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The two-sublattice pseudospin model of Mitsui type supplemented
by the interaction with electron subsystem is considered. Such a model
can be used for the description of dielectric properties of YBaCuO-type
superconductors along c¢-axis (the pseudospins represent anharmonic
motions of apical oxygen O4). The behaviour of the the transverse
dielectric susceptibility x, is considered in the noninteracting clusters
approximation. Possibility of different temperature dependencies of
x L is established.

The free energy of the model is evaluated in the mean field ap-
proximation. It is established that the long-range interaction between
pseudospins can lead to symmetry breaking and to appearance of the
ferroelectric component of pseudospin ordering. The phase transitions
into the state with decompensated dipole moments can be both of
second and first order. The corresponding (7, h) diagrams (h is the
asymmetry parameter of the field acting on pseudospins) at differ-
ent values of long-range interaction constants in the regimes of fixed
values of electron concentration (n = const) or chemical potential
(1 = const) are obtained. The anomalies of susceptibility y, in the
vicinity of phase transitions points are investigated.

1. Introduction

Since the discovery of high temperature superconductivity, extensive studies
of theoretical models have been carried out to describe the behaviour of high
temperature superconductors (HT'SC). The Hubbard model was one of the
first models to be proposed. It takes into account the strong correlation
of electrons on the sites in the superconducting planes (such planes with
hole conductivity exist in all HTSC). The analysis of EXAFS spectra and
Raman spectra for YBaCuO [1-3] manifests in the existence of a strong
anharmonic double potential well of apex oxygen O4. This conclusion agrees
with experiments on the diffraction of X-rays [4].

In order to describe anharmonic vibrations in the case of a local poten-
tial with two minima separated by a high barrier, the pseudospin formalism
can be applied [5]. The dielectric properties and electron spectrum of this
pseudospin-electron model were studied within the Hubbard-I approxima-
tion [6]. It was shown that the interaction of electrons with anharmonic
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vibrational modes leads to the existence of extra sub-bands and causes their
additional narrowing; the electron contribution to the transverse dielectric
susceptibility can be of significant magnitude resulting in high values of this
quantity. The investigation performed within the mean field approximation
[7] gave evidence for possibility of the phase transition into a charge-ordered
state at electron concentration n ~ 1. It pointed to the fact that an interac-
tion between electron subsystem and pseudospin one leads to the appearance
of an effective Vn;n; type term. It is responsible for a phase transition with
a modulation of site concentration. The results obtained in the general ran-
dom phase approximation (GRPA) method [8] confirm it. Moreover, it was
shown there were a phase transition in the centre of the Brillouin zone at low
electron concentrations. This transition manifests itself in the divergency
of susceptibility x, at a certain value of temperature.

In some experiments YBaCuO was found to be both pyroelectric and
piezoelectric, implying existence of the macroscopic polarization directed
along the c-axis [9]. In order to explain such type behaviour in the frame-
work of pseudospin-electron model it is important to take into account the
interaction between pseudospins. This interaction of Mitsui type can orig-
i[na]te the ordering of pseudospins and appearance of a ferroelectric phase
10].

In this paper we investigate the dielectric and thermodynamical proper-
ties of the two-subblattice pseudospin-electron model. We shall restrict our
consideration to the case of zero electron hopping. In Sec.2 we introduce
the Hamiltonian of the model. In Sec.3 we calculate the transverse dielec-
tric susceptibility in the noninteracting clusters approximation. The ther-
modynamical properties and susceptibility in the presence of pseudospin-
pseudospin interaction are considered within mean field interaction (MFA)
in Sec.4. Finally, in Sec.5, 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 = H. +H,+H._,+H,,, (1)

H. = —pu Z(n}gu + nfﬂ) + UZ(”Ll”i1 + ”Lz”i2)a

Hy, = —h) (Si—Si) = QY (Sn + Si),
H. , =9 Z(nilsil — N5 Sna);

1
_ z QZ aB qz Qz
Hs,s - _JZSnISnQ _522‘]1171’57“)( ng*
n n,n' a,3

Here, n?  is the operator of the number of electrons with spin s and
Sz, stands for the operator of the pseudospin at the n cell in « plane (o =
1,2 in the two-sublattice case). H, is the Hubbard Hamiltonian without
term describing transfer of electrons. H, is the pseudospin part of the
Hamiltonian and h describes the asymmetry of well potential,  is the
tunnelling splitting of the vibrational mode. H,_; is the term describing the
interaction between electrons and pseudospins. H,_, gives the interaction
between pseudospins; the interaction —J.S};,S7, inside one cell clusters is
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separated. We consider two different variants of model realization: p =
const,n = n(u) and n = const,u = p(n) with the purpose of elucidating
the role of structural elements or electron bands which are not explicitly
included into model. Hamiltonian (1) is invariant under transformation
nt, =+ 1—mnf , h—29—h, p— —p—U. It allows us to use (1) for the
description of hole-pseudospin system as well.

Let us introduce the single-cluster basis of states |R;) = |n,Tl, NY s My )

® |S%,S7), which consists of sixty-four state vectors

1) 10,0,0,0,1,71)
2) = 10,0,0,0,1,])
3) = 10,0,0,0,4,1)
[4) = 10,0,0,0,4,1) (2)
15) 0,0,0,1,1,1)
|64) = |1,1,1,1,],]).

On this basis the Hamiltonian has a block diagonal form with size of blocks
4x4. Indeed, only the pseudospin part of Hamiltonian is non-diagonal be-
cause there is no interaction between electrons on different planes. The
i — th block, which corresponds to a fixed electron configuration |K;) =

|n}1, ny,nh,nk), has the following form
6§i + %(n“ _ ’ﬂig) _ % _ % _ % 0 |KuT7T>
—2 Ky s+ Lk 0 -2 | |Kit) )
-5 0 e —Satna)+i+h =5 K1)
N R T

Here n,, is an eigenvalue of operator 7!, + 7}, and el is the electron
contribution to the energy of the |K;) state.

In the case J = 0, the general problem can be reduced to the problem
of two noninteracting single-site subsystems. Then we can use approach
proposed in [6]. The eigenvalues of (1) may be obtained by orthogonal

transformation
H,=AHA", (4)

where matrix A has a block diagonal form similar to the form of matrix H.
The block which is assigned to (3) can be obtained via

. cos ;1 sin; COS (P2 SiN Yo
A = ( —sinp; oS i > ® < —sing;; oS P ) ; (5)
where
Niag — h
Vliag — I+ 02

(6)

COS 2050, =

The energy spectrum is

ek, = €N :I:\/(nﬂg—h)Q—i—Q?:I:\/(nigg—h)Q—i—Q?. (7)
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For example, when |K) = |0,1,1,1),

e, = “Bu+U+1/(g—h)?+ 92+ /(29 — h)? + 2,
£y, = —3M+U+\/(g—h)2+Q2—\/(2g—h)2+92,
ek = Bu+U—1/(g—h)?+92 + /(29 — h)? + 2,
ek = “Bu+U—1/(g—h)?+92— /(29 —h)? + 2

Both the spectrum of the model and matrix A in the general case (J # 0)
have been determined but the results are not given here for the sake of
brevity.

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

Let us consider the simplified case J%7 = 0. Then Hamiltonian (1) describes
the behaviour of a system of "noninteracting” clusters. The coupling be-
tween them exists only through the common reservoir of charge carriers
(described by chemical potential ). The latter one is the same for both of
sublattices. That is why the case J = 0 is not reduced to the one sublat-
tice case [8]. We included in the Hamiltonian a part which describes the
influence of an electric field perpendicular to the planes:

Hiw =—E. Y P, (8)

where P? is the polarization operator along the field direction. It is given
by the formula

P? = d (8%, 4 8%,) 4 de(npy — npn), (9)

where d; is the dipole moment connected with pseudospin flipping (transi-
tion 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, P an.., 10 P )uyn,,
Yo = L0 P ()
v.IN OE, |E, =0 Ve OE, |EL=0

here N is the total number of sites, v, is is the volume of a primitive cell.
In numerical calculations we shall describe the susceptibility by the dimen-
sionless quantity x1 = 4z x..

In order to understand the possible temperature behaviour of y, , firstly,
we consider how the ground state of the system is changed at different values
of model parameters. Fig.1 illustrates the ground state diagram for 2 = 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.
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Figure 1. The ground state diagram. Average concentration of electrons is

shown in the brackets.
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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 |0,0,0,0,1,1), 10,0,0,0,],]). In FGDC region states with the
lowest energy |K;,T,1) and |K;,],]); 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
9 _
I,IV x. = ﬁﬂdz;
Ve 2
IT x.(0<n<l)= Uﬁn(ds —d.)?, (11)
_B 5,
Xl(1<n<2) —U—(2—n)(ds—de) ;

IIT x,(0<n<1)= Uﬁ{n(ds —d.)* + (1 =n)d},

xi(l<n<2) =@ -, - d) + @ -na).

W = const
d2
p>g  xL= 7£ ; ;
v.(14+ePzchf(g —h))
Bd;
>g, n<0 = £ : 12
1l > g, 1 X = T e agh) (12)
p~0  xi(=h>g)= gdie’ﬁ%,
xi(h>g)= 4?6@6’5%,

xi(h~ )= L, - ay

The formulae (11), (12) represent the main dependencies in the limit of low
temperatures and are obtained in the case of infinite Coulomb repulsion U.

Figs.2,3 display the behaviour of the susceptibility x, with the change
of the asymmetry parameter h. Essential changes of x, take place in the
interval corresponding to the region BCDC,;. The total susceptibility is
proportional here to (dy — d.)?. It explains at d;, > 0 and d, > 0 the sharp
fall of x, in the n = const case.

The influence of tunnelling motion in anharmonic potential wells on the
susceptibility x, is essential when ) splits the states which make 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 x, is transformed from Curie’s law to a more complicated
behaviour. The perturbational approach gives the following results:
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Figure 2. The susceptibility x, as function of asymmetry parameter in the
regime p = const. (J/g=—1,Q2=0,T/g =01, p/g=-1).

0 L B e e LA B e R p

20 -1.0 00 1.0 20 30 40 h/g

Figure 3. The susceptibility x, as function of asymmetry parameter in the
regime n = const. (J/g=—-1,Q2=0,T/g=0.1, n=04).



170 O.D.Danyliv, 1.V.Stasyuk

II 11T %, (0<n<1)="=n(d,—d.)? (13)

Xi(l <n< 2) = _(2 - n)(ds - de)Q;

dg % Shﬁ|<1 +<2|
Vel G+ Gl T chB(G + G) + e PEchBlg — h+ ¢ — ()’
02/4 w4
%—Fg—h’CQ_%—g—Fh’
dg % Sh,8|771 +772|
Vel + 1| chB(ny +mo) + e PEchB(h + i — )
02/4 /4

where gy, = ——, 0o

T T T

2 2

p~0  xi(-h>g)= ﬁdie‘ﬁg,
ﬁdze_ﬁ%,
Ve
xo(h ~ g) - ﬁ(ds —d,)

Ve

H>g  x1=

where (; =

—u>g XL=

(14)

xL(h>g)=4

The tunnelling lowers the value of the transverse dielectric susceptibility
x1 almost in all range of parameters. When y — =400 (the case when
the influence of electron subsystem is absent), the susceptibility achieves a

maximum at low temperatures (formula (14)) and in the case of degenerate

ground state x| =0 g—%. In the region BCDC; the character of temperature

dependence of the susceptibility is not changed. Here the tunnelling splitting
only shifts the states which contribute to the polarizability.

4. Thermodynamics of the system in the mean field ap-
proximation.

The pseudospin part of Hamiltonian H, + H, , apart from the term con-
taining J interaction corresponds to the Hamiltonian of Mitsui model. This
model is used for the explanation of phase transitions in some kinds of
ferroelectrics with hydrogen bonds [11]. It was also proposed for the de-
scription of YBaCuO-type superconductor properties [10]. The inclusion of
pseudospin-pseudospin interaction can lead to the appearance in the model
of a phase with pseudospin ordering, characterizing by nonzero total dipole
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moment. This interaction can be considered within the MFA:

Héfs = __ZZ nn’ na ;ﬁ (15)

n,n’ a,B
N _Zz;ajaﬁ S; z _|_ Z;Jaﬁ Sz

We shall consider as above the limit of infinite large Coulomb repulsion
U and neglect for the sake of simplicity tunnelling splitting of energy levels.

Let us introduce variables n = (S7 4+ S5) (the order parameter) and
¢ = (S; — S%). In the regime y = const we obtain equations for n and ¢
from the condition of thermodynamical potential £2;;7 minimum

OO F — 0’
{ iy 2o (1)
T
Qup = ——IDSP( P (Hoer = ’m))a (17)

Qup = H{ (T + Ji2)” + (Jin — J12)E}—
—Tln [2 {e?Fehpilitlaln 4 =0k cng (h + Luzhad) ] (18)
+8¢% {7t chBILLM Y 1 ¢ P%chf (h+ Lushet — g)}

2

1.8e20n {eﬁichﬁ(Julez)n + e Bichp (h + (J11—2J12)€ _ g) }] 7

where N is the total number of cells and Jy; =Y, JiL, Jio =3, Jo2

For the case n = const we should use the condition of the minimum of
free energy Fyr = Qur + pn and supplement the system (16) with the
equation for chemical potential u(n)

(e PUHME)Y — (19)

When the system of equations (16,19) has non-zero solutions for 7 and the
corresponding thermodynamic potential has a minimum, then our system
is in the ferroelectric phase.
Obtained phase diagrams for cases u = const and n = const are shown
in the Figs.4-6 (all the parameters are normalized by J;; + J;» > 0). One
Jii—Jio _

can see that at =1 (there exists only pseudospin-pseudospin in-

teraction between planes) only a phase transition of second order into fer-
roelectric phase takes place. One can find its temperature using Landau
theory of second order type phase transitions.

The increase of the parameter i;ﬁz leads to narrowing of the ferro-

electric region and appearance of a first order type phase transition. In
the regions with degenerate ground state the ferroelectric phase is always
present. The long-range interaction splits ground states |K;, T,1) as well as
|K!,l,}) and polarizes the system.
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Figure 4. Dependence of the temperature of ferroelectric phase transition
T. on h at different values of parameter J;; — Ji» in the regime p = const:

Juu—Jio _ Jii—Jio _ Jii—Jis _ .
a) FHg 1, b) 22912 = 0, ¢) 2752 = 1. Other parameters: J/(Ji1 +

Jia) = =1, g/(Ji1 + Ji2) = 1, p/(Ji1 + Ji12) = —1. The phase transitions
can be of second (solid lines) or of first order (dotted lines).
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Figure 5. Dependence of the temperature of ferroelectric phase transition
T. on h at different values of parameter J;; —J;» in the regime y = const: a)

Ju=diz — (), b) 12 — 1. Other parameters: J/(Ji1 + Ji2) =0, g/(Ji1 +

Jia) =1, pu/(Ji1 + J12) = —1. The width of ferroelectric phase region in the
case b) is equal to zero.

The width of the ferroelectric phase region is proportional to J in the y =
const regime. It points of explicit taking account the interaction between
pseudospins inside the cluster to be important. Let us set J = 0. Then
in the limit g4 — —o0, Ji» = 0 our model transforms into Ising model in
the transverse field. Here the phase transition with zero value of order
parameter and a sharp change of parameter £ = (S; — .S,) takes place (see
Fig.5 b). This result is valid also at finite values of chemical potential
because as the Fig.1 indicates, the regions with degenerate ground state are
absent at J = 0.

In the n = const regime the interval of h values at which the ferroelec-
tric phase exists at low concentrations corresponds to the segment BC;D
on Fig.1 (or to the segment BCD at n ~ 2). When the interaction between
pseudospins inside clusters and long-range interaction J;, are equal to zero,
the ferroelectric phase persists and the effective size of interval of corre-
sponding values of h parameter is proportional to the length of segment

The presence of a phase transitions manifests in the peculiar dependen-
cies on h of dielectric susceptibility (Figs.7,8). 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 another 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
n, & (n =1 and £ = 0 in ferroelectric phase) and use the formula

=2y - Lypey

(P) is different from zero in the ferroelectric phase. Moreover, (P*?) "2’



O.D.Danyliv, I.V.Stasyuk

174
0.4 0.4
1 Te/(J114/T12) a) 1 Te/(J14hJ12) b)
0.3 A 0.3 A
0.2 + 0.2 -
1
0.1 - 014 ,
I}
i \
| \
0.0 i R R AARRRRassssss 0.0 ———— T
-1.5 -0.5 0.5 1.5 2.5 -1.0 0.0 1.0 2.0
h/(J11+J12) h/(J11+J12)
0.4
1 Te/(J11+JAf2) C)
0.3 A
!
!
0.2 - |
i
1 !
0.1 ( \
i \
| \
| 1
0.0 4

-1.0 -05 -00 0.5 1.0 1.5
h/(Ji1+J12)

Figure 6. h dependence of the temperature of ferroelectric phase transition
T, at different values of parameter J;; — J» in the regime n = const: a)
Ju=the — 1 p) Juzd — () ¢) Luzd2 — 1 Other parameters: J/(J;; +

Ji1+J12 Ji1+J12 Ji1+J12
Jia) = =1, g/(Ji1 + J12) = 1 n = 0.4. Solid lines and dotted lines represent

second order and first order phase transitions respectively.
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Figure 7. Transverse dielectric susceptibility and order parameter vs.
h/(Ji1 + Ji2) in the regime p = const. The first order phase transition takes

Y TS I B g — T _ —
place. Jii+J12 1, Ji1+J12 L, Ji1+J12 1, Ji1+J12 0.1, Ju Jis 0,

d,/d. = 0.6; dotted line presents result for J7 — 0.

(PZ)Q. In the limit y — —oo, for example,

XL = 4ﬁd§e*5u11+]12| (20)
in the ferroelectric phase (|h| < £, J > 0). The temperature behaviour of
susceptibility is changed also in the paraphase (|h| > 2, J > 0):

_ pd;
14 e*ﬁ%chﬁ(JngthQ + |h|)

X1 (21)

The last expression at J;; = Ji» = 0 agrees with the result obtained in the
case of the absence of a long-range interaction (12).

5. Conclusions.

In the framework of two-sublattice pseudospin-electron model the transverse
dielectric susceptibility x| is calculated in the case of the absence of electron
transfer. It is shown that if J > 0 (J describes the interaction 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
(4 = p(n)) the dielectric susceptibility obeys Curie’s law at all values of the
model parameters. The role of tunnelling is significant in the region where
Q splits the degenerate ground state. Then the susceptibility achieves its
maximum at T =0 (x1 ~ g5)-

In the second part of this work the interaction between pseudospins was
considered within the mean field approximation. In substance, we dealt with
a Mitsui model supplemented by an interaction with an electron system. On
the basis of this model the ferroelectric type instabilities and phase transi-
tions, connected with macroscopic polarization along c-axis in the systems
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Figure 8. Transverse dielectric susceptibility and order parameter vs.
h/(Ji1 + Ji2) in the regime p = const. The second order phase transi-

. ) _ J — _ 9 — —T —
tion takes place. Ji1+J12 1, Jii+J12 1, Ji1+J12 1, Ji1+J12 0.3,

Jii — Ji2 =0, d,/d. = 0.6; dotted line presents result for J,’j‘f — 0.

like YBaCuQO are considered. The interaction between electron and pseu-
dospin subsystems leads to a shift of the ferroelectric phase compared to
the pure Mitsui model 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 ferroelectric phase changes the temperature
behaviour of x, near phase transition points and eliminates Curie’s law in
the ferroelectric phase.

It should be mentioned that ferroelectric ordering of pseudospins has
an effect on the redistribution of electrons (holes) between superconducting
planes. On the other hand, electron transfer in the superconducting planes
produces an effective interaction between pseudospins [7,8]. That is why it
is necessary to consider both processes to describe the phase transitions and
instabilities in real systems.

This work was supported, in part, by State Committee for Science and
Technologies of Ukraine (grant No 09.01.01./009-94) and by the Interna-
tional Soros Science Education Program through grant No SPU 062062.
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AHAUJII3 HECTABIJILHOCTEN
CETHETOEJIEKTPVUYHOI'O TUILY
Y OBOIIIOII'PATKOBIN MOJEJII CUCTEM
3 BUCOKOTEMIIEPATYPHOIO HAOIITPOBIITHICTIO

O.[0.Oamuais, I.B.Craciok

IIpoBomuTLCA DOCIIMXKEHHA OBOMIAIPATKOBOI IICEBIOCIIHOBOI
Momesi Tuny Minyi, ska TOHOBHEHA B3a€MOII€I0 3 €JIEKTPOHHOIO
migcucTemoro. Takoro Tumy Momennh MOXKe OYTU BUKOPUCTAHA IJIA
ONUCY MAieTeKTPUYHUX BJIACTUBOCTEH Yy HAINPOBITHUKIB THUIIY
YBaCuO B3nosx oci ¢ (nceBnocniny npencTaBisioTh aHrAPMOHIUH]
konusauus Bepmuaaux kucHiB O4). Ioseninka nonepeunoi miesex-
TPUYHOI CHPUNHATINBOCTI CUCTEMU X | PO3TJSAHEHA B HAOIMIKEH-
Hi HEeB3aeMOTiouux KjaacTepiB. BcTaHOBIEHO MOKIUBOCTI Pi3HUX
TEeMIEepPaTyPHUX 3AJEKHOCTEH X | .

B nabaukenHi cepemunLoOro moJiss po3paxoBaHa BiJbHA eHepTid
Momesai. BcraHoBIEeHO, MO mAaJeKOmiloya B3a€MOMis MixK aHrap-
MOHIUHMMY KOJMUBAHHAMU KWCHIO MOYK€ CIPUATU MOPYIIEHHIO CU-
MeTpil Ta MOABI CEerHeTOEJEeKTPUUHOI KOMIIOHEHTHU TICEBIOCIiIHOBO-
IO BIOPAOKYBAHHS, IPUYOMY (A30BUI TepPeXig B CTaH 3 HECKOM-
MMEHCOBAHUM UIIOJLHUM MOMEHTOM MOXKe OyTH SK TEepIIOr0 TaK
i npyroro pomy. Otpumani simnosimui (7., h) miarpamu (me h-
napaMerep acuMmerpii moJs, mwo aie€ Ha MCeBIOCHiHU) npU Pi3HUX
3HAUYEHHAX KOHCTAHT JAJEKOTII0Y0i B3a€MOIil B pexxuMax 3 Qikco-
BAHUM 3HAUYEHHAM €JEKTPOHHOI KOHIeHTpauii (n = const) uu ximiu-
HOro noreHuiaxay (u = const). Hocaimxkena aHoMasabHA HOBEIiHKA
CUPUMHATINBOCTI Y | NOOJM3Y (a30BUX MEPEXOMiB.



