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 properties of pseudospin-ele
tron model inthe gaussian �u
tuation approximationKyrylo V. Tabunsh
hykAbstra
t. An in�uen
e of the �u
tuation e�e
ts on the thermodynami
sof phase transitions in pseudospin-ele
tron model is investigated. With-in the framework of self-
onsistent gaussian �u
tuation approa
h (basedon the GRPA s
heme) and Onysziewi
z type approximation the grand
anoni
al potential, pseudospin mean value, as well as the mean squaresof �u
tuations are 
al
ulated. The 
omparison of phase diagrams ob-tained within the the di�erent gaussian �u
tuation approa
hes betweenoneself and also with 
orresponding results 
al
ulated in the mean �eldtype approximations is done.
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1 Ïðåïðèíò1. Introdu
tionThe pseudospin-ele
tron model (PEM) was originally proposed to in-
lude a lo
al intera
tion of the 
ondu
ting ele
trons 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 s
heme is applied to des
ribethe strongly 
orrelated ele
trons of CuO2 sheets 
oupled with the vibra-tional states of apex oxygen ions OIV (moving in a double-well potential)in YBaCuO type systems. Re
ently a similar model was proposed forinvestigation of the proton-ele
tron intera
tion in mole
ular and 
rys-talline systems with hydrogen bonds [3, 4℄. The model Hamiltonian hasthe following form: H =Xi Hi +Xij� tij
+i�
j� ; (1)and in
ludes, in addition to the terms des
ribing ele
tron transfer (tij),the ele
tron 
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 
onne
tion between the super
ondu
tivityand latti
e instability of the ferroele
tri
 type in HTSC was dis
ussedin [2, 5℄. Des
ription of the ele
tron spe
trum and ele
tron statisti
s ofthe PEM was given in [6℄ within the framework of the temperature two-time Green's fun
tion method in the Hubbard-I approximation.A series of works has been 
arried out in whi
h the pseudospinhSzSzi, mixed hSzni, and 
harge hnni 
orrelation fun
tions were 
al-
ulated. A possibility of divergen
es of these fun
tions 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 ele
tron 
orrelations (U ! 1) [8, 9℄. This e�e
t was interpretedas a manifestation of diele
tri
 instability or ferroele
tri
 type anomaly.The tenden
y to form the spatially modulated 
harge and pseudospinordering at 
ertain model parameter values was established.Re
ently [10, 11℄ on the base of GRPA s
heme a self-
onsistentmethod was proposed for 
al
ulation of the grand 
anoni
al potential,pseudospin mean value, ele
tron 
on
entration as well as the 
orrelationfun
tions in PEM. In the papers [10, 12, 13℄ within the self-
onsistent
ICMP�01�16E 2GRPA s
heme PEM was 
onsidered at the absen
e of dire
t ele
tron-ele
tron intera
tion and tunnelling splitting (U = 0, 
 = 0). In su
h aversion of PEM (simpli�ed PEM), an e�e
tive many-body pseudospinintera
tion via 
ondu
ting ele
trons appears, and hen
e it is interestingto investigate an in�uen
e of the retarded nondire
t intera
tion betweenpseudospins on thermodynami
s of the model. Hamiltonian of the sim-pli�ed PEM is invariant with respe
t to the transformation � ! ��,h ! 2g � h, n ! 2� n, Sz ! �Sz (the so-
alled ele
tron-hole symme-try).The simpli�ed PEM was originally 
onsidered in [14℄ within theframework of dynami
al mean �eld approximation (DMFA). Results
omparison showed a quite su�
ient 
oin
iden
e in the strong 
oupling
ase of phase diagrams obtained within the self-
onsistent GRPA andDMFA s
hemes (in the 
ase of uniform phase). Further simpli�ed PEMinvestigations within the self-
onsistent GRPA method (in the strong
oupling 
ase) showed the possibility of 
hessboard phase appearan
e.In the � = 
onst regime (when the ele
tron states of other stru
tureelements, whi
h are not in
luded expli
itly into the PEM, are supposedto play a role of a thermostat ensuring a �xed value of the 
hemi
al po-tential �) we shown that e�e
tive intera
tion between pseudospins leadsto the possibility of either �rst or se
ond 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 ele
tron systems and meansthat the 
hemi
al potential depends now on the ele
tron 
on
entrationbeing the fun
tion of T , h et
.) an instability with respe
t to the phaseseparation in the ele
tron as well as in pseudospin subsystems 
an takepla
e [10, 13℄.The model Hamiltonian in the simpli�ed 
ase (U = 0, 
 = 0) al-lows one to des
ribe the binary alloy type model. It is 
onvenient tointrodu
e proje
tive 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 
on
entration of one 
omponentof binary alloy, and 1 � pi is the 
on
entration of the se
ond one. Dif-feren
e between these models is in the way how an averaging pro
edureover proje
tion operators P� is performed (thermal statisti
al averagingin the 
ase of PEM and 
on�gurational averaging for binary alloy) andhow the self-
onsisten
y is a
hieved (�xed value of longitudinal �eld hfor PEM and �xed value of the 
omponent 
on
entration p for binaryalloy).Furthermore, if in Hamiltonian of simpli�ed PEM, we remove spin



3 Ïðåïðèíòindi
es and rewrite the Hamiltonian in terms of the operators of themobile di (
i� = di) and lo
alized fi (P+i = f+i fi, P�i = 1� f+i fi) ele
-trons, we obtain the Hamiltonian of the Fali
ov-Kimball model where hplays a role of the 
hemi
al potential for the lo
alized f -ele
trons and gplays a role of the strong lo
al intera
tion between the mobile and lo-
alized parti
les. The ground state of the Fali
ov-Kimball model, whenthe ele
tron 
on
entration for subsystems is �xed, is not uniform andshows the 
ommensurate or in
ommensurate ordering or phase separa-tion depending on the 
on
entration and 
oupling 
onstant values [15℄.In the strong 
oupling 
ase [16℄, in the regime of �xed ele
tron 
on
entra-tion, the 
ompetition between separation and 
harge-density-wave order,was shown. Authors presented phase diagrams whi
h display the area ofmodulation phase appearan
e superimposed on regions of the uniformphase separation (obtained by using the Maxwell 
onstru
tion). 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 s
heme [13℄ are good 
oin
ide and enlarge the re-sults of investigations of Fali
ov-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 phaseappearan
e and phase separation was investigated from the minimum offree energy that allows one to 
orre
t the phase diagram obtained in [16℄.The behavior of the pseudospins (lo
alized parti
les in FK model) sub-system inside of the di�erent type phases and one in�uen
e on the bandenergy spe
trum and ele
tron states was study.The aim of this arti
le is to 
al
ulate the thermodynami
 and 
or-relation fun
tions of the simpli�ed PEM (U = 0, 
 = 0) within theframework of self-
onsistent approa
h, allowing us take into a

ount �u
-tuation e�e
ts of the e�e
tive self-
onsistent mean �eld. Su
h a 
onsis-tent gaussian �u
tuation approa
h was proposed previously in work [17℄where expressions for the grand 
anoni
al 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.) �u
tuation parameter wereobtained.Furthermore we would like to investigate an in�uen
e of the gaussian�u
tuations on the thermodynami
s of phase transitions in the PEM anddis
uss an appli
ability of the s
hemes 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 s
heme [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 approa
h is presented and the results of the numeri
al
al
ulations within the framework of this s
heme are 
ompared with
orresponding ones obtained within the DMFA in [14℄. Se
ond, we re-view the self-
onsistent gaussian �u
tuation approa
h for the PEM andpresent its simpli�ed version (analogous to the approximation proposedby Onyszkiewi
z [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 numeri
al 
al
ulations of the pseudospinmean value and r.m.s. �u
tuation parameter as well as the grand 
anon-i
al potential are shown. Phase diagrams are presented and 
ompared tothe 
orresponding ones of the GRPA. Finally, dis
ussion and 
on
lusionare 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
 sus
eptibility ofthe ordinary Hubbard model as well as t� J model) takes into a

ountthe same topologi
al 
lass of diagrams (so-
alled loop diagrams) as in therandom phase approximation (RPA). Main di�eren
e 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 
al
ulate thermodynami
 quantities within the GRPAhas been open until re
ent works [10,11℄. In this se
tion we brie�y showhow to 
onstru
t the mean �eld type approximation within the GRPAs
heme for PEM.Cal
ulations are performed in the strong 
oupling 
ase (g � t) usingsingle-site states as the basi
 ones. The formalism of ele
tron annihilation(
reation) operators ai� = 
i�P+i ; ~ai� = 
i�P�i (P�i = 1=2�Szi ) a
ting ata site with the 
ertain pseudospin orientation is introdu
ed [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 
al
ulated quantities in terms of the ele
tron trans-fer Hint leads to the in�nite series of terms 
ontaining the averages of



5 Ïðåïðèíòthe T -produ
ts of the ai� , ~ai� , a+i� , ~a+i� operators. The evaluation of su
haverages is made using the appropriate Wi
k's theorem [10℄ formulatedin the spirit of Wi
k's theorem for Hubbard operators [20℄. This theo-rem gives an algorithm redu
ing the average of produ
t of n 
reation(annihilation) operators to the sum of averages of produ
ts of the n� 2operators. So it is possible to express the result in terms of the prod-u
ts of nonperturbed Green's fun
tions and averages of the proje
tionoperators P�i expanded in semi-invariants.Nonperturbated ele
tron Green's fun
tion 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-ele
tron Green's fun
tion(
al
ulated in Hubbard-I type approximation) is = Gk(!n) =�g�1(!n)� tk��1; its poles determine the ele
tron spe
trum"I;II(tk) = 12(�2�+ tk)� 12qg2 + 4tkhSzig + t2k : (5)Investigation of the ele
tron spe
trum was performed in [10℄. In this ap-proximation, the bran
hes "I(tk) and "II(tk) form two ele
tron subbandsalways separated by a gap. Re
onstru
tion of the ele
tron spe
trum takespla
e 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 indi
es. In the spirit of the traditional mean �eld approa
h, renor-malization of the basi
 semi-invariant by insertion of independent loopfragments is taken into a

ount in (6). The analyti
al 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 s
heme ofthe GRPA, 
hain fragments form the single-ele
tron Green's fun
tion inthe Hubbard-I approximation, and in the sequen
es of loop diagrams inexpressions for thermodynami
 and pair 
orrelation fun
tions the 
on-ne
tions between any two loops by more than one semi-invariant areomitted. This pro
edure in
ludes 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�e
tiveself-
onsistent �eld formed by retarded many-body intera
tion betweenpseudospins via 
ondu
ting ele
trons.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 analyti
al expression for mean value of the parti
le 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 repla
ement of the dire
t ex
hange intera
tion by the



7 Ïðåïðèíòele
tron loop �q = (des
ribing the many-body retarded in-tera
tion between pseudospins via 
ondu
ting ele
trons)�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 in
lusion in all basi
 semi-invariants of the mean-�eld type
ontributions (`single-tail' parts) 
oming from the e�e
tive pseudospinintera
tion

−= + 1
2!
− −... (14)and is thus 
al
ulated with the help of Hamiltonian HMF.In analyti
al 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) (sin
e pseudospinoperator 
ommutes with the initial Hamiltonian).Within the same approa
h the grand 
anoni
al potential was ob-tained [10℄. The 
orresponding analyti
al 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 
anoni
alpotential d
d(��) = hni; d
d(�h) = hSzi; dhSzid(�h) = hSzSziq=0;what demonstrates thermodynami
 
onsisten
e of the proposed approx-imation.

ICMP�01�16E 8In the � = 
onst regime the stable states are determined from theminimum of the grand 
anoni
al potential. The solution of equation forthe pseudospin mean value and 
al
ulation of potential 
 (as well asthe pair 
orrelation fun
tion) were performed numeri
ally [10℄. The �rstorder phase transitions between the di�erent uniform phases (bistabilitye�e
t) at 
hange of temperature T and �eld h 
an take pla
e when 
hem-i
al potential is pla
ed within the ele
tron subbands. In the 
ase when
hemi
al potential is �xed and pla
ed between the ele
tron subbands,the uniform phase be
ome unstable with respe
t to �u
tuations withq = (�; �), and the possibility of se
ond order phase transitions betweenthe uniform and 
hess-board phase exists at the 
hange of temperatureor �eld [13℄.As mentioned above, the band stru
ture is determined by the pseu-dospin mean value (�gure 1), and its 
hange is a

ompanied by the 
or-responding 
hanges of the ele
tron 
on
entration (see [10,12℄ for details).
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Figure 1. Field dependen
es of pseudospin mean value and ele
tron bandsboundaries for � = 
onst regime when 
hemi
al potential is pla
ed 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 s
heme as well. The obtained phase diagrams with-in the self-
onsistent GRPA and DMFA are presented in �gure 2 (in the
ase when 
hemi
al potential is pla
ed in the 
enter of lower subband� = �0:5).One 
an see a quite su�
ient 
oin
iden
e of shapes of the �rst orderphase transition 
urves (thi
k solid line). But unlike to the phase dia-gram in �gure 2b obtained within the DMFA, boundaries of the phase
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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 indi
ate the �rst orderphase transition line and boundaries of the phase stability (spinodallines), respe
tively (g = 1, tk=0 = 0:2, � = �0:5)stability region 
al
ulated in the self-
onsistent GRPA have the sametype of slope, hen
e a region exists, where the verti
al line twi
e 
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 de
rease of temperature shows that hightemperature phase be
omes unstable with respe
t to �u
tuations withq = 0 (the lower 
rossing point of the verti
al 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 fun
tionsin the 
ase of in�nite single-site ele
tron 
orrelation U ! 1 within theframework of the GRPA.In the 
ase of the �xed value of the ele
tron 
on
entration 
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(a

ompanied by the 
hange of ele
tron 
on
entration) transforms into aphase separation into the regions with di�erent ele
tron 
on
entrationsand pseudospin mean values [10℄. For the �rst time the instability withrespe
t to the phase separation in pseudospin-ele
tron model was markedin [21℄, where it was obtained within the GRPA in the limit U !1.
ICMP�01�16E 103. Self-
onsistent gaussian �u
tuation approximationThe above 
onsidered approa
h takes into a

ount only 
ontributions ofmean �eld type. In this se
tion we present the developed in [17℄ 
onsis-tent s
heme for 
al
ulation of thermodynami
 and 
orrelation fun
tions,whi
h takes into a

ount the gaussian �u
tuations of the self-
onsistentmean �eld. We also redu
e the presented here method to more suitablefor numeri
al 
al
ulation taking into a

ount a restri
ted 
lass of dia-grams. Su
h an approximation for spin models with a dire
t intera
tionproposed by Onyszkiewi
z [18, 19℄ yields a mu
h better des
ription of
riti
al properties of spin models in the whole range of temperature thenothers.In 
onstru
ting a higher order approximation that takes into a

ountthe �u
tuation e�e
ts 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 
al
ulated using the distribution with the HamiltonianHMF (8). All these semi-invariants are represented graphi
ally by thi
kovals and 
ontain the Æ-symbols on site index:=hSziMF = b(y); =hSzSzi
MF = �b(y)��y ;=hSzSzSzi
MF = �2b(y)�(�y)2 : (17)As an approximation that goes beyond of the self-
onsistent GRPAwe use, similarly to [22, 23℄, the approa
h taking into a

ount 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 analyti
al 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 fun
tion (19) has su
h a solution:hSzSziq = �1 + 2N Pn;k�2n~tn(k)~tn(k+q)� : (22)Sin
e the pseudospin 
orrelator (22) is a frequen
y independent fun
tion,in the expression for X (21) we have two independent sums over inter-nal Matsubara frequen
ies, allowing one (by de
omposition into simplefra
tions) to sum over all internal frequen
ies.The diagrammati
 series (18) and (20) 
an be expressed in the fol-lowing analyti
al 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.) �u
tuation 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. �u
tuationparameter (21) as well as expression for pseudospin 
orrelation fun
tion(22).The grand 
anoni
al 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 analyti
al 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 
anoni
al potential written in this form satis�es the sta-tionary 
onditions: d
dX = 0; d
dhSzi = 0; (28)whi
h are equivalent to the equations (21) and (23). The 
onsisten
y ofthe approximations used for the pseudospin mean value, pseudospin 
or-relation fun
tion and grand 
anoni
al potential 
an be 
he
ked expli
itlyusing the relations:d
d(�h) = hSzi; dhSzid(�h�) ���X=
onst = hSzSziq=0: (29)In the limit of vanishing �u
tuations our results go over into the onesobtained within the self-
onsistent GRPA.



13 ÏðåïðèíòThe analyti
al s
heme presented here for the pseudospin-ele
tronmodel 
an be easily redu
ed to the s
heme proposed by Onyszkiewi
zfor spin models. For this purpose we 
onsider renormalization with useof the simplest possible pseudospin 
orrelation fun
tion involving onlygaussian �u
tuations of the mean �eld for the `double-tail' fragment ofthe diagram

+...= + 1
2
_  1

1!
_

2
_1
2!

+ 1
2
_ (30)Within the framework of this simpli�
ation the grand 
anoni
al potentialsatis�es the stationary 
onditions (28) and 
an be written in the followinganalyti
al 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. �u
tuation 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 �u
tuation ap-proa
hSolution of equations for the pseudospin mean value and r.m.s. �u
-tuation parameter is performed numeri
ally for the square latti
e withnearest-neighbor hopping. The stable state of the system is des
ribed bythe solution (from the possible set of ones) 
orresponding to the globalminimum of grand 
anoni
al potential; metastable states are related tosolutions 
orresponding to lo
al minima.
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Figure 3. T
�h phase diagrams: (a) within the self-
onsistent GRPA, (b)within the gaussian �u
tuation methods. (g = 1, tk=0 = 0:2, � = �0:4).We would like to note that there is no parti
ular di�eren
e (�gure 3b)between the results obtained within the self-
onsistent gaussian �u
tua-tion approa
h by solving the set of equations (21), (23) and its simpli-�ed version (the set of equations (32), (33)): the same topologi
al typeand slope of phase diagrams, similar �eld and temperature behavioursof pseudospin mean value and grand 
anoni
al potential were observed.Only small quantitative di�eren
es (as one 
an see in phase diagrams in�gure 3b) are seen (the thin solid phase 
oexisten
e line is obtained inthe self-
onsistent gaussian �u
tuation approa
h, thi
k solid line 
orre-sponds to the Onyszkiewi
z type approximation). Therefore, to show thein�uen
e of the gaussian �u
tuations on the thermodynami
 propertiesof the PEM we perform all 
al
ulations for the simpli�ed variant of thegaussian �u
tuation approa
h; their results are presented below.In the 
ase when 
hemi
al potential is �xed and pla
ed within theele
tron subbands (as one 
an see 
omparing �gures 3a and 3b for� = �0:4) taking into a

ount of �u
tuations does not 
hange qual-itatively the results obtained previously within the self-
onsistent GR-PA [10℄ (ex
ept for some spe
ial 
ases presented below). The quantitative
hanges due to �u
tuations are important in the region of the 
riti
alpoint leading to signi�
ant lowering of the 
riti
al point temperature(T=0.018 for the self-
onsistent GRPA in �gure 3a and T=0.0145 forthe Onyszkiewi
z 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 in
reasing temperature, the pseudospin meanvalue and r.m.s. parameter jump from the bran
h 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 dependen
es of (a) pseudospin mean value and (b)r.m.s. �u
tuation parameter (g = 1, tk=0 = 0:2, � = �0:4, h = 0:204).Thi
k solid lines 
orrespond to thermodynami
ally stable states, otherlines denote metastable and unstable ones.A 
ertain qualitative 
hange takes pla
e (�gure 5) when the 
hemi
alpotential is pla
ed near the 
enter of ele
tron subband (� = �g=2 =�0:5). Comparing to the self-
onsistent GRPA (�gure 2a) or the DMFA
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0000....02020202
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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 
oexisten
e line is observed.The verti
al line on the T
 � h phase diagram (�gure 5) twi
e 
rossesthe phase 
oexisten
e 
urve and hen
e there exists the possibility of thetwo sequential �rst order phase transitions (reentran
e) with 
hange oftemperature.For the di�erent values of 
hemi
al potential, a slope of the phase
oexisten
e 
urve 
an vary (� = �0:5 in �gure 2 and � = �0:4 in �g-ure 3). Within the region, where 
hange of slope o

urs (� ' �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 
riti
al point, a qualitative
hange (
hange of topologi
al type of the phase 
oexisten
e 
urve andappearan
e of the triple point are observed) due to gaussian �u
tua-tions be
omes signi�
ant when 
hemi
al potential has a value within thementioned range (�gure 6b).
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Figure 6. T
�h phase diagrams: (a) self-
onsistent GRPA, (b) gaussian�u
tuation method (g = 1, tk=0 = 0:2, � = �0:6).The �eld dependen
es of pseudospin mean value and r.m.s. �u
tua-tion parameter in the temperature vi
inity of this region (near the triplepoint) are presented in �gure 7 and in �gure 8 ((a) � above the triplepoint, (b) � below the triple point). The phase transition points (denot-ed as a, b and 
 points in �gures) 
orrespond to the 
rossing points ofdi�erent bran
hes of 
(h) (�gure9).In the �gures presented above the 
ase when 
hemi
al potential ispla
ed in the lower subband is presented. If the 
hemi
al potential is
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Figure 7. Field dependen
es 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 dependen
es of r.m.s. �u
tuation 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 dependen
es of grand 
anoni
al 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 dependen
es of the pseudospin mean value: (a)h = 0:01467, (b) h = 0:01495.



19 Ïðåïðèíòpla
ed in the upper subband our results transform a

ording to the men-tioned above ele
tron-hole symmetry of the initial Hamiltonian.5. Con
lusionSelf-
onsistent method, taking into a

ount 
orre
tions due to gaus-sian �u
tuations of e�e
tive �eld in the self-
onsistent GRPA s
heme,and its simpli�ed version (analogous to the approximation proposed byOnyszkiewi
z [18, 19℄ for spin models) are applied for investigation ofpseudospin-ele
tron model.Cal
ulations of the thermodynami
 fun
tions have shown thatOnyszkiewi
z type approa
h (taking into a

ount the 
lass of diagramsrestri
ted as against the usual gaussian �u
tuation approa
h) does not
hange 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 a

ount of�u
tuations is essential in the region of the 
riti
al point and 
an lead tothe qualitative 
hanges of behavior of thermodynami
al fun
tions andthe shape of 
orresponding phase diagrams for some spe
ial value of
hemi
al potential. The presented results demonstrate that the quanti-tative 
hanges due to �u
tuations lower the 
riti
al point temperatureand shift the 
orresponding value of longitudinal �eld when 
hemi
alpotential is pla
ed in ele
tron bands. The lowest value of 
riti
al tem-peratures 
orrespond to the Onyszkiewi
z type approximation.Preliminary analysis of temperature behaviour of the pseudospin 
or-relator hSzSziq (22) (with �xed r.m.s. �u
tuation parameter) shows thatthe high temperature phase be
ome unstable with respe
t to the �u
tu-ations with q 6= 0 when 
hemi
al potential is pla
ed between the ele
-tron subbands. The maximal temperature of instability is a
hieved forq = (�; �) and indi
ates 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 a

ount of �u
tuations lowers value of temperature in whi
h theinstability o

urs.In this paper we investigated the possible phase transitions in PEMwithin the gaussian �u
tuation approximation without 
reation of superstru
tures (q = 0) and all the presented phase diagrams 
on
ern onlythis 
ase. Presented in our paper method of 
onsideration of gaussian�u
tuations of the e�e
tive mean �eld 
an be used to investigation ofthe in�uen
e of �u
tuations on thermodynami
 properties of modulated(
hess-board) phase (like it was done in work [13℄ within the framework
ICMP�01�16E 20of the self-
onsistent GRPA). This issue will be the subje
t of the furtherinvestigation.A
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