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õäë: 537.226.33, 537.312.62PACS: 64.60.Cn, 63.20.Ry, 74.25.KcäÉÎÁÍ¦ËÁ ÔÁ ÔÅÒÍÏÄÉÎÁÍ¦ËÁ ÍÏÄÅÌ¦ Ú ÌÏËÁÌØÎÉÍ ÁÎÇÁÒÍÏÎ¦Ú-ÍÏÍ Õ ×ÉÐÁÄËÕ ×¦ÄÓÕÔÎÏÓÔ¦ ÅÌÅËÔÒÏÎÎÏ§ ÈÁÂÂÁÒÄ¦×ÓØËÏ§ ËÏÒÅ-ÌÑÃ¦§. II. þÉÓÅÌØÎÅ ÄÏÓÌ¦ÄÖÅÎÎÑ.¶.÷.óÔÁÓÀË, á.í.û×ÁÊËÁ, ë.÷.ôÁÂÕÎÝÉË.áÎÏÔÁÃ¦Ñ. ðÒÏ×ÅÄÅÎÏ ÁÎÁÌ¦Ú ÔÅÒÍÏÄÉÎÁÍ¦ÞÎÉÈ ×ÌÁÓÔÉ×ÏÓÔÅÊ ÐÓÅ×-ÄÏÓÐ¦Î{ÅÌÅËÔÒÏÎÎÏ§ ÍÏÄÅÌ¦ Õ ×ÉÐÁÄËÕ ×¦ÄÓÕÔÎÏÓÔ¦ ÅÌÅËÔÒÏÎÎÏ§ ËÏÒÅ-ÌÑÃ¦§. ðÏËÁÚÁÎÏ, ÝÏ ×ÚÁ¤ÍÏÄ¦Ñ ÅÌÅËÔÒÏÎ¦× Ú ÐÓÅ×ÄÏÓÐ¦ÎÁÍÉ × ÒÅÖÉÍ¦�=const ÐÒÉ×ÏÄÉÔØ ÄÏ ÍÏÖÌÉ×ÏÓÔ¦ ÆÁÚÏ×ÏÇÏ ÐÅÒÅÈÏÄÕ ÐÅÒÛÏÇÏ ÒÏÄÕÐÒÉ ÚÍ¦Î¦ ÔÅÍÐÅÒÁÔÕÒÉ ¦Ú ÓÔÒÉÂËÏÍ ÓÅÒÅÄÎØÏÇÏ ÚÎÁÞÅÎÎÑ ÐÓÅ×ÄÏÓÐ¦ÎÁhSzi ¦ ÐÅÒÅÂÕÄÏ×ÏÀ ÅÌÅËÔÒÏÎÎÏÇÏ ÓÐÅËÔÒÕ. ÷ ÒÅÖÉÍ¦ n=const ÐÒÉ ÐÅ×-ÎÉÈ ÚÎÁÞÅÎÎÑÈ ÐÁÒÁÍÅÔÒ¦× ÍÁ¤ Í¦ÓÃÅ ÎÅÓÔÁÂ¦ÌØÎ¦ÓÔØ ÝÏÄÏ ÆÁÚÏ×ÏÇÏÒÏÚÛÁÒÕ×ÁÎÎÑ × ÅÌÅËÔÒÏÎÎ¦Ê Ð¦ÄÓÉÔÅÍ¦.Dynamics and thermodynamics of the model with local anhar-monism in the case of absence of the electron Hubbard corre-lation. II. The numerical research.I.V.Stasyuk, A.M.Shvaika, K.V.Tabunshchyk.Abstract. The analysis of the thermodynamic properties of the pseudo-spin{electron model in the case of absence of the electron correlation isperformed. It is shown that interaction between the electron and pseu-dospin subsystems leads in the �=const regime to the possibility of the�rst order phase transition at the temperature change with the jump ofthe pseudospin mean value hSzi and reconstruction of the electron spec-trum. In the regime n=const an instability with respect to the phaseseparation in electron subsystem can take place for certain values of themodel parameters.
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1 ðÒÅÐÒÉÎÔ1. Introduction.The model under consideration takes into account the interaction ofelectrons with the local anharmonic mode of lattice vibrations. Suchproperty is characteristic for the vibrations of the so{called apex oxygenions OIV along c{axis direction of the layered compounds of YBa2Cu3O7{ type structure [1{3]. In the case of local double{well potential, thevibrational degrees of freedom can be presented by pseudospin variables.The Hamiltonian of the model, with the use of pseudospin variables forthe description of anharmonic vibrations, has the following form [4].H =Xi Hi +Xij� tijb+i�bj� ; (1)Hi = Uni"ni# +Eo(ni" + ni#) + g(ni" + ni#)Szi � 
Sxi � hSzi ; (2)where the single{site energy Hi includes Hubbard correlation U , inter-action with anharmonic (pseudospin) mode (g { term), the energy of thetunnelling splitting (
 { term) and energy of the anharmonic potentialasymmetry (h { term); Eo de�nes the origin of energies of the single{electron states (for the case of grand canonical ensemble Eo = ��). Thevalues Sz = �1=2 correspond to the two possible positions of oxygen OIVin the double{well potential. The second term in (1) describes electrontransfer.In the �rst part of this work [5] we have written the Hamiltonian ofthe model in the second quantized form (for the case 
 = 0 and absenceof the Hubbard correlation U = 0)H =Pi f"(ni" + ni#) + ~"(~ni" + ~ni#)� hSzi g++Pij� tij(a+i�aj� + a+i�~aj� + ~a+i�aj� + ~a+i�~aj�) == Ho +Hint; (3)using the operators of the electron creation (annihilation) at the sitewith certain pseudospin orientationa�i = b�i(1=2 + Szi ) ; a+�i = b+�i(1=2 + Szi ) ;~a�i = b�i(1=2� Szi ) ; ~a+�i = b+�i(1=2� Szi ) : (4)Here " = Eo + g=2 ; ~" = Eo � g=2 ; (5)are energies of the single{site states; Ho is the single{site (diagonal)term, Hint is the hopping terms.

ICMP{99{02E 2The analytical calculation was performed by diagrammatic methodin the mean �eld approximation [5]. Single{particle Green functions aretaken in the Hubbard{I approximation. This corresponds to the omittingof the diagrams including semi{invariants of the higher than �rst orderin the loop and also the connection of two loops by more than one semi{invariant.Then the analytical equation for the mean value of pseudospin hSziwas expresed in formhSzl i = hSzl iMF = 12 tanh��2 (h+ �2 � �1) + ln 1 + e��"1 + e��~"� : (6)Di�erence �2 � �1 in (6) corresponds to the internal e�ective self{con-sistent �eld acting on pseudospin�2 � �1 = 2N X~k t~k "� ~""I(t~k)� "II(t~k)fn("II(t~k)) � n("I(t~k))g ; (7)n(") = 11 + e�" is Fermi distribution, "I;II are energies of the single{electron excitations"I;II(t~k) = 1=2(2Eo + t~k)� 1=2qg2 + 4t~khSzig + t2~k : (8)Behaviour of the electron bands as function of the coupling constant ispresented in Fig. 1. One can see that the gap in spectrum always exists.The widths of subbands depends on the mean value of pseudospin andin the case of strong coupling (g � W ) subbands halfwidth is equal toW � 12 � hSzi�.The diagram series for mean value hnii (using the perturbation the-ory, Wick's theorem and expansion in semi{invariants) can be presentedin the formhnii = = - + _1
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with the analytical expressionhni = 2N X~k fn("I(t~k)) + n("II(t~k))g � 2hP+in(~")� 2hP�in(") : (10)



3 ðÒÅÐÒÉÎÔThe diagram series for the thermodynamical potential and the cor-responding analytical expression are following�4
 = � lnZ + lnZo; Z = Sp(e��H); Zo = Sp(e��Ho);�4
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4
 = � 2N�X~k ln (cosh �2 "I(t~k))(cosh �2 "II(t~k))(cosh �2 ")(cosh �2 ~") � (12)� 1� ln cosh��2 (h+ �2 � �1) + ln 1 + e��"1 + e��~"�++1� ln cosh��2h+ ln 1 + e��"1 + e��~"�+ hSzi(�2 � �1) :We would like to remind, also, the diagram equation and analyticalsolution for the pseudospin correlator

= − Σ
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,

(13)hSzSzi~q = 1=4� hSzi21 +P�;�(�1)�+� � �;�~q ( 14 � hSzi2) ; (14)whereX�;� (�1)�+� � �;�~q = 2�N X~k t~kt~k+~q("� ~")2["I(t~k)� "II(t~k)]["I(t~k+~q)� "II (t~k+~q)]�
ICMP{99{02E 4�(n["I(t~k)]� n["I(t~k+~q)]"I(t~k)� "I(t~k+~q) + n["II (t~k)]� n["II (t~k+~q)]"II (t~k)� "II (t~k+~q) � (15)�n["I(t~k)]� n["II(t~k+~q)]"I(t~k)� "II (t~k+~q) � n["II(t~k)]� n["I(t~k+~q)]"II(t~k)� "I(t~k+~q) ) :Our correlator is di�erent from zero only in the static case. This is due tothe fact that operator Sz commutes with Hamiltonian being the integralof motion.
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gFigure 1. Electron bands boundaries ( W = 0:4, hSzi = 0:2).2. The numerical research in �=const regime.In investigation of the equilibrium conditions we shall separate two re-gimes: �=const and n=const. The equilibrium is de�ned for the �rstregime by the minimum of thermodynamical potential: � @
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5 ðÒÅÐÒÉÎÔThe �=const regime corresponds to the case when the charge re-distribution between conducting sheets CuO2 and other structural ele-ments (charge reservoir, e.g. nonstoichiometric in oxygen CuO chains inYBaCuO type structures) is allowed.The dependences of order parameter hSzi on �eld h and tempera-ture T , at the constant value of chemical potential, are determined byequation (6). All integrals in (6) can be calculated analytically at zerotemperature (below, all calculations will be performed for rectangulardensity of states, but we would like to remark that similar behaviour wecan obtain in the case of semi{elliptic density of states).We shall present all our results for the case of zero temperature aswell as for the case of non{zero temperature.The phase diagrams � { h which indicate stability regions for stateswith hSzi = � 12 are shown in Fig. 2 for g �W .One can see two regions of the � and h values where the states withhSzi = 12 and hSzi = � 12 are both stable. In the vicinity of these regionsthe phase transitions of the �rst order with the change of the longitudinal�eld h and/or chemical potential � take place and they are shown bythick lines on phase diagrams Fig. 2.The �eld dependencies of hSzi and 
 near the phase transition pointare presented in Figs. 3, 4. Their behaviour in the cases of T = 0 andT 6= 0 with the change of chemical potential is similar: S - like for meanvalue of pseudospin and the �sh tail form for thermodynamical potential.In the �=const regime chemical potential can be situated in the elec-tron bands or out of them with the change of �eld h (Fig. 5 dashedline) and in the vicinity of the phase transition point this results in therapid change of the electron concentration (Fig. 6 dotted lines) due tothe charge transfer from/to the reservoir (CuO planes). The widths ofthe electron subbands depend on the mean value of pseudospin whichresults in the presented above behaviours.The phase transition point is presented by the in
ection point onthe dependence 
(h) (Fig. 4 dotted lines). At the same time this valueis determined according to the Maxwell rule from the plot of functionSz(h).With the temperature increase the region of the phase coexistencenarrows and the corresponding phase diagram Tc - h is shown in Fig. 7.The tilt of the coexistence curve testi�es the possibility of the �rst orderphase transition at the change of temperature with the jump of pseu-dospin mean value. (The phase diagram Tc{� has a similar form). Theexistence of the shifted and tilted curve as result of the local pseudospin{electron interaction was obtained for the �rst time in [6] for pseudospin{
ICMP{99{02E 6
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Figure 2. Phase diagram � - h. Dotted and thin solid lines surroundregions with Sz = � 12 , respectively. Thick solid line indicate the �rstorder phase transition points. a) the case of zero temperature; b) T =0:002 ( W = 0:2; g = 1 ) .



7 ðÒÅÐÒÉÎÔ
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Figure 3. Field dependency of hSzi (W = 0:2, � = �0:4, g = 1:0) for�=const regime; T = 0:01 and T = 0.
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9 ðÒÅÐÒÉÎÔelectron model with direct interaction between pseudospins.The analysis of the thermodynamical potential behaviour with thetemperature increase (Fig. 8) shows that the lowest value of 
(T ) cor-responds to the jump of the mean value of pseudospin (Fig. 9 dottedlines) from the branch which corresponds to the low temperature phaseto the branch of the hight temperature phase. The analysis of the hSzSzibehaviour with the temperature decrease shows that the hight tempera-ture phase is stable up to zero temperature. This means that vertical lineon the Tc{h phase diagram only once cross the boundary of the phasestability.In �gures the case when the chemical potential is places in the lowersubband is presented. There is no any speci�c behaviour when chemicalpotential is placed out of bands. And if chemical potential is placed inupper subband our results transform according to the internal symmetryof the Hamiltonian:�! ��; h! 2g � h; n! 2� n; Sz ! �Sz: (16)
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Figure 7. Phase diagram Tc { h (g = 1, � = �0:4).3. The numerical research in n=const regime.In the regime of the �xed value of electron concentration the �rst orderphase transition with the jump of pseudospin mean value accompanied
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11 ðÒÅÐÒÉÎÔby the change of electron concentration transforms into the phase sepa-ration.The dependence of the mean value of particle number (or electronconcentration) on chemical potential is one of the factors that determinesthe thermodynamically stable states of system. One can see the regionswith d�=dn � 0 where states with homogenous distribution of particleare unstable, which correspond the phase separation into the regionswith di�erent electron concentrations and pseudospin mean values (Fig.10 and Fig. 11).In the n=const regime the equilibrium condition is determined bythe minimum of free energy F = 
+�N . In the phase separated regionfree energy as a function of n de
ects up (Fig. 11 ) and concentrationsof the separated phases are determined by the tangent line touch points(these points, also, are points of binodal lines , which are determinedaccording to the Maxwell rule from the function �(n) see. Fig. 10).Resulting phase diagram T{n is shown in Fig. 12.
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Figure 10. Dependence of the chemical potential � on the electron con-centration n and pseudospin mean{value hSzi for di�erent h values(g = 1, W = 0:2, T = 0:01).4. Conclusions.The investigation of the pseudospin{electron model in the case of absenceof the electron correlation was performed in the mean �eld approxima-tion using Hubbard{I approximation for the calculation of the single{particle Green function. In the �rst part of this paper we performed
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13 ðÒÅÐÒÉÎÔthe analytical consideration for our model and all quantities have beenobtained in the framework of one approximation.As a result of numerical investigations we obtain:1) the gap in the electron spectrum always exist (with the changeof mean value of pseudospin the reconstruction of electron spectrum isrealized);2) the possibility of the �rst order phase transition with the changeof the longitudinal �eld h (in consequence of this the S{like behaviourfor mean value of pseudospin with the jump in the phase transitionpoint (that corresponds to the in
ected point on the dependence 
(h))is obtained and in this point the concentration redistribute rapidly be-tween the conducting sheets CuO2 and charge reservoir (CuO planes) inYBaCuO type structures);3) the phase coexistence curve is tilted from vertical line, thereforethe possibility of the �rst order phase transition with the temperaturechange exists;4) the hight temperature phase is stable in the whole region of tem-perature (Fig. 9);5) in the regime n=const we have the regions with d�=dn < 0, whichcorresponds to the phase separation with the appearance of regions withdi�erent electron concentrations and di�erent orientation of pseudospins.References1. Cohen R.E., Pickett W.E., Krakauer H. Theoretical determinationof strong electron{phonon coupling in YBa2Cu3O7 // Phys. Rev.Lett.{ 1990. { 64, N 21. { P.2575{2578.2. MaruyamaH., Ishii T., Bamba N., Maeda H., Koizumi A., YoshikawaY., Yamazaki H. Temperature dependence of the EXAFS spectrumin YBa2Cu3O7�� compounds //Physica C. { 1989. { 160, N 5/6. {P. 524.3. Conradson S.D., Raistrick I.D. The axial oxygen atom and super-conductivity in YBa2Cu3O7 //Science. { 1989. { 243, N 4896. { P.1340.4. Stasyuk I.V., Shvaika A.M. Dielectric properties and electron spec-trum of the Muller model in the HTSC theory. // Acta PhysicaPolonica A, 84, 293 (1993).5. I.V.Stasyuk, A.M.Shvaika, K.V.Tabunshchyk. Dynamics and ther-modynamics of the model with local anharmonism in the case ofabsence of the electron Hubbard correlation.I. The analytical consideration. // Preprint ICMP-98-21E { P. 1{18.
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