4P 2 -0t
XJ—(h>>g)_4,U_dee 2,
g B 2
h~Z2Z)=—(ds —d.)".
Xu(h~§) = (s~ do)

The formulae (7), (8) represent the main dependencies in the limit of low
temperatures and are obtained in the case of infinite Coulomb repulsion

U.

The influence of tunnelling motion in anharmonic potential wells on
the susceptibility x 1 is essential when (2 splits the states which give at
low temperatures the main contribution to the polarization. This effect
can be taken into account by the perturbation theory. In this case the
temperature dependence of y, is transformed from Curie’s law to a
more complicated form. The perturbational approach gives the following

results:

(1) [}, [1v]

n = const

XL is the same as in {2 = 0 case;

111 xt(0<n<l1)= vﬁn(ds —d.)?, (9)
xL(l<n<?2) = 5(2 —n)(ds — d.)?;
= const
_ d; shB|G + G|
n>9 X = velC1L + 2| 8 chB(¢1 + ¢2) +e’5%ch6(g —h+G - §2)7
2 2
where ¢ = oL, ¢ = 2/

L L
s+g—h 5—g+h




7 IIpenpunT

d? h +
—-n>g xXL= : X > ﬂ'jéi 12 ;
Velm + 2l chB(ny + 1) + e PrchB(h + n — 1)
02/4 02%/4
where 71 = / _ (10)

T 7772_J )
Tih I

p~0 x.i isthe same asin 2 = 0 case.

The tunnelling lowers the value of the transverse dielectric susceptibility
X1 almost in all range of parameters. When y — £oo (the case when
the influence of electron subsystem is absent), the susceptibility achieves
maximum at low temperatures: from formula (10) we can obtain for
susceptibility expression x| 2o g; . In the region BCDC; the character
of temperature dependence of the susceptibility is not changed. Here the
tunnelling only shifts the states which contribute to the polarizability.

4. The mean field approximation.

The pseudospin part of the Hamiltonian Hs + H,_ g, except for the term
containing J, corresponds to the Hamiltonian of Mitsui model. Model of
this type is devoted to describe ferroelectrics with hydrogen bonds [12].
It also was proposed for the description of properties of superconductors
of YBaCuO type [11]. We consider a simplified model and assume below
that Q =0, U — oo.

We consider the diagrammatic approach to derive the equations of
the mean field approximation. Let us rewrite Hamiltonian (1) as follows:

H = Ho - Hint (11)
H, = —p Z(ﬁf1 + ) + UZ(ﬁ;ﬁ%l +ilyny,) - JZ 1Sk +
i i i

+9 Z(ﬁflsﬁ — N5 85) — Z(hl 0+ haSh)

7

hl = h; hgz—h
1 (e} z z
i, a,B

We introduce the Heisenberg representation of an operator in the
second quantization form

Ai(r) =e™HAje ™8
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and the interaction representation of this operator:

fL(T) = eTH"AieiTH".
Then the average of T-product (T' A, (11) ... A, (7,)) over the Gibbs dis-
tribution with the full Hamiltonian may be written

~ ~ . (T Ay(11) .. An(72)S(8))o
<TA1(TI)-'-An(Tn)> = (S(,@)>o

= (T A(n) .. An(ma)S(B))g,  (12)

where averaging (...), is carried out with the Hamiltonian H, and will
be treated according to diagrammatic technique procedure ({...)$ means
that only connected diagrams will be taken into account), § = 1/T, and
temperature S-matrix has the following form:

o) B 3
S(B) = Z%/g dﬁ.../o AT T{Hint(11) - . . Hint (Ti) } (13)

Expression (12) is the basic one in the diagrammatic technique and allow
us to find correlation functions and average values of operators.
We write the free energy in the zero approximation (H;,; = 0):

T
un — NlnSp(e_BH") = (14)

Fo(hsy)
- mr#ﬂnP J%mgmy+m)+eﬁ%m§ml—hg}+

+8Jﬂ{ﬁim§ml+m)m§g+eﬁ%mgah—h2—m}+

+ 80K {eﬁ%chg(m + h2) + €_B%Ch§(hl —ha — 29)}]

(we show explicit dependence of the free energy from field h., v = 1,2 -
coefficient near S7 ). Then the general expression for free energy is

F :,m—%mﬁwﬂ%::ﬂmﬁ—%mwwm
= E(h) - 5 (SO (15)

We introduce the following diagrammatic representation:
i
— B
= sz’]‘.
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o) z 8
W = (Sh)e= “9n Fy(hy) = ba(hy)
W= (Sh)
T = baa(hy) = baw = 9 (h,)
o Tiol - aa'\Ity) = Yaa! — 65}7/0/ a\lty

The summation of the one-tail diagrams corresponds to the mean field
approximation:

1
= /oi+1'2(o’7

IO( 6/[3 io 5 1 ta 5

or in terms of formulae:

(S2) = 1,221‘” ) ggballn) + (a7)

02
5,3 8B az
E E J J <Sﬁ'>7aﬂh5/8ﬂh5b“(h”)+""

' a6'BB" i’

Noticing that the right side of this relation contains the usual expansion
of ba(hy) over parameter h., we rewrite

(53)

a(hy +Z/3JM S7)) = ba(h,), where (18)
Jsy = Jsy(k ZJ@“/

Formula (18) is the transcendental system of equations (« = 1,2) from
which one can determine the polarization n = (S7 + S5) in the molecular
field approximation. In the case of constant concentration we need to
supplement the system (18) by the equation which defines the chemical

potential
Sp <ﬁeﬁ(HoZM sz<5§>s:>>

Sp (e_ﬁ(Ho_Zh JJ’Y <S§>S§)>

In the mean field approximation the free energy has the following form:

B e CB(Ho-S" . Js5,(SZ)S7)
FMFA = N”+§;:J57<55)(Sw)—ﬁln3pe 267 RARE Kiatel
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= F,(hy) ﬁZJM (S3)(S2) (19)

The phase diagrams which describe the ferroelectric type phase tran-
sitions for cases u = const and n = const are shown on Fig.2-3 (all model
parameters are derived by Ji1 + Ji2 > 0). It may be easily seen that in
case of ﬁi +§E = —1 (only interplane interaction is present) exclusively
the structural phase transition of second order takes place. Increasing of
parameter < T +J 12 leads to narrowing of the ferroelectric ordering area
and appearance of the first order phase transition. The width of this
area is proportional to J in u = const and may disappear if J = 0. This
points to the importance of explicit allowing for the interaction J within
cluster.

In n = const regime ferroelectric phase exists at all values of J. This
is explained by peculiarities of behaviour of the chemical potential in this
case. Coming back to the ground state diagram (Fig.1) we note that the
chemical potential varies along curve AC;DE at n ~ 0 and along ABCD
at n ~ 2. The area of degenerated ground state (in which there is always
ferroelectric ordering ) is the parallelogram BCDC; which length along
axis Oh is g + J. This value defines approximate width of ferroelectric
phase area.

The presence of a phase transitions manifests in the peculiar depen-
dencies of dielectric susceptibility on & ([14]). In the vicinity of a second
order phase transition point the susceptibility increases drastically. At
the point of first order phase transition the susceptibility jumps to an-
other value without singularities.

The long-range interaction eliminates the % law. It may be shown
easy in the p = const regime. We can neglect the field dependence of
parameters SZ (n = (Sf +55) = 1 and £ = (S7 — S5) = 0 in pseudospin-
ordered phase) and use the formula

o=y L

Ve Ve

(P2,

(P?) is different from zero in the ferroelectric phase. Moreover,
((P*)?) "2° (P*)?. In the limit p — —oo, for example,

XL = ﬁ4dze*5|J11+J12\ (20)

Ve

in the ferroelectric phase (|h| < %, J > 0). The temperature behaviour
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Figure 2. Dependence of the temperature of ferroelectric phase transition

T. on h at different values of parameter Jy; —Jyo in the regime p = const:

a) —511+J1§ =-1,b —ﬁ;ji;‘ =0, ¢ —Jﬂjjm = 1. Other parameters:
J/( 11 + J12) = 1 g/(Jn + Jlg) =1, ,U,/(Jll + J12) = —1. The phase

transitions can be of second (solid hnes) or of first order (dashed lines).
The widely spaced dashed lines correspond to one-loop approximation

with Nint = 2.
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Figure 3. h dependence of the temperature of ferroelectric phase transi-

tion T, at different values of parameter Jy; — Ji2 in the regime n = const:

a) —ﬁh‘ﬁ; =-1,Db —jﬁJrJE =0, ¢ —ﬁ;ﬁf 1. Other parameters:
J/(Ji1 + Ji2) = 1 g/(Ji1 + Ji2) = 1 n = 0.4. Solid lines and dashed
lines represent second order and first order phase transitions respectively.

The widely spaced dashed line corresponds to one-loop approximation
with Nint = 2.
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of susceptibility is changed also in the paraphase (|h| > %, J > 0):

pd;
v (1+ e~Pch(Lah2 4 |n)))

XL = (21)

The last expression at J1; = J12 = 0 agrees with the result obtained in
the case of the absence of a long-range interaction (8).

5. One-loop approximation.

In constructing of higher order approximation we can use mean field ap-

proximation as the zero one. Then it is assumed that all one-tail diagrams

are already summarized and all averaging is carried out over distribution

with the Hamiltonian Hypa = H, — 62 J57(S5)SZ + %62 Jsy(SE)(SZ).
Y Y

We represent this graphically by substituting blocks surrounded by
dashed lines into blocks surrounded by solid line. In one-loop approx-
imation the free energy has the form

F' = Fara - (S}
w3 E T

Sf}, i ip %’p‘ 16 ip"

Introducing matrixes b and J with elements bag and J,g corresponding-
ly and making Fourier transformation, we rewrite (22) in the following
form:

(S8 %[ZSp{é )+%(3(k)6)3+i(3(k)6)4+...}

- _%{ZZ In(1 — X;(k))}, (23)

k =1

where \;(k) are the eigenvalues of J(k)b matrix:

Ji1(k)(bi1 + ba2) + 2J12(k)b12 n

Aa2(k) = 5

(24)

i\/w + (J11(K)b12 + Ji2(k)bi1)(J11(K)b12 + Ji2(k)ba2)
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The equation for (S3) can be easily derived by making the derivation of
free energy of one site over the hy:

. _OF OXi(k)
(Sa) = _Tha ba 2szl— T o8, (25)

k =1

The corresponding diagrammatic series for the average value of pseu-
dospin has the form

By o
<S>=) += [2 @ 2]6”+ 4
o

7 1<
{EIB‘ lot [5 IB

lou

lot I3 Iﬁ

(26)

Summing over k which is contained in formulas (23) and (25) in this
approximation is usually performed by introducing the density of states
(which is rectangular in two dimensional case). The final expression for
free energy is

L= BAi(0) 2y ()2
F'=Fypa — 4ﬁz{ﬂ>\ 1+5>\z‘(0) —In(1 - B7X;(0) )};

Ai(0) = )\i(k =0) for i=1,2. (27)

The solution of system (25) in the particular case of second order
phase transition at g = const is shown on Fig.4. The temperature of
phase transition to the ferroelectric phase T is lower if compared with
the one derived in the mean field approximation. However, in this ap-
proach one-loop approximation points to the possibility of appearing
non-physical phase transitions inside ordered phase. In [15] where the
spinless fermion model was considered in order to avoid undesirable
phase transitions it is proposed to apply the correctional high-density
expansion (CHDE) method or to renormalize the semi-invariants by sum-
ming ”two-tailed” parts (this scheme takes into account gaussian fluc-
tuations of molecular field). From our point of view, additional phase
transitions are not the defect of the approximation but are the result of
its unjustified application for short-range interaction. The Fourier image
of the potential of nearest neighbours has the form

J(k) = %(coskza + coskya), (28)

where a is the lattice constant. Indeed, the one-loop approximation takes
into account contributions of the diagrams with one sum over k. Accord-
ing to classification given in [13] it corresponds to correction of the first
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order in (a/R,)?* expansion (R, is the radius of interaction). That is why
we can not use (28) for one-loop approximation.

It is well-known that the mean field approximation gives the exact
result in case when the interaction between the sites has infinite radius
and does not depend on the distance:

J J
i = 77— w0 2
/ N N i (29)
or, after Fourier transformation,
J(k) = Jok=0 — z (30)
TS TN

If we use this potential in the expressions for elementary one-loop di-
agrams, the correction to the free energy and average values of pseu-
dospins is proportional to % and disappears in the thermodynamical
limit N — oco. When passing from infinitely long interaction to the in-
teraction with definite radius J(r, R,), we should satisfy the sum rule
for Fourier image (which exclude self-interaction)

> J(k) =0. (31)
k

and J (k) should corresponds (30) in the extreme case R, — co. Let us
define the potential of interaction J(r, R,) in the form

Jos (6, Ry) = 22 E v, (32)
oy \I's Lo o R% )
which is widely applied to describe the interactions in spin models. Tak-
ing into account the condition (31), we can write its Fourier image in
the form

J,s 1 J(S
Jsy (k) = ——— — — —r 33
") = e Nzk:(1+k2R§)% (33)
<
or, using discrete representation for k vector,
J,
Joy (m,n) = . -C, (34)

(14 472(n +m?) N2, /N)3

where n,m = —v/N +1,...,0,1,2,3,...,VN, Nip; = R,/a in the nu-
merical calculations. We use the simplest method taking the direct sum-
ming over k, choosing VN = 40, Nj,; = 2 (number of neighbours which
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Figure 4. The order parameter n = (S§ + S5) vs temperature T in
different approaches: dashed line — MFA, solid line — one-loop approxi-
mation with using rectangular density of states which corresponds to the
short-range interaction, widely spaced dashed line — one-loop approxi-
mation with direct summing over Brillouin zone ( N = 1600, N;,: = 2).

pf (i + Jio) = =1, JU212 = — 1 J/(Ji + Ji2) = 1, g/ (Jii + J12) = 1.
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Figure 5. The dependence of J(k) on k, at k, = 0 . Solid line represents
long range interaction, dashed line - nearest neighbour approximation,
dotted line corresponds to e~/ potential.
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interact with a given site is ~ 16, thus having long-range interaction).
J(k) — 0 at the border of Brillouin zone, therefore the condition of
periodicity of J(k) in the reverse space is valid. The results of numer-
ical calculations of the order parameter and phase diagrams are shown
on Fig.4. As it may be seen, the temperature of the ferroelectric phase
transition became lower, although not very much (up to 10% of the tem-
perature magnitude due to a large number of interacting neighbours).
As it seen from Fig.2, existence of narrow interval of the asymmetry
parameter h value, at which three phase transitions exist is the result
of long-range forces. This feature disappears when radius of interaction
became smaller than some definite value.

It may be easily seen that width of the ferroelectric phase stays prac-
tically unchanged and conclusions which were made basing on the results
of molecular field are valid for the higher approximation. The same may
be concluded about the type of phase transition.

6. Conclusions.

In the framework of two-sublattice pseudospin-electron model the trans-
verse dielectric susceptibility x . is calculated in the case of the absence
of electron transfer. It is shown that if J > 0 (J describes the interac-
tion between pseudospins in the same cell), there is a region of values
of h parameter with width ~ J where the ground state of the system
is degenerate. Here, in the regime u = const, susceptibility is inversely
proportional at low temperatures to the temperature. By contrast, in the
regime n = const (u = p(n)) the dielectric susceptibility obeys Curie’s
law at all values of the model parameters. The role of tunnelling is sig-
nificant in the region where (2 splits the degenerate ground state. Then
the susceptibility achieves its maximum at 7' =0 (x ~ QL)

In the second part of this work the interaction between pseudospins
was considered within the mean field approximation as well as one-loop
approximation. In substance, we dealt with a Mitsui model supplement-
ed by an interaction with an electron system. On the basis of this mod-
el the ferroelectric type instabilities and phase transitions, connected
with macroscopic polarization along c-axis in the systems like YBaCuO
are considered. It should be noted that the problem of the existence of
state with spontaneous polarization has been subject for study for recent
years. It was reported, for example, about the observation of pyroelectric
properties of YBaCuO [10], [16].

The interaction between electron and pseudospin subsystems leads
to a shift of the ferroelectric phase compared to the pure Mitsui model
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and to a change in shape of the phase diagrams. The ferroelectric phase
is always present in the region with degenerate ground state. The width
of the corresponding interval of values of h parameter is proportional
to the constant of interaction between pseudospins inside cluster. The
appearance of a pseudospin-ordered phase changes the temperature be-
haviour of x; near phase transition points and eliminates Curie’s law in
the ferroelectric phase.

The analysis of the model in the approximation higher than the mean
field, namely in the so-called one-loop approximation was carried out.
It was shown that the right choice of the model long-range potential
excludes additional non-physical phase transitions in the ordered phases
typical for this approximation. The lowering of the temperature of tran-
sition from paraphase to to ferroelectric phase was established, as well
as the narrowing of the ferroelectric ordering area. The existence of the
ranges of h-parameter (both in this and in Mitsui model) at which three
phase transitions exist is the result related to the long-range interaction
between pseudospins.

It should be mentioned that ferroelectric ordering of pseudospins has
an effect on the redistribution of the electrons (holes) between supercon-
ducting planes. On the other hand, electron transfer in the superconduct-
ing planes produces an effective interaction between pseudospins [8,9].
That is why it is necessary to consider both processes self-consistently
to describe the phase transitions and instabilities in real systems.
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