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Kyrylo V. TabunshhykThermodynami properties of pseudospin-eletron model in thegaussian �utuation approximation
ICMP�01�16E

ËÜÂIÂ

ÓÄÊ: 537.226.33, 537.312.62PACS: 63.20.Ry, 64.60.-i, 71.10.Fd, 77.80.BhÒåðìîäèíàìi÷íi âëàñòèâîñòi ïñåâäîñïií-åëåêòðîííî¨ ìîäåëiâ íàáëèæåíi ãàóñîâèõ �ëóêòóàöié.Êèðèëî Â. ÒàáóíùèêÀíîòàöiÿ. Äîñëiäæó¹òüñÿ âïëèâ å�åêòiâ ïîâ'ÿçàíèõ ç �ëóêòóà-öiÿìè âíóòðiøíüîãî ïîëÿ íà òåðìîäèíàìiêó �àçîâèõ ïåðåõîäiâ âïñåâäîñïií-åëåêòðîííié ìîäåëi. Â ðàìêàõ ñàìîóçãîäæåíîãî ìåòîäóâðàõóâàííÿ ãàóñîâèõ �ëóêòóàöié (íà îñíîâi ñõåìi ÓÍÕÔ), à òàêîæ âíàáëèæåííi òèïó Îíèøêåâè÷à ðîçðàõîâàíî òåðìîäèíàìi÷íèé ïîòåí-öiàë, ñåðåäí¹ çíà÷åííÿ îïåðàòîðà ïñåâäîñïiíó òà âåëè÷èíà ñåðåäíüî-êâàäðàòè÷íî¨ �ëóêòóàöi¨ âíóòðiøíüîãî å�åêòèâíîãî ïîëÿ. Çðîáëåíîïîðiâíÿííÿ �àçîâèõ äiàãðàì îòðèìàíèõ, â ðàìêàõ ðiçíèõ ìåòîäiâ, ùîâðàõîâóþòü ãàóñîâi �ëóêòóàöi¨, ìiæ ñîáîþ òà ç âiäïîâiäíèìè ðåçóëü-òàòàìè â ñåðåäíüîïîëüîâîãî òèïó íàáëèæåíü.Thermodynami properties of pseudospin-eletron model inthe gaussian �utuation approximationKyrylo V. TabunshhykAbstrat. An in�uene of the �utuation e�ets on the thermodynamisof phase transitions in pseudospin-eletron model is investigated. With-in the framework of self-onsistent gaussian �utuation approah (basedon the GRPA sheme) and Onysziewiz type approximation the grandanonial potential, pseudospin mean value, as well as the mean squaresof �utuations are alulated. The omparison of phase diagrams ob-tained within the the di�erent gaussian �utuation approahes betweenoneself and also with orresponding results alulated in the mean �eldtype approximations is done.
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1 Ïðåïðèíò1. IntrodutionThe pseudospin-eletron model (PEM) was originally proposed to in-lude a loal interation of the onduting eletrons in metals (orsemimetals) with a ertain two level subsystem when it is reasonableto use pseudospin formalism; the pseudospin variable Szi = �1=2 de�nesthese two states. Starting from [1, 2℄ this sheme is applied to desribethe strongly orrelated eletrons of CuO2 sheets oupled with the vibra-tional states of apex oxygen ions OIV (moving in a double-well potential)in YBaCuO type systems. Reently a similar model was proposed forinvestigation of the proton-eletron interation in moleular and rys-talline systems with hydrogen bonds [3, 4℄. The model Hamiltonian hasthe following form: H =Xi Hi +Xij� tij+i�j� ; (1)and inludes, in addition to the terms desribing eletron transfer (tij),the eletron orrelation (U) in the spirit of the Hubbard model, intera-tion with the anharmoni mode (g - term), the energy of the tunnellingsplitting (
 - term), and the energy of the anharmoni potential asym-metry (h - term) in the single-site partHi = Uni"ni# � �(ni" + ni#) + g(ni" + ni#)Szi � 
Sxi � hSzi : (2)Based on PEM a possible onnetion between the superondutivityand lattie instability of the ferroeletri type in HTSC was disussedin [2, 5℄. Desription of the eletron spetrum and eletron statistis ofthe PEM was given in [6℄ within the framework of the temperature two-time Green's funtion method in the Hubbard-I approximation.A series of works has been arried out in whih the pseudospinhSzSzi, mixed hSzni, and harge hnni orrelation funtions were al-ulated. A possibility of divergenes of these funtions at some values oftemperature exists as it was shown with making use of the generalizedrandom phase approximation (GRPA) [7℄ in the limit of in�nite single-site eletron orrelations (U ! 1) [8, 9℄. This e�et was interpretedas a manifestation of dieletri instability or ferroeletri type anomaly.The tendeny to form the spatially modulated harge and pseudospinordering at ertain model parameter values was established.Reently [10, 11℄ on the base of GRPA sheme a self-onsistentmethod was proposed for alulation of the grand anonial potential,pseudospin mean value, eletron onentration as well as the orrelationfuntions in PEM. In the papers [10, 12, 13℄ within the self-onsistent
ICMP�01�16E 2GRPA sheme PEM was onsidered at the absene of diret eletron-eletron interation and tunnelling splitting (U = 0, 
 = 0). In suh aversion of PEM (simpli�ed PEM), an e�etive many-body pseudospininteration via onduting eletrons appears, and hene it is interestingto investigate an in�uene of the retarded nondiret interation betweenpseudospins on thermodynamis of the model. Hamiltonian of the sim-pli�ed PEM is invariant with respet to the transformation � ! ��,h ! 2g � h, n ! 2� n, Sz ! �Sz (the so-alled eletron-hole symme-try).The simpli�ed PEM was originally onsidered in [14℄ within theframework of dynamial mean �eld approximation (DMFA). Resultsomparison showed a quite su�ient oinidene in the strong ouplingase of phase diagrams obtained within the self-onsistent GRPA andDMFA shemes (in the ase of uniform phase). Further simpli�ed PEMinvestigations within the self-onsistent GRPA method (in the strongoupling ase) showed the possibility of hessboard phase appearane.In the � = onst regime (when the eletron states of other strutureelements, whih are not inluded expliitly into the PEM, are supposedto play a role of a thermostat ensuring a �xed value of the hemial po-tential �) we shown that e�etive interation between pseudospins leadsto the possibility of either �rst or seond order phase transitions be-tween di�erent uniform phases [10℄ as well as between the uniform andthe hess-board ones [12, 13℄. In the regime n = onst (this situationis more ustomary at the onsideration of eletron systems and meansthat the hemial potential depends now on the eletron onentrationbeing the funtion of T , h et.) an instability with respet to the phaseseparation in the eletron as well as in pseudospin subsystems an takeplae [10, 13℄.The model Hamiltonian in the simpli�ed ase (U = 0, 
 = 0) al-lows one to desribe the binary alloy type model. It is onvenient tointrodue projetive operators on pseudospin states P�i = 1=2 � Szi ;then Hamiltonian of the binary alloy an be obtained by substitutionP+i = pi, P�i = 1 � pi where pi is the onentration of one omponentof binary alloy, and 1 � pi is the onentration of the seond one. Dif-ferene between these models is in the way how an averaging proedureover projetion operators P� is performed (thermal statistial averagingin the ase of PEM and on�gurational averaging for binary alloy) andhow the self-onsisteny is ahieved (�xed value of longitudinal �eld hfor PEM and �xed value of the omponent onentration p for binaryalloy).Furthermore, if in Hamiltonian of simpli�ed PEM, we remove spin



3 Ïðåïðèíòindies and rewrite the Hamiltonian in terms of the operators of themobile di (i� = di) and loalized fi (P+i = f+i fi, P�i = 1� f+i fi) ele-trons, we obtain the Hamiltonian of the Faliov-Kimball model where hplays a role of the hemial potential for the loalized f -eletrons and gplays a role of the strong loal interation between the mobile and lo-alized partiles. The ground state of the Faliov-Kimball model, whenthe eletron onentration for subsystems is �xed, is not uniform andshows the ommensurate or inommensurate ordering or phase separa-tion depending on the onentration and oupling onstant values [15℄.In the strong oupling ase [16℄, in the regime of �xed eletron onentra-tion, the ompetition between separation and harge-density-wave order,was shown. Authors presented phase diagrams whih display the area ofmodulation phase appearane superimposed on regions of the uniformphase separation (obtained by using the Maxwell onstrution). It wassuppose that transition to the hessboard phase is always ontinous. Theresults of investigations of simpli�ed PEM within the framework of theself-onsistent GRPA sheme [13℄ are good oinide and enlarge the re-sults of investigations of Faliov-Kimball model in DMFA. [16℄. As it wasmentioned above, in the � = onst regime, we shown that the the �rstorder phase transitions from uniform into the hessboard phase is exist.Phase stability in the areas of ompetition between hessboard phaseappearane and phase separation was investigated from the minimum offree energy that allows one to orret the phase diagram obtained in [16℄.The behavior of the pseudospins (loalized partiles in FK model) sub-system inside of the di�erent type phases and one in�uene on the bandenergy spetrum and eletron states was study.The aim of this artile is to alulate the thermodynami and or-relation funtions of the simpli�ed PEM (U = 0, 
 = 0) within theframework of self-onsistent approah, allowing us take into aount �u-tuation e�ets of the e�etive self-onsistent mean �eld. Suh a onsis-tent gaussian �utuation approah was proposed previously in work [17℄where expressions for the grand anonial potential and pseudospin or-relator as well as a self-onsistent set of equations for the pseudospinmean value and root�mean�squares (r.m.s.) �utuation parameter wereobtained.Furthermore we would like to investigate an in�uene of the gaussian�utuations on the thermodynamis of phase transitions in the PEM anddisuss an appliability of the shemes previously used for the investiga-tion of the PEM. For this purpose the results of investigation of PEMwithin the framework of the self-onsistent GRPA sheme [10℄ as well aswithin the DMFA [14℄ are presented.

ICMP�01�16E 4The paper is organized as follows. First, a short review of the self-onsistent GRPA approah is presented and the results of the numerialalulations within the framework of this sheme are ompared withorresponding ones obtained within the DMFA in [14℄. Seond, we re-view the self-onsistent gaussian �utuation approah for the PEM andpresent its simpli�ed version (analogous to the approximation proposedby Onyszkiewiz [18, 19℄ for spin models). Then we apply gaussian �u-tuation method to investigation of the thermodynami properties of thePEM, and �nally results of the numerial alulations of the pseudospinmean value and r.m.s. �utuation parameter as well as the grand anon-ial potential are shown. Phase diagrams are presented and ompared tothe orresponding ones of the GRPA. Finally, disussion and onlusionare given.2. Self-onsistent GRPA methodWe would like to remind that traditional GRPA method (proposed byIzyumov et al. [7℄ for the investigation of the magneti suseptibility ofthe ordinary Hubbard model as well as t� J model) takes into aountthe same topologial lass of diagrams (so-alled loop diagrams) as in therandom phase approximation (RPA). Main di�erene between the GRPAand RPA is a way of hoosing of the basi states: splitted (Hubbard-I)band states in the GRPA method and pure band states in RPA. Thequestion how to alulate thermodynami quantities within the GRPAhas been open until reent works [10,11℄. In this setion we brie�y showhow to onstrut the mean �eld type approximation within the GRPAsheme for PEM.Calulations are performed in the strong oupling ase (g � t) usingsingle-site states as the basi ones. The formalism of eletron annihilation(reation) operators ai� = i�P+i ; ~ai� = i�P�i (P�i = 1=2�Szi ) ating ata site with the ertain pseudospin orientation is introdued [10℄. Withinthe framework of the proposed representation, the initial Hamiltonian(1) (in the ase of U = 0, 
 = 0) has the following form:H = H0+Hint = Xi� f"1ni�+"2~ni��h2Szi g (3)+ Xij� tij(a+i�aj�+a+i�~aj�+~a+i�aj�+~a+i�~aj�);where "1;2 = ��� g=2 are the energies of the single-site states.Expansion of the alulated quantities in terms of the eletron trans-fer Hint leads to the in�nite series of terms ontaining the averages of



5 Ïðåïðèíòthe T -produts of the ai� , ~ai� , a+i� , ~a+i� operators. The evaluation of suhaverages is made using the appropriate Wik's theorem [10℄ formulatedin the spirit of Wik's theorem for Hubbard operators [20℄. This theo-rem gives an algorithm reduing the average of produt of n reation(annihilation) operators to the sum of averages of produts of the n� 2operators. So it is possible to express the result in terms of the prod-uts of nonperturbed Green's funtions and averages of the projetionoperators P�i expanded in semi-invariants.Nonperturbated eletron Green's funtion is equal tog(!n) = hgi(!n)i; gi(!n) = P+ii!n � "1 + P�ii!n � "2 : (4)In the uniform ase hSzi i = hSzi, a single-eletron Green's funtion(alulated in Hubbard-I type approximation) is = Gk(!n) =�g�1(!n)� tk��1; its poles determine the eletron spetrum"I;II(tk) = 12(�2�+ tk)� 12qg2 + 4tkhSzig + t2k : (5)Investigation of the eletron spetrum was performed in [10℄. In this ap-proximation, the branhes "I(tk) and "II(tk) form two eletron subbandsalways separated by a gap. Reonstrution of the eletron spetrum takesplae with hange of the pseudospin mean value hSzi.In the adopted approximation the diagrammati series for the pseu-dospin mean value an be presented in the form [10℄hSzi = − + _1
2! − ... ; (6)where the following diagrammati notations are used: � Sz;� gi(!n); wavy line is the Fourier transform of the hopping integral tk.Semi-invariants are represented by ovals and ontain the Æ-symbols onsite indies. In the spirit of the traditional mean �eld approah, renor-malization of the basi semi-invariant by insertion of independent loopfragments is taken into aount in (6). The analytial expression for theloop is the following:= 2N Xn;k t2kg�1(!n)� tk � P+ii!n � "1 + P�ii!n � "2� (7)= �(�1P+i + �2P�i ):

ICMP�01�16E 6It should be noted that within the presented self-onsistent sheme ofthe GRPA, hain fragments form the single-eletron Green's funtion inthe Hubbard-I approximation, and in the sequenes of loop diagrams inexpressions for thermodynami and pair orrelation funtions the on-netions between any two loops by more than one semi-invariant areomitted. This proedure inludes renormalization of the higher ordersemi-invariants similar to the one given by expression (6).Summation of diagrammati series (6) for the pseudospin mean valueis equivalent to averaging with the mean-�eld type Hamiltonian:HMF=Xi f"1(ni"+ni#) + "2(~ni"+~ni#)� ySzi g; (8)where an expression y = h+�2��1 determines an internal e�etiveself-onsistent �eld formed by retarded many-body interation betweenpseudospins via onduting eletrons.Equation for pseudospin mean value in the uniform ase is as followshSzl i = hSziMF = b(y); (9)where b(y) = 12 tanh��2 y + ln 1 + e��"11 + e��"2� : (10)An analytial expression for mean value of the partile number an bepresented in the form [10℄:hni = 2N Xk hn("I(tk)) + n("II(tk))i (11)� [1 + 2hSzi℄n("2)� [1� 2hSzi℄n("1):Here n(") = 11 + e�" is Fermi distribution.Diagrammati equation on pseudospin orrelator hSzSziq within theframework of the GRPA has the following form:hSzSziq = −= : (12)Equation (12) di�ers from the orresponding one for the Ising modelin RPA by the replaement of the diret exhange interation by the



7 Ïðåïðèíòeletron loop �q = (desribing the many-body retarded in-teration between pseudospins via onduting eletrons)�q = 2N Xn;k �2n~tn(k)~tn(k+q); (13)�n = g(i!n+�)2�g2=4 ; ~tn(k) = tk(1� gntk) :The �rst term in equation (12) is the zero-order orrelator renormalizeddue to the inlusion in all basi semi-invariants of the mean-�eld typeontributions (`single-tail' parts) oming from the e�etive pseudospininteration

−= + 1
2!
− −... (14)and is thus alulated with the help of Hamiltonian HMF.In analytial form, solution of equation (12) is equal tohSzSziq = 1=4� hSzi21 + 2N Pn;k�2n~tn(k)~tn(k + q)(1=4� hSzi2) ; (15)and is di�erent from zero only in a stati ase (!n = 0) (sine pseudospinoperator ommutes with the initial Hamiltonian).Within the same approah the grand anonial potential was ob-tained [10℄. The orresponding analytial expression is
GRPA = � 2N� Xn;k ln(1�tkg(!n)) (16)� 2N� Xn;k g(!n))t2kg�1(!n))� tk � 1� lnTr(e��HMF):It was shown that all quantities an be derived from the grand anonialpotential d
d(��) = hni; d
d(�h) = hSzi; dhSzid(�h) = hSzSziq=0;what demonstrates thermodynami onsistene of the proposed approx-imation.

ICMP�01�16E 8In the � = onst regime the stable states are determined from theminimum of the grand anonial potential. The solution of equation forthe pseudospin mean value and alulation of potential 
 (as well asthe pair orrelation funtion) were performed numerially [10℄. The �rstorder phase transitions between the di�erent uniform phases (bistabilitye�et) at hange of temperature T and �eld h an take plae when hem-ial potential is plaed within the eletron subbands. In the ase whenhemial potential is �xed and plaed between the eletron subbands,the uniform phase beome unstable with respet to �utuations withq = (�; �), and the possibility of seond order phase transitions betweenthe uniform and hess-board phase exists at the hange of temperatureor �eld [13℄.As mentioned above, the band struture is determined by the pseu-dospin mean value (�gure 1), and its hange is aompanied by the or-responding hanges of the eletron onentration (see [10,12℄ for details).
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Figure 1. Field dependenes of pseudospin mean value and eletron bandsboundaries for � = onst regime when hemial potential is plaed inthe lower subband (in the self-onsistent GRPA) (g = 1, tk=0 = 0:2,� = �0:5, T = 0:0132)The simpli�ed version of PEM was onsidered in [14℄ within theframework of DMFA sheme as well. The obtained phase diagrams with-in the self-onsistent GRPA and DMFA are presented in �gure 2 (in thease when hemial potential is plaed in the enter of lower subband� = �0:5).One an see a quite su�ient oinidene of shapes of the �rst orderphase transition urves (thik solid line). But unlike to the phase dia-gram in �gure 2b obtained within the DMFA, boundaries of the phase



9 Ïðåïðèíò
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Figure 2. T � h phase diagrams: (a) within the self-onsistent GRPA,(b) within the DMFA [14℄. Solid and dashed lines indiate the �rst orderphase transition line and boundaries of the phase stability (spinodallines), respetively (g = 1, tk=0 = 0:2, � = �0:5)stability region alulated in the self-onsistent GRPA have the sametype of slope, hene a region exists, where the vertial line twie ross-es the boundary of the phase stability region (�gure 2a). The analysisof the hSzSzi behaviour in this region (for �xed value of the longitudi-nal �eld h = 0:0875) with the derease of temperature shows that hightemperature phase beomes unstable with respet to �utuations withq = 0 (the lower rossing point of the vertial line and boundary of thephase stability region in �gure 2a.) Similar results were obtained pre-viously in [8, 9℄ for temperature behaviour of the orrelation funtionsin the ase of in�nite single-site eletron orrelation U ! 1 within theframework of the GRPA.In the ase of the �xed value of the eletron onentration ondition ofequilibrium is determined by the minimum of free energy. In this regimethe �rst order phase transition with a jump of the pseudospin mean value(aompanied by the hange of eletron onentration) transforms into aphase separation into the regions with di�erent eletron onentrationsand pseudospin mean values [10℄. For the �rst time the instability withrespet to the phase separation in pseudospin-eletron model was markedin [21℄, where it was obtained within the GRPA in the limit U !1.
ICMP�01�16E 103. Self-onsistent gaussian �utuation approximationThe above onsidered approah takes into aount only ontributions ofmean �eld type. In this setion we present the developed in [17℄ onsis-tent sheme for alulation of thermodynami and orrelation funtions,whih takes into aount the gaussian �utuations of the self-onsistentmean �eld. We also redue the presented here method to more suitablefor numerial alulation taking into aount a restrited lass of dia-grams. Suh an approximation for spin models with a diret interationproposed by Onyszkiewiz [18, 19℄ yields a muh better desription ofritial properties of spin models in the whole range of temperature thenothers.In onstruting a higher order approximation that takes into aountthe �utuation e�ets of the self-onsistent mean �eld, we use the self-onsistent GRPA as the zero-order one. This means that all `single-tail'parts of diagrams (6) and (14) are already summed up and all semi-invariants are alulated using the distribution with the HamiltonianHMF (8). All these semi-invariants are represented graphially by thikovals and ontain the Æ-symbols on site index:=hSziMF = b(y); =hSzSziMF = �b(y)��y ;=hSzSzSziMF = �2b(y)�(�y)2 : (17)As an approximation that goes beyond of the self-onsistent GRPAwe use, similarly to [22, 23℄, the approah taking into aount the so-alled `double-tail' diagrams. A orresponding diagrammati series forthe pseudospin mean value an be written ashSzi = + _1

2!= 1
2
_ + 1

2
_

2 +... 1
1!
_ : (18)The diagrammati equation for the pseudospin orrelator hSzSziq withinthe presented here approximation is similar to the orresponding onewithin the GRPA (12) and given byhSzSziq = −= ; (19)



11 Ïðåïðèíòbut now all semi-invariants in this equation are renormalized due tothe `double-tail' parts. Thus the orresponding diagrammati series onzero-order orrelator looks like� = +...= + 1
2
_  1

1!
_

2
_1
2!

+ 1
2
_ : (20)The ontribution orresponding to the `double-tail' fragment of the dia-grams an be written in the following analytial form (using the notation(13)):X = (21)= 22N3 Xn;n0 Xk;k0Xq �2n~tn(k)~tn(k�q)hSzSziq�2n0~tn0(k0)~tn0(k0+q):The equation on pseudospin orrelation funtion (19) has suh a solution:hSzSziq = �1 + 2N Pn;k�2n~tn(k)~tn(k+q)� : (22)Sine the pseudospin orrelator (22) is a frequeny independent funtion,in the expression for X (21) we have two independent sums over inter-nal Matsubara frequenies, allowing one (by deomposition into simplefrations) to sum over all internal frequenies.The diagrammati series (18) and (20) an be expressed in the fol-lowing analytial forms [17℄:hSzi = 1p2�X +1Z�1 exp�� �22X �b(y + �)d�; (23)� = 1Xp2�X +1Z�1 exp�� �22X ��b(y + �)d�: (24)As one an see the ontribution of diagrammati series with `double-tail'parts orresponds to the average with the Gaussian distribution, whereX an be interpreted as the root�mean�squares (r.m.s.) �utuation of the

ICMP�01�16E 12mean �eld around the mean value of y. Thus we obtain a self-onsistentset of equations for pseudospin mean value (23) and r.m.s. �utuationparameter (21) as well as expression for pseudospin orrelation funtion(22).The grand anonial potential within the approximation presentedhere is given by the diagrammati series below:�
 = �
GRPA + 1
2
_ { 1

3
_− +...1

2
_ {

− 1
2
_

− −1
2
_  1

1!
_ _1

2!
1
2
_

2 −...

(25)

The orresponding analytial expression is
 = 
GRPA+12 1p2�X +1Z�1 e� �22X �b(y+�)d�� 12 +1Z�1 n1�erf� j�jp2X�osign(�)b(y+�)d� (26)� 12� 2N Xn;k �2n~tn(k)2 + 12 ln�1 + � 2N Xn;k �2n~tn(k)2�: (27)The grand anonial potential written in this form satis�es the sta-tionary onditions: d
dX = 0; d
dhSzi = 0; (28)whih are equivalent to the equations (21) and (23). The onsisteny ofthe approximations used for the pseudospin mean value, pseudospin or-relation funtion and grand anonial potential an be heked expliitlyusing the relations:d
d(�h) = hSzi; dhSzid(�h�) ���X=onst = hSzSziq=0: (29)In the limit of vanishing �utuations our results go over into the onesobtained within the self-onsistent GRPA.



13 ÏðåïðèíòThe analytial sheme presented here for the pseudospin-eletronmodel an be easily redued to the sheme proposed by Onyszkiewizfor spin models. For this purpose we onsider renormalization with useof the simplest possible pseudospin orrelation funtion involving onlygaussian �utuations of the mean �eld for the `double-tail' fragment ofthe diagram
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_ (30)Within the framework of this simpli�ation the grand anonial potentialsatis�es the stationary onditions (28) and an be written in the followinganalytial form:
 = 
GRPA + 14�X � 12 +1Z�1 n1� erf� j�jp2X�osign(�)b(y + �)d�: (31)The diagrammati series for pseudospin mean value is the same as theabove presented ones (18). Finally, the set of equations on pseudospinmean value and r.m.s. �utuation parameter an be written down as:hSzi = 1p2�X +1Z�1 exp�� �22X �b(y + �)d�; (32)X = 0� 2N Xk;n �2n~t 2n(k)1A2 1Xp2�X +1Z�1 exp�� �22X ��b(y + �)d�:(33)4. Phase diagrams within the gaussian �utuation ap-proahSolution of equations for the pseudospin mean value and r.m.s. �u-tuation parameter is performed numerially for the square lattie withnearest-neighbor hopping. The stable state of the system is desribed bythe solution (from the possible set of ones) orresponding to the globalminimum of grand anonial potential; metastable states are related tosolutions orresponding to loal minima.
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Figure 3. T�h phase diagrams: (a) within the self-onsistent GRPA, (b)within the gaussian �utuation methods. (g = 1, tk=0 = 0:2, � = �0:4).We would like to note that there is no partiular di�erene (�gure 3b)between the results obtained within the self-onsistent gaussian �utua-tion approah by solving the set of equations (21), (23) and its simpli-�ed version (the set of equations (32), (33)): the same topologial typeand slope of phase diagrams, similar �eld and temperature behavioursof pseudospin mean value and grand anonial potential were observed.Only small quantitative di�erenes (as one an see in phase diagrams in�gure 3b) are seen (the thin solid phase oexistene line is obtained inthe self-onsistent gaussian �utuation approah, thik solid line orre-sponds to the Onyszkiewiz type approximation). Therefore, to show thein�uene of the gaussian �utuations on the thermodynami propertiesof the PEM we perform all alulations for the simpli�ed variant of thegaussian �utuation approah; their results are presented below.In the ase when hemial potential is �xed and plaed within theeletron subbands (as one an see omparing �gures 3a and 3b for� = �0:4) taking into aount of �utuations does not hange qual-itatively the results obtained previously within the self-onsistent GR-PA [10℄ (exept for some speial ases presented below). The quantitativehanges due to �utuations are important in the region of the ritialpoint leading to signi�ant lowering of the ritial point temperature(T=0.018 for the self-onsistent GRPA in �gure 3a and T=0.0145 forthe Onyszkiewiz type approximation in �gure 3b).Temperature behaviour of the pseudospin mean value and r.m.s. �u-



15 Ïðåïðèíòtuation parameter is presented in �gure 4 for the �xed value of the longi-tudinal �eld h = 0:204. At inreasing temperature, the pseudospin meanvalue and r.m.s. parameter jump from the branh of the low temperaturephase to the one of the high temperature phase in the phase transitionpoint T = 0:0109.
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Figure 4. Temperature dependenes of (a) pseudospin mean value and (b)r.m.s. �utuation parameter (g = 1, tk=0 = 0:2, � = �0:4, h = 0:204).Thik solid lines orrespond to thermodynamially stable states, otherlines denote metastable and unstable ones.A ertain qualitative hange takes plae (�gure 5) when the hemialpotential is plaed near the enter of eletron subband (� = �g=2 =�0:5). Comparing to the self-onsistent GRPA (�gure 2a) or the DMFA
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Figure 5. T � h phase diagrams (g = 1, tk=0 = 0:2, � = �0:5).
ICMP�01�16E 16(�gure 2b), a hange of slope of the phase oexistene line is observed.The vertial line on the T � h phase diagram (�gure 5) twie rossesthe phase oexistene urve and hene there exists the possibility of thetwo sequential �rst order phase transitions (reentrane) with hange oftemperature.For the di�erent values of hemial potential, a slope of the phaseoexistene urve an vary (� = �0:5 in �gure 2 and � = �0:4 in �g-ure 3). Within the region, where hange of slope ours (� ' �0:6�0:005and � ' �0:425 � 0:005), a possibility of three sequential phase tran-sitions of the �rst order at hange of temperature is observed (phasediagram in �gure 6a). Near the region of the ritial point, a qualitativehange (hange of topologial type of the phase oexistene urve andappearane of the triple point are observed) due to gaussian �utua-tions beomes signi�ant when hemial potential has a value within thementioned range (�gure 6b).
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Figure 7. Field dependenes of pseudospin mean value: (a) above thetriple point (T = 0:01370), (b) below the triple point (T = 0:01316)(g = 1, tk=0 = 0:2, � = �0:6).
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Figure 8. Field dependenes of r.m.s. �utuation parameter: (a) abovethe triple point (T = 0:01370), (b) below the triple point (T = 0:01316)(g = 1, tk=0 = 0:2, � = �0:6).
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Figure 9. Field dependenes of grand anonial potential: (a) above thetriple point (T = 0:01370), (b) below the triple point (T = 0:01316)(g = 1, tk=0 = 0:2, � = �0:6).
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Figure 10. Temperature dependenes of the pseudospin mean value: (a)h = 0:01467, (b) h = 0:01495.



19 Ïðåïðèíòplaed in the upper subband our results transform aording to the men-tioned above eletron-hole symmetry of the initial Hamiltonian.5. ConlusionSelf-onsistent method, taking into aount orretions due to gaus-sian �utuations of e�etive �eld in the self-onsistent GRPA sheme,and its simpli�ed version (analogous to the approximation proposed byOnyszkiewiz [18, 19℄ for spin models) are applied for investigation ofpseudospin-eletron model.Calulations of the thermodynami funtions have shown thatOnyszkiewiz type approah (taking into aount the lass of diagramsrestrited as against the usual gaussian �utuation approah) does nothange qualitatively any of the results obtained within the gaussian �u-tuation approximation. A omparison with mean �eld type approxima-tions (self-onsistent GRPA, DMFA) shows that taking into aount of�utuations is essential in the region of the ritial point and an lead tothe qualitative hanges of behavior of thermodynamial funtions andthe shape of orresponding phase diagrams for some speial value ofhemial potential. The presented results demonstrate that the quanti-tative hanges due to �utuations lower the ritial point temperatureand shift the orresponding value of longitudinal �eld when hemialpotential is plaed in eletron bands. The lowest value of ritial tem-peratures orrespond to the Onyszkiewiz type approximation.Preliminary analysis of temperature behaviour of the pseudospin or-relator hSzSziq (22) (with �xed r.m.s. �utuation parameter) shows thatthe high temperature phase beome unstable with respet to the �utu-ations with q 6= 0 when hemial potential is plaed between the ele-tron subbands. The maximal temperature of instability is ahieved forq = (�; �) and indiates a possibility of phase transition into a modu-lated (hess-board) phase. This result on�rms the previously obtainedwithin the framework of the self-onsistent GRPA one [12,13℄, but tak-ing into aount of �utuations lowers value of temperature in whih theinstability ours.In this paper we investigated the possible phase transitions in PEMwithin the gaussian �utuation approximation without reation of superstrutures (q = 0) and all the presented phase diagrams onern onlythis ase. Presented in our paper method of onsideration of gaussian�utuations of the e�etive mean �eld an be used to investigation ofthe in�uene of �utuations on thermodynami properties of modulated(hess-board) phase (like it was done in work [13℄ within the framework
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