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õäë: 538.945PACS: 74.65.+n, 71.45.GmóÔÒÕËÔÕÒÎ¦ ÆÁÚÏ×¦ ÐÅÒÅÈÏÄÉ × Ä×ÏÐ¦ÄÇÒÁÔËÏ×¦Ê ÐÓÅ×ÄÏÓÐ¦Î-ÅÌÅËÔÒÏÎÎ¦Ê ÍÏÄÅÌ¦ ×ÉÓÏËÏÔÅÍÐÅÒÁÔÕÒÎÉÈ ÎÁÄÐÒÏ×¦ÄÎÉË¦×¶.÷.óÔÁÓÀË, ï.ä.äÁÎÉÌ¦×áÎÏÔÁÃ¦Ñ. ä¦ÅÌÅËÔÒÉÞÎ¦ ×ÌÁÓÔÉ×ÏÓÔ¦ Ä×ÏÐ¦ÄÇÒÁÔËÏ×Ï§ ÍÏÄÅÌ¦ èÁÂ-ÂÁÒÄÁ Ú ÌÏËÁÌØÎÉÍ ÁÎÇÁÒÍÏÎ¦ÚÍÏÍ ÔÁ ÐÒÑÍÏÀ ×ÚÁ¤ÍÏÄ¦¤À Í¦Ö ÐÓÅ×-ÄÏÓÐ¦ÎÁÍÉ ÒÏÚÇÌÑÎÕÔ¦ × ÎÁÂÌÉÖÅÎÎ¦ ÓÅÒÅÄÎØÏÇÏ ÐÏÌÑ ÔÁ ÏÄÎÏÐÅÔÌÅ×Ï-ÍÕ ÎÁÂÌÉÖÅÎÎ¦. ôÁËÁ ÍÏÄÅÌØ ÍÏÖÅ ÂÕÔÉ ×ÉËÏÒÉÓÔÁÎÁ ÄÌÑ ÏÐÉÓÕ Ä¦Å-ÌÅËÔÒÉÞÎÉÈ ×ÌÁÓÔÉ×ÏÓÔÅÊ ×ÚÏ×Ö ÏÓ¦ c ÎÁÄÐÒÏ×¦ÄÎÉË¦× ÔÉÐÕ YBaCuO(ÐÓÅ×ÄÏÓÐ¦ÎÉ ÏÐÉÓÕÀÔØ ÁÎÇÁÒÍÏÎ¦ÞÎ¦ ËÏÌÉ×ÁÎÎÑ ×ÅÒÛÉÎÎÉÈ ËÉÓÎ¦×O4). ðÏ×ÅÄ¦ÎËÕ ÐÏÐÅÒÅÞÎÏ§ Ä¦ÅÌÅËÔÒÉÞÎÏ§ ÓÐÒÉÊÎÑÔÌÉ×¦ÓÔ¦ �? ÄÏ-ÓÌ¦ÄÖÅÎÏ × ÎÁÂÌÉÖÅÎÎ¦ ÎÅ×ÚÁ¤ÍÏÄ¦ÀÞÉÈ ËÌÁÓÔÅÒ¦×. ÷ÉÚÎÁÞÅÎÏ ÚÎÁ-ÞÅÎÎÑ ÐÁÒÁÍÅÔÒ¦× ÍÏÄÅÌ¦, ÐÒÉ ÑËÉÈ ÍÁÀÔØ Í¦ÓÃÅ ÆÁÚÏ×¦ ÐÅÒÅÈÏÄÉ ×ÓÔÁÎ Ú ÎÅËÏÍÐÅÎÓÏ×ÁÎÉÍ ×ÐÏÒÑÄËÕ×ÁÎÎÑÍ ÐÓÅ×ÄÏÓÐ¦Î¦×. úÁÐÒÏÐÏÎÏ-×ÁÎÏ ÍÅÔÏÄ ÕÓÕÎÅÎÎÑ ÄÏÄÁÔËÏ×ÉÈ (ÎÅÆ¦ÚÉÞÎÉÈ) ÆÁÚÏ×ÉÈ ÐÅÒÅÈÏÄ¦× ×ÏÄÎÏÐÅÔÌÅ×ÏÍÕ ÎÁÂÌÉÖÅÎÎ¦.Structural phase transitions in the two-sublattice pseudospin-electron model of high temperature superconducting systemsI.V.Stasyuk, O.D.DanylivAbstract. The dielectric properties of two-sublattice Hubbard modelwith local anharmonicity and direct interaction between pseudospinsare considered within mean �eld 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 pseudospinsrepresent an anharmonic motions of apical oxygen O4). The behaviourof the the transverse dielectric susceptibility �? is considered in the non-interacting clusters approximation. The regions of model parameters,where phase transitions into phases with noncompensated ordering ofpseudospins are established. It is proposed the method how to avoid theadditional (nonphysical) phase transition within one-loop approximation(the �rst order of high-density expansion method).c
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1 ðÒÅÐÒÉÎÔ1. IntroductionThe Hubbard model was one of the models to be proposed for the de-scription the behaviour of high temperature superconductors (HTSC). Itdescribes the electrons (holes) transfer in CuO planes of copper-oxygenHTSC taking into account the strong correlation of electrons (holes) onthe sites in the superconducting planes. It is simpli�cation of Emery[1] model which more fully describes electron properties of CuO lay-ers. The analysis of EXAFS spectra and Raman spectra for the moststudied superconductor YBaCuO [2{4] manifests in the existence of astrong anharmonic double potential well of apex oxygen O4. This con-clusion agrees with experiments on the di�raction of X-rays [5]. The roleof apex oxygen vibrations (which usually described by the pseudospinformalism) in the superconducting phase transitions can be decisive [6].In the last years the pseudospin-electron model was proposed in whichthe Hubbard correlation is supplemented by electron-pseudospin inter-action on the site. The dielectric properties and electron spectrum of thispseudospin-electron model were studied within the Hubbard-I approxi-mation [7] and GRPA (generalized random phase approximation) [9]. Itwas shown that the interaction of electrons with anharmonic vibrationalmodes leads to the appearance of extra Hubbard sub-bands and causestheir additional narrowing. The investigation performed within the mean�eld approximation [8] gave evidence for the possibility of the phase tran-sition into a charge-ordered state at electron concentration n � 1. It waspointed that an interaction between electron subsystem and pseudospinone leads to the appearance of an e�ective V ninj type term. It is respon-sible for a phase transition with a modulation of electron concentration.The results obtained in GRPA con�rm it. Moreover, it was shown thatthere is a phase transition in the centre of the Brillouin zone at low elec-tron concentrations. This transition manifests itself in the divergency ofdielectric susceptibility �? at certain value of temperature.In some experiments YBaCuO was found to be both pyroelectric andpiezoelectric, implying the existence of macroscopic polarization direct-ed along the c-axis [10]. In order to explain such type behaviour in theframework of pseudospin-electron model it is important to take into ac-count the interaction between pseudospins. This interaction can lead toordering 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 restrictour 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
ICMP{97-28E 2dielectric susceptibility in the noninteracting clusters approximation.The thermodynamical properties and susceptibility in the presence ofpseudospin-pseudospin interaction are considered within the mean �eldapproximation (MFA) in Sec.4. The improving of MFA results (one-loopapproximation) is given in Sec.5. Finally, in Sec.6, we present a summaryof results and conclusions.2. The Hamiltonian of two-sublattice model.The Hamiltonian of the model with lattice local anharmonicity writtenwith the use of pseudospin formalism has the formH = He +Hs +He�s +Hs�s; (1)He = ��Xi;s (^nsi1 + ^nsi2) + UXi (^n"i1^n#i1 + ^n"i2^n#i2);Hs = �hXi (Szi1 � Szi2)� 
Xi (Sxi1 + Sxi2);He�s = gXi;s (^nsi1Szi1 � ^nsi2Szi2);Hs�s = �JXi Szi1Szi2 � 12Xi;i0 X�;� J��ii0 Szi�Szi0� :Here, He is the Hubbard Hamiltonian without term describing trans-fer of electrons, Hs is the pseudospin part of the Hamiltonian, He�s andHs�s are terms describing the electron-pseudospin and the pseudospin-pseudospin interactions respectively. ^nsi� is the operator of occupationnumber of electrons with spin s and Szi� stands for the operator ofthe pseudospin at the i cell in � plane (� = 1; 2 in the two-sublatticecase). h describes the asymmetry of site potential (this parameter hasopposite signs in sublattices 1 and 2), 
 is the tunnelling splitting ofthe vibrational mode. The interaction �JSzi1Szi2 inside one cell clustersis separated. We consider two di�erent variants of model realization:� = const; n = n(�) and n = const; � = �(n) with the purpose of elu-cidating the role of structural elements or electron bands which are notexplicitly included into model but can hold the �xed value of the chemicalpotential. Hamiltonian (1) is invariant with respect to the transforma-tion ^nsi� ! 1� ^nsi�, h! 2g� h, �! ���U . It allows us to use (1) forthe description of hole-pseudospin system as well.Let us introduce the cluster basis of states jRii � jn"i1; n#i1; n"i2; n#i2i �jSzi1; Szi1i � jn"i1; n#i1; n"i2; n#i2; Szi1; Szi1i (here n"i�; n#i� denote the eigenval-



3 ðÒÅÐÒÉÎÔues of operators ^n"i� and ^n#i�) which consists of sixty-four state vectorsj1i = j0; 0; 0; 0; "; "ij2i = j0; 0; 0; 0; "; #ij3i = j0; 0; 0; 0; #; "ij4i = j0; 0; 0; 0; #; #i (2)j5i = j0; 0; 0; 1; "; "i: : :j64i = j1; 1; 1; 1; #; #i:On this basis the Hamiltonian (1) without interaction J��ii0 between clus-ters has a block diagonal form with size of blocks 4�4. Only the pseu-dospin part of Hamiltonian is non-diagonal. The i � th block, whichcorresponds to a �xed electron con�guration jKii � jn"i1; n#i1; n"i2; n#i2i,has the following form0BB@ "Kiel + g2 (ni1 � ni2)� J4 � 
2 � 
2 0�
2 "Kiel + g2 (ni1 + ni2) + J4 � h 0 � 
2�
2 0 "Kiel � g2 (ni1 + ni2) + J4 + h � 
20 � 
2 � 
2 "Kiel � g2 (ni1 � ni2)� J4 1CCA jKi; "; "ijKi; "; #ijKi; #; "ijKi; #; #i: (3)Here ni� is the eigenvalue of operator ^n"i� + ^n#i�, and "Kiel is the electroncontribution to the energy of the jKii state.In the case J = 0 and J��ii0 , the general problem can be reduced tothe problem of two noninteracting sublattices. This corresponds to thecase considered in [7].3. Dielectric susceptibility along c-axis in the absenceof the pseudospin-pseudospin interaction.Let us consider the simpli�ed case J��ii0 = 0. Then Hamiltonian (1) de-scribes the behaviour of the system of "noninteracting" clusters. Thecoupling between them exists only through the common reservoir ofcharge carriers (described by chemical potential �). That is why thecase J = 0 is not reduced exactly to the one-sublattice case [9]. Weincluded in the Hamiltonian a part which describes the in
uence of anelectric �eld perpendicular to the planes:Hint = �E?Xi P zi ; (4)
ICMP{97-28E 4where P zn is the operator of polarization along the direction of the �eld.It is given by the formulaP zi = ds(Szi1 + Szi2) + de(ni1 � ni2); (5)where ds is the dipole moment connected with pseudospin 
ipping (tran-sition of oxygen atom from one minimum of double well potential toanother); de is the dipole moment of electron charge transfer betweenplanes. Then the transverse dielectric susceptibility is given by�? = 1vcN @hPi P zi iH+Hint@E? jE?=0 = 1vc @h P ziH+Hint@E? jE?=0; (6)here N is the total number of sites, vc is the volume of a primitive cell.In order to understand the possible temperature behaviour of �?,�rstly, we consider the ground state of the system at the di�erent valuesof model parameters. Fig.1 illustrates the ground state diagram for 
 =0, J > 0, U ! 1. The solid lines on this �gure separate regions withdi�erent ground states. The chemical potential changes along the AC1DEsegment at n � 0 and along ABCE at n � 2. One can draw a line parallelto the h-axis to consider the � = const case. The calculations show thatthe eigenvalues of the polarization operator in the ground state havea nonzero values at J > 0 only inside the region KHFG; its width isproportional to J (at J < 0 this region is absent). Inside region BC1KHthe ground state is doubly degenerate and is described by the statevectors jRii = j0; 0; 0; 0; "; "i, j0; 0; 0; 0; #; #i. In FGDC region the stateswith the lowest energy are jKi; "; "i and jKi; #; #i; in region BCDC1the ground state is four-fold degenerate. The electron part of the groundstate dipole moment is di�erent from zero only inside the region BCDC1.The susceptibility �? is proportional to e��� (� > 0) outside of thoseregions and it is obeyed the 1T law inside of them:n = constI ; IV �? = �vc (2� n)n2 d2e ;II �?(0 < n < 1) = �vcn(ds � de)2; (7)�?(1 < n < 2) = �vc (2� n)(ds � de)2;III �?(0 < n < 1) = �vc fn(ds � de)2 + (1� n)d2sg;�?(1 < n < 2) = �vc f(2� n)(ds � de)2 + (n� 1)d2sg:



5 ðÒÅÐÒÉÎÔ
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Figure 1. The ground state diagram. Average concentration of electronsis shown in the brackets.

ICMP{97-28E 6� = const�� g �? = �d2svc(1 + e�� J2 ch�(g � h)) ;j�j � g; � < 0 �? = �d2svc(1 + e�� J2 ch�h) ; (8)� � 0 �?(�h� g) = �vc d2ee�� g2 ;�?(h� g) = 4 �vc d2ee�� g2 ;�?(h � g2) = �vc (ds � de)2:The formulae (7), (8) represent the main dependencies in the limit of lowtemperatures and are obtained in the case of in�nite Coulomb repulsionU . The in
uence of tunnelling motion in anharmonic potential wells onthe susceptibility �? is essential when 
 splits the states which give atlow temperatures the main contribution to the polarization. This e�ectcan be taken into account by the perturbation theory. In this case thetemperature dependence of �? is transformed from Curie's law to amore complicated form. The perturbational approach gives the followingresults: n = constI ; II ; IV �? is the same as in 
 = 0 case;III �?(0 < n < 1) = �vcn(ds � de)2; (9)�?(1 < n < 2) = �vc (2� n)(ds � de)2;� = const�� g �? = d2svcj�1 + �2j � sh�j�1 + �2jch�(�1 + �2) + e�� J2 ch�(g � h+ �1 � �2) ;where �1 = 
2=4J2 + g � h; �2 = 
2=4J2 � g + h ;



7 ðÒÅÐÒÉÎÔ��� g �? = d2svcj�1 + �2j � sh�j�1 + �2jch�(�1 + �2) + e�� J2 ch�(h+ �1 � �2) ;where �1 = 
2=4J2 + h; �2 = 
2=4J2 � h ; (10)� � 0 �? is the same as in 
 = 0 case:The tunnelling lowers the value of the transverse dielectric susceptibility�? almost in all range of parameters. When � ! �1 (the case whenthe in
uence of electron subsystem is absent), the susceptibility achievesmaximum at low temperatures: from formula (10) we can obtain forsusceptibility expression �? T!0� d2s
2 . In the region BCDC1 the characterof temperature dependence of the susceptibility is not changed. Here thetunnelling only shifts the states which contribute to the polarizability.4. The mean �eld approximation.The pseudospin part of the Hamiltonian Hs+Hs�s, except for the termcontaining J , corresponds to the Hamiltonian of Mitsui model. Model ofthis type is devoted to describe ferroelectrics with hydrogen bonds [12].It also was proposed for the description of properties of superconductorsof YBaCuO type [11]. We consider a simpli�ed model and assume belowthat 
 = 0, U !1.We consider the diagrammatic approach to derive the equations ofthe mean �eld approximation. Let us rewrite Hamiltonian (1) as follows:H = Ho �Hint (11)Ho = ��Xi;s (^nsi1 + ^nsi2) + UXi (^n"i1^n#i1 + ^n"i2^n#i2)� JXi Szi1Szi2 ++gXi;s (^nsi1Szi1 � ^nsi2Szi2)�Xi (h1Szi1 + h2Szi2)h1 = h; h2 = �hHint = 12Xi;i0 X�;� J��ii0 Szi�Szi0� :We introduce the Heisenberg representation of an operator in thesecond quantization form ~Ai(�) = e�HAie��H

ICMP{97-28E 8and the interaction representation of this operator:~Ai(�) = e�HoAie��Ho :Then the average of T -product hT ~A1(�1) : : : ~An(�n)i over the Gibbs dis-tribution with the full Hamiltonian may be writtenhT ~A1(�1) : : : ~An(�n)i = hT A1(�1) : : : An(�n)S(�)iohS(�)io= hT A1(�1) : : : An(�n)S(�)ico; (12)where averaging h: : :io is carried out with the Hamiltonian Ho and willbe treated according to diagrammatic technique procedure (h: : :ico meansthat only connected diagrams will be taken into account), � = 1=T , andtemperature S-matrix has the following form:S(�) = 1Xm=0 1m! Z �0 d�1 : : :Z �0 d�mTfHint(�1) : : :Hint(�m)g (13)Expression (12) is the basic one in the diagrammatic technique and allowus to �nd correlation functions and average values of operators.We write the free energy in the zero approximation (Hint = 0):Fo(h
) = �n� TN lnSp(e��Ho) = (14)= �n� T ln h2ne� J4 ch�2 (h1 + h2) + e�� J4 ch�2 (h1 � h2)o ++ 8e���e� J4 ch�2 (h1 + h2) ch�2 g + e�� J4 ch�2 (h1 � h2 � g)� ++ 8e2���e� J4 ch�2 (h1 + h2) + e�� J4 ch�2 (h1 � h2 � 2g)��(we show explicit dependence of the free energy from �eld h
 , 
 = 1; 2 {coe�cient near Szi
). Then the general expression for free energy isF = �n� TN lnSp(e��H) = Fo(h
)� TN lnhS(�)io= Fo(h
)� TN hS(�)ico: (15)We introduce the following diagrammatic representation:= J��ij



9 ðÒÅÐÒÉÎÔ= hSzi�io = � @@ h�Fo(h
) = b�(h
)= hSzi�i= b��0(h
) � b��0 = @@�h�0 b�(h
)The summation of the one-tail diagrams corresponds to the mean �eldapproximation: (16)or in terms of formulae:hSz�i = b�(h
) + �1!X�� Xj J��ij hSz�i @@�h� b�(h
) + (17)+�22! X��0��0Xjj0 J��ij hSz�iJ�0�0ij0 hSz�0i @2@�h�0@�h� b�(h
) + : : : :Noticing that the right side of this relation contains the usual expansionof b�(h
) over parameter h
 , we rewritehSz�i = b�(h
 +X� �J�
hSz� i) � b�(~h
); where (18)J�
 � J�
(k = 0) =Xj J�
ijFormula (18) is the transcendental system of equations (� = 1; 2) fromwhich one can determine the polarization � = hSz1+Sz2 i in the molecular�eld approximation. In the case of constant concentration we need tosupplement the system (18) by the equation which de�nes the chemicalpotential Sp �^ne��(Ho�P�
 J�
hSz� iSz
)�Sp �e��(Ho�P�
 J�
hSz� iSz
)� = nIn the mean �eld approximation the free energy has the following form:FMFA = �n+ �2 X�
 J�
hSz� ihSz
i � TN ln Sp e��(Ho�P�
 J�
hSz� iSz
)
ICMP{97-28E 10= Fo(~h
) + �2 X�
 J�
hSz� ihSz
i (19)The phase diagrams which describe the ferroelectric type phase tran-sitions for cases � = const and n = const are shown on Fig.2-3 (all modelparameters are derived by J11 + J12 > 0). It may be easily seen that incase of J11�J12J11+J12 = �1 (only interplane interaction is present) exclusivelythe structural phase transition of second order takes place. Increasing ofparameter J11�J12J11+J12 leads to narrowing of the ferroelectric ordering areaand appearance of the �rst order phase transition. The width of thisarea is proportional to J in � = const and may disappear if J = 0. Thispoints to the importance of explicit allowing for the interaction J withincluster.In n = const regime ferroelectric phase exists at all values of J . Thisis explained by peculiarities of behaviour of the chemical potential in thiscase. Coming back to the ground state diagram (Fig.1) we note that thechemical potential varies along curve AC1DE at n � 0 and along ABCDat n � 2. The area of degenerated ground state (in which there is alwaysferroelectric ordering ) is the parallelogram BCDC1 which length alongaxis 0h is g + J . This value de�nes approximate width of ferroelectricphase area.The presence of a phase transitions manifests in the peculiar depen-dencies of dielectric susceptibility on h ([14]). In the vicinity of a secondorder phase transition point the susceptibility increases drastically. Atthe point of �rst order phase transition the susceptibility jumps to an-other value without singularities.The long-range interaction eliminates the 1T law. It may be showneasy in the � = const regime. We can neglect the �eld dependence ofparameters Sz� (� = hSz1 +Sz2 i = 1 and � = hSz1 �Sz2i = 0 in pseudospin-ordered phase) and use the formula�? = �vc h(P z)2i � �vc hP zi2:hP zi is di�erent from zero in the ferroelectric phase. Moreover,h(P z)2i T!0= hP zi2. In the limit �! �1, for example,�? = �vc 4d2se��jJ11+J12j (20)in the ferroelectric phase (jhj < J2 , J > 0). The temperature behaviour
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Figure 2. Dependence of the temperature of ferroelectric phase transitionTc on h at di�erent values of parameter J11�J12 in the regime � = const:a) J11�J12J11+J12 = �1, b) J11�J12J11+J12 = 0, c) J11�J12J11+J12 = 1. Other parameters:J=(J11 + J12) = 1, g=(J11 + J12) = 1, �=(J11 + J12) = �1. The phasetransitions can be of second (solid lines) or of �rst order (dashed lines).The widely spaced dashed lines correspond to one-loop approximationwith Nint = 2.
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Figure 3. h dependence of the temperature of ferroelectric phase transi-tion Tc at di�erent values of parameter J11�J12 in the regime n = const:a) J11�J12J11+J12 = �1, b) J11�J12J11+J12 = 0, c) J11�J12J11+J12 = 1. Other parameters:J=(J11 + J12) = 1, g=(J11 + J12) = 1 n = 0:4. Solid lines and dashedlines represent second order and �rst order phase transitions respectively.The widely spaced dashed line corresponds to one-loop approximationwith Nint = 2.



13 ðÒÅÐÒÉÎÔof susceptibility is changed also in the paraphase (jhj > J2 , J > 0):�? = �d2svc �1 + e�� J2 ch�(J11�J122 + jhj)� : (21)The last expression at J11 = J12 = 0 agrees with the result obtained inthe case of the absence of a long-range interaction (8).5. One-loop approximation.In constructing of higher order approximation we can use mean �eld ap-proximation as the zero one. Then it is assumed that all one-tail diagramsare already summarized and all averaging is carried out over distributionwith the Hamiltonian HMFA = Ho �P�
 J�
hSz� iSz
 + 12 P�
 J�
hSz� ihSz
i.We represent this graphically by substituting blocks surrounded bydashed lines into blocks surrounded by solid line. In one-loop approx-imation the free energy has the formF 1 = FMFA � TN hS(�)i1o (22)

Introducing matrixes ^b and ^J with elements b�� and J�� corresponding-ly and making Fourier transformation, we rewrite (22) in the followingform:hS(�)i1o = 12 "Xk Sp�12(^J(k)^b)2 + 13(^J(k)^b)3 + 14(^J(k)^b)4 + : : :�#= �12fXk 2Xi=1 ln(1� �i(k))g; (23)where �i(k) are the eigenvalues of ^J(k)^b matrix:�1;2(k) = J11(k)(b11 + b22) + 2J12(k)b122 � (24)�qJ211(k)(b11�b22)24 + (J11(k)b12 + J12(k)b11)(J11(k)b12 + J12(k)b22)
ICMP{97-28E 14The equation for hSz�i can be easily derived by making the derivation offree energy of one site over the ~h�:hSz�i = �@F 1@~h� = b� � T2N Xk 2Xi=1 11� �i(k) @�i(k)@�~h� (25)The corresponding diagrammatic series for the average value of pseu-dospin has the form

(26)Summing over k which is contained in formulas (23) and (25) in thisapproximation is usually performed by introducing the density of states(which is rectangular in two dimensional case). The �nal expression forfree energy isF 1 = FMFA � 1� � 14� 2Xi=1 � 1��i(0) ln1� ��i(0)1 + ��i(0) � ln(1� �2�i(0)2)� ;�i(0) � �i(k = 0) for i = 1; 2: (27)The solution of system (25) in the particular case of second orderphase transition at � = const is shown on Fig.4. The temperature ofphase transition to the ferroelectric phase Tc is lower if compared withthe one derived in the mean �eld approximation. However, in this ap-proach one-loop approximation points to the possibility of appearingnon-physical phase transitions inside ordered phase. In [15] where thespinless fermion model was considered in order to avoid undesirablephase transitions it is proposed to apply the correctional high-densityexpansion (CHDE) method or to renormalize the semi-invariants by sum-ming "two-tailed" parts (this scheme takes into account gaussian 
uc-tuations of molecular �eld). From our point of view, additional phasetransitions are not the defect of the approximation but are the result ofits unjusti�ed application for short-range interaction. The Fourier imageof the potential of nearest neighbours has the formJ(k) = J2 (coskxa+ coskya); (28)where a is the lattice constant. Indeed, the one-loop approximation takesinto account contributions of the diagrams with one sum over k. Accord-ing to classi�cation given in [13] it corresponds to correction of the �rst



15 ðÒÅÐÒÉÎÔorder in (a=Ro)2 expansion (Ro is the radius of interaction). That is whywe can not use (28) for one-loop approximation.It is well-known that the mean �eld approximation gives the exactresult in case when the interaction between the sites has in�nite radiusand does not depend on the distance:Jij = JN � JN �ij ; (29)or, after Fourier transformation,J(k) = J�k=0 � JN : (30)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 1N and disappears in the thermodynamicallimit N ! 1. When passing from in�nitely long interaction to the in-teraction with de�nite radius J(r; Ro), we should satisfy the sum rulefor Fourier image (which exclude self-interaction)Xk J(k) = 0: (31)and J(k) should corresponds (30) in the extreme case Ro !1. Let usde�ne the potential of interaction J(r; Ro) in the formJ�
(r; Ro) = J�
2� a2R2o e�r=Ro ; (32)which is widely applied to describe the interactions in spin models. Tak-ing into account the condition (31), we can write its Fourier image inthe form J�
(k) = J�
(1 + k2R2o) 32 � 1N Xk J�
(1 + k2R2o) 32| {z }C ; (33)or, using discrete representation for k vector,J�
(m;n) = J�
(1 + 4�2(n2 +m2)N2int=N) 32 � C; (34)where n;m = �pN + 1; : : : ; 0; 1; 2; 3; : : : ;pN , Nint = Ro=a in the nu-merical calculations. We use the simplest method taking the direct sum-ming over k, choosing pN = 40, Nint = 2 (number of neighbours which
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17 ðÒÅÐÒÉÎÔinteract with a given site is � 16, thus having long-range interaction).J(k) ! 0 at the border of Brillouin zone, therefore the condition ofperiodicity of J(k) in the reverse space is valid. The results of numer-ical calculations of the order parameter and phase diagrams are shownon Fig.4. As it may be seen, the temperature of the ferroelectric phasetransition 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 asymmetryparameter h value, at which three phase transitions exist is the resultof long-range forces. This feature disappears when radius of interactionbecame smaller than some de�nite value.It may be easily seen that width of the ferroelectric phase stays prac-tically unchanged and conclusions which were made basing on the resultsof molecular �eld are valid for the higher approximation. The same maybe concluded about the type of phase transition.6. Conclusions.In the framework of two-sublattice pseudospin-electron model the trans-verse dielectric susceptibility �? is calculated in the case of the absenceof 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 valuesof h parameter with width � J where the ground state of the systemis degenerate. Here, in the regime � = const, susceptibility is inverselyproportional at low temperatures to the temperature. By contrast, in theregime n = const (� = �(n)) the dielectric susceptibility obeys Curie'slaw at all values of the model parameters. The role of tunnelling is sig-ni�cant in the region where 
 splits the degenerate ground state. Thenthe susceptibility achieves its maximum at T = 0 (�? � 1
2 ).In the second part of this work the interaction between pseudospinswas considered within the mean �eld approximation as well as one-loopapproximation. 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, connectedwith macroscopic polarization along c-axis in the systems like YBaCuOare considered. It should be noted that the problem of the existence ofstate with spontaneous polarization has been subject for study for recentyears. It was reported, for example, about the observation of pyroelectricproperties of YBaCuO [10], [16].The interaction between electron and pseudospin subsystems leadsto a shift of the ferroelectric phase compared to the pure Mitsui model
ICMP{97-28E 18and to a change in shape of the phase diagrams. The ferroelectric phaseis always present in the region with degenerate ground state. The widthof the corresponding interval of values of h parameter is proportionalto the constant of interaction between pseudospins inside cluster. Theappearance of a pseudospin-ordered phase changes the temperature be-haviour of �? near phase transition points and eliminates Curie's law inthe ferroelectric phase.The analysis of the model in the approximation higher than the mean�eld, namely in the so-called one-loop approximation was carried out.It was shown that the right choice of the model long-range potentialexcludes additional non-physical phase transitions in the ordered phasestypical for this approximation. The lowering of the temperature of tran-sition from paraphase to to ferroelectric phase was established, as wellas the narrowing of the ferroelectric ordering area. The existence of theranges of h-parameter (both in this and in Mitsui model) at which threephase transitions exist is the result related to the long-range interactionbetween pseudospins.It should be mentioned that ferroelectric ordering of pseudospins hasan e�ect on the redistribution of the electrons (holes) between supercon-ducting planes. On the other hand, electron transfer in the superconduct-ing planes produces an e�ective interaction between pseudospins [8,9].That is why it is necessary to consider both processes self-consistentlyto describe the phase transitions and instabilities in real systems.AcknowledgementsThis work was supported by the Foundation for Fundamental Investi-gations of the Ukrainian Ministry in A�airs of Science and Technology,project No 2.4/171.References1. Emery V.J. Theory of high-Tc superconductivity of oxides. // Phys.Rev. Lett., 1987, vol. 57, No 26, p.2794-2797.2. Maruyama H., Ishii T., Bamba N., Maeda H., Koizumi A., Yoshika-wa Y., Yamazaki H. Temperature dependence of the EXAFS spec-trum in YBa2Cu3O7�� compounds. // Physica C, 1989, vol. 60, No5/6, p.524.3. Mustre de Leon J., Conradson S.D., Batistic' I., Bishop A.R., Ra-istrick I.D., Aronson M.C., and Garzon F.H. Axial oxygen-centeredlattice instabilities in YBa2Cu3O7: An application of the analysis of



19 ðÒÅÐÒÉÎÔextended x-ray-absorbtion �ne structure in anharmonic systems. //Phys.Rev.B, 1992, vol. 45, p.2447-2457.4. Ruani G., Taliani C., Muccini M., Conder K., Kaldis E., Keller H.,Zech D., Muller K.A. Apex anharmonicity observed by Raman scat-tering in 18O substituted YBa2Cu3O6+x. // Physica C, 1994, vol.226, p. 101-105.5. Conradson S.D., Raistrick I.D. The axial oxygen atom and super-conductivity in YBa2Cu3O7. // Science, 1989, vol. 243, No 4896,p. 1340.6. M�uller K.A. // Phase transitions, 1988 (Special issue).7. Stasyuk I.V., Shvaika A.M. Dielectric properties and electron spec-trum of the M�uller model in the HTSC theory. // Acta PhysicaPolonica A, 1993, vol. 84, No 2, p. 293-313.8. Stasyuk I.V., Danyliv O.D. The account of e�ective interaction inthe Hubbard model with local anharmonicity. // Lviv, 1994, 24p.(Preprint / Ukr. Acad. Sci. Inst. Cond. Matt. Phys.; ICMP{94{6U),(in Ukrainian).9. Stasyuk I.V., Shvaika A.M. and Danyliv O.D. Dielectric instabilityand charge ordering in the local anharmonic model of high Tc super-conductors. // Molecular Physics Reports, 1995, vol. 9, p. 61-75.10. Mihailovic D. and Heeger A.J., Pyroelectric and piezoelectric e�ectsin single crystals of YBa2Cu3O7��. // Solid State Comm., 1990,vol. 75, p. 319-323.11. Galbaatar T. and Plakida N.M. Ferroelectric ordering induced byapical oxygen anharmonicity in YBa2Cu3O7. In: Intern. ConferenceM2S-HTSC IV, 5-9 July, 1994, Grenoble.12. Blinc R., Zeks B. Soft modes in ferroelectrics and antiferroelectrics.Mir, Moskow, 1975 (in Russian).13. Izyumov Ju.A. at al. The �eld methods in the ferromagnetism theory.Nauka, Moskow, 1974 (in Russian).14. Danyliv O.D., Stasyuk I.V. The analysis of ferroelectric type insta-bilities in the two-sublattice model of high temperature supercon-ducting systems. // Cond. Mat. Phys., 1996, vol. 7, p. 163-177.15. Bartkowiak M., M�unger P. and Micnas R. High-density expansionfor the spinless fermion model. I. First order in 1=z and Horwitz-Callen renormalization.// International Journal of Modern PhysicsB, 1988, vol. 2, No 3 & 4, p. 483-520.16. Grachev A.I. and Pleshkov I.V., Pyroelectric voltage in YBCO thin�lms.// Solid State Comm., 1997, vol. 101, No. 7, p. 507-512.
ICMP{97-28E 20



ðÒÅÐÒÉÎÔÉ ¶ÎÓÔÉÔÕÔÕ Æ¦ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ îáî õËÒÁ§ÎÉÒÏÚÐÏ×ÓÀÄÖÕÀÔØÓÑ ÓÅÒÅÄ ÎÁÕËÏ×ÉÈ ÔÁ ¦ÎÆÏÒÍÁÃ¦ÊÎÉÈ ÕÓÔÁÎÏ×. ÷ÏÎÉÔÁËÏÖ ÄÏÓÔÕÐÎ¦ ÐÏ ÅÌÅËÔÒÏÎÎ¦Ê ËÏÍÐ'ÀÔÅÒÎ¦Ê ÍÅÒÅÖ¦ ÎÁ WWW-ÓÅÒ-×ÅÒ¦ ¦ÎÓÔÉÔÕÔÕ ÚÁ ÁÄÒÅÓÏÀ 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 scienti�c andinformational institutions. They also are available by computer networkfrom Institute's WWW server (http://www.icmp.lviv.ua/)

¶ÇÏÒ ÷ÁÓÉÌØÏ×ÉÞ óÔÁÓÀËïÌÅÇ äÍÉÔÒÏ×ÉÞ äÁÎÉÌ¦×óÔÒÕËÔÕÒÎ¦ ÆÁÚÏ×¦ ÐÅÒÅÈÏÄÉ × Ä×ÏÐ¦ÄÇÒÁÔËÏ×¦ÊÐÓÅ×ÄÏÓÐ¦Î-ÅÌÅËÔÒÏÎÎ¦Ê ÍÏÄÅÌ¦ ×ÉÓÏËÏÔÅÍÐÅÒÁÔÕÒÎÉÈÎÁÄÐÒÏ×¦ÄÎÉË¦×òÏÂÏÔÕ ÏÔÒÉÍÁÎÏ 12 ÇÒÕÄÎÑ 1997 p.úÁÔ×ÅÒÄÖÅÎÏ ÄÏ ÄÒÕËÕ ÷ÞÅÎÏÀ ÒÁÄÏÀ ¶æëó îáî õËÒÁ§ÎÉòÅËÏÍÅÎÄÏ×ÁÎÏ ÄÏ ÄÒÕËÕ ÓÅÍ¦ÎÁÒÏÍ ×iÄÄiÌÕ Ë×ÁÎÔÏ×Ï§ ÓÔÁÔÉÓÔÉËÉ÷ÉÇÏÔÏ×ÌÅÎÏ ÐÒÉ ¶æëó îáî õËÒÁ§ÎÉc
 õÓ¦ ÐÒÁ×Á ÚÁÓÔÅÒÅÖÅÎ¦


