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Thermodynamic properties of pseudospin-electron model in
the gaussian fluctuation approximation

Kyrylo V. Tabunshchyk

Abstract. An influence of the fluctuation effects on the thermodynamics
of phase transitions in pseudospin-electron model is investigated. With-
in the framework of self-consistent gaussian fluctuation approach (based
on the GRPA scheme) and Onysziewicz type approximation the grand
canonical potential, pseudospin mean value, as well as the mean squares
of fluctuations are calculated. The comparison of phase diagrams ob-
tained within the the different gaussian fluctuation approaches between
oneself and also with corresponding results calculated in the mean field
type approximations is done.
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1. Introduction

The pseudospin-electron model (PEM) was originally proposed to in-
clude a local interaction of the conducting electrons in metals (or
semimetals) with a certain two level subsystem when it is reasonable
to use pseudospin formalism; the pseudospin variable S7 = £1/2 defines
these two states. Starting from [1,2] this scheme is applied to describe
the strongly correlated electrons of CuQO- sheets coupled with the vibra-
tional states of apex oxygen ions Ory (moving in a double-well potential)
in YBaCuO type systems. Recently a similar model was proposed for
investigation of the proton-electron interaction in molecular and crys-
talline systems with hydrogen bonds [3,4]. The model Hamiltonian has
the following form:

H = ZH, + Ztijcj;cja; (1)
i

ijo

and includes, in addition to the terms describing electron transfer (¢;;),
the electron correlation (U) in the spirit of the Hubbard model, interac-
tion with the anharmonic mode (g - term), the energy of the tunnelling
splitting (€ - term), and the energy of the anharmonic potential asym-
metry (h - term) in the single-site part

Hi = Unigni, — p(nar + niy) + g(nar + nay)S; — QS7 — hS7. (2)

Based on PEM a possible connection between the superconductivity
and lattice instability of the ferroelectric type in HTSC was discussed
in [2,5]. Description of the electron spectrum and electron statistics of
the PEM was given in [6] within the framework of the temperature two-
time Green’s function method in the Hubbard-I approximation.

A series of works has been carried out in which the pseudospin
(S*S%), mixed (S*n), and charge (nn) correlation functions were cal-
culated. A possibility of divergences of these functions at some values of
temperature exists as it was shown with making use of the generalized
random phase approximation (GRPA) [7] in the limit of infinite single-
site electron correlations (U — o0) [8,9]. This effect was interpreted
as a manifestation of dielectric instability or ferroelectric type anomaly.
The tendency to form the spatially modulated charge and pseudospin
ordering at certain model parameter values was established.

Recently [10,11] on the base of GRPA scheme a self-consistent
method was proposed for calculation of the grand canonical potential,
pseudospin mean value, electron concentration as well as the correlation
functions in PEM. In the papers [10,12,13] within the self-consistent

ICMP-01-16E 2

GRPA scheme PEM was considered at the absence of direct electron-
electron interaction and tunnelling splitting (U = 0, = 0). In such a
version of PEM (simplified PEM), an effective many-body pseudospin
interaction via conducting electrons appears, and hence it is interesting
to investigate an influence of the retarded nondirect interaction between
pseudospins on thermodynamics of the model. Hamiltonian of the sim-
plified PEM is invariant with respect to the transformation p — —pu,
h—2g—h,n—2—n,S* - —5% (the so-called electron-hole symme-
try).

The simplified PEM was originally considered in [14] within the
framework of dynamical mean field approximation (DMFA). Results
comparison showed a quite sufficient coincidence in the strong coupling
case of phase diagrams obtained within the self-consistent GRPA and
DMFA schemes (in the case of uniform phase). Further simplified PEM
investigations within the self-consistent GRPA method (in the strong
coupling case) showed the possibility of chessboard phase appearance.
In the p = const regime (when the electron states of other structure
elements, which are not included explicitly into the PEM, are supposed
to play a role of a thermostat ensuring a fixed value of the chemical po-
tential p) we shown that effective interaction between pseudospins leads
to the possibility of either first or second order phase transitions be-
tween different uniform phases [10] as well as between the uniform and
the chess-board ones [12,13]. In the regime n = const (this situation
is more customary at the consideration of electron systems and means
that the chemical potential depends now on the electron concentration
being the function of 7', h etc.) an instability with respect to the phase
separation in the electron as well as in pseudospin subsystems can take
place [10,13].

The model Hamiltonian in the simplified case (U = 0, Q@ = 0) al-
lows one to describe the binary alloy type model. It is convenient to
introduce projective operators on pseudospin states Pl-jE =1/2 £ 5}
then Hamiltonian of the binary alloy can be obtained by substitution
P;r = p;, P =1 — p; where p; is the concentration of one component
of binary alloy, and 1 — p; is the concentration of the second one. Dif-
ference between these models is in the way how an averaging procedure
over projection operators P* is performed (thermal statistical averaging
in the case of PEM and configurational averaging for binary alloy) and
how the self-consistency is achieved (fixed value of longitudinal field A
for PEM and fixed value of the component concentration p for binary
alloy).

Furthermore, if in Hamiltonian of simplified PEM, we remove spin
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indices and rewrite the Hamiltonian in terms of the operators of the
mobile d; (¢;, = d;) and localized f; (Pi+ = fl-'"fi, P =1- fj'fz) elec-
trons, we obtain the Hamiltonian of the Falicov-Kimball model where h
plays a role of the chemical potential for the localized f-electrons and g
plays a role of the strong local interaction between the mobile and lo-
calized particles. The ground state of the Falicov-Kimball model, when
the electron concentration for subsystems is fixed, is not uniform and
shows the commensurate or incommensurate ordering or phase separa-
tion depending on the concentration and coupling constant values [15].
In the strong coupling case [16], in the regime of fixed electron concentra-
tion, the competition between separation and charge-density-wave order,
was shown. Authors presented phase diagrams which display the area of
modulation phase appearance superimposed on regions of the uniform
phase separation (obtained by using the Maxwell construction). It was
suppose that transition to the chessboard phase is always continous. The
results of investigations of simplified PEM within the framework of the
self-consistent GRPA scheme [13] are good coincide and enlarge the re-
sults of investigations of Falicov-Kimball model in DMFA. [16]. As it was
mentioned above, in the g = const regime, we shown that the the first
order phase transitions from uniform into the chessboard phase is exist.
Phase stability in the areas of competition between chessboard phase
appearance and phase separation was investigated from the minimum of
free energy that allows one to correct the phase diagram obtained in [16].
The behavior of the pseudospins (localized particles in FK model) sub-
system inside of the different type phases and one influence on the band
energy spectrum and electron states was study.

The aim of this article is to calculate the thermodynamic and cor-
relation functions of the simplified PEM (U = 0, Q = 0) within the
framework of self-consistent approach, allowing us take into account fluc-
tuation effects of the effective self-consistent mean field. Such a consis-
tent gaussian fluctuation approach was proposed previously in work [17]
where expressions for the grand canonical potential and pseudospin cor-
relator as well as a self-consistent set of equations for the pseudospin
mean value and root—-mean—squares (r.m.s.) fluctuation parameter were
obtained.

Furthermore we would like to investigate an influence of the gaussian
fluctuations on the thermodynamics of phase transitions in the PEM and
discuss an applicability of the schemes previously used for the investiga-
tion of the PEM. For this purpose the results of investigation of PEM
within the framework of the self-consistent GRPA scheme [10] as well as
within the DMFA [14] are presented.
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The paper is organized as follows. First, a short review of the self-
consistent GRPA approach is presented and the results of the numerical
calculations within the framework of this scheme are compared with
corresponding ones obtained within the DMFA in [14]. Second, we re-
view the self-consistent gaussian fluctuation approach for the PEM and
present its simplified version (analogous to the approximation proposed
by Onyszkiewicz [18,19] for spin models). Then we apply gaussian fluc-
tuation method to investigation of the thermodynamic properties of the
PEM, and finally results of the numerical calculations of the pseudospin
mean value and r.m.s. fluctuation parameter as well as the grand canon-
ical potential are shown. Phase diagrams are presented and compared to
the corresponding ones of the GRPA. Finally, discussion and conclusion
are given.

2. Self-consistent GRPA method

We would like to remind that traditional GRPA method (proposed by
Izyumov et al. [7] for the investigation of the magnetic susceptibility of
the ordinary Hubbard model as well as t — J model) takes into account
the same topological class of diagrams (so-called loop diagrams) as in the
random phase approximation (RPA). Main difference between the GRPA
and RPA is a way of choosing of the basic states: splitted (Hubbard-T)
band states in the GRPA method and pure band states in RPA. The
question how to calculate thermodynamic quantities within the GRPA
has been open until recent works [10,11]. In this section we briefly show
how to construct the mean field type approximation within the GRPA
scheme for PEM.

Calculations are performed in the strong coupling case (g > t) using
single-site states as the basic ones. The formalism of electron annihilation
(creation) operators a;, = CioP,'+; i = Cic P (Pl-jE = 1/24S57) acting at
a site with the certain pseudospin orientation is introduced [10]. Within
the framework of the proposed representation, the initial Hamiltonian
(1) (in the case of U = 0, 2 = 0) has the following form:

. h
H = Hy+H;,y = iZ{glnia+52niU_§Sf} (3)
g
+ Y tiladaetaldjetasaje+at, o),
ijo
where €12 = —p1 £ g/2 are the energies of the single-site states.

Expansion of the calculated quantities in terms of the electron trans-
fer Hi,y leads to the infinite series of terms containing the averages of
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T, a;} operators. The evaluation of such
averages is made using the appropriate Wick’s theorem [10] formulated
in the spirit of Wick’s theorem for Hubbard operators [20]. This theo-
rem gives an algorithm reducing the average of product of n creation
(annihilation) operators to the sum of averages of products of the n — 2
operators. So it is possible to express the result in terms of the prod-
ucts of nonperturbed Green’s functions and averages of the projection
operators Pii expanded in semi-invariants.

Nonperturbated electron Green’s function is equal to

the T-products of the ajy, @i, a;

Pt P~

9(wn) = {giwn));  gilwn) = (4)

In the uniform case (S7) = (S*), a single-electron Green’s function
(calculated in Hubbard-I type approximation) is ={>= = Gi(w,) =

(97 (wn) — tk)_l; its poles determine the electron spectrum

1 1/
eunlt) = 5(= 240+ th) £ 51/g7 + 4ta(S7)g + 13 (5)

Investigation of the electron spectrum was performed in [10]. In this ap-
proximation, the branches ;(tx) and ey (tx) form two electron subbands
always separated by a gap. Reconstruction of the electron spectrum takes
place with change of the pseudospin mean value (S?).

In the adopted approximation the diagrammatic series for the pseu-
dospin mean value can be presented in the form [10]

= = =
—+%!—--- ! ©)

where the following diagrammatic notations are used: ) — 5%, ——=%)—
— gi(wy), wavy line is the Fourier transform of the hopping integral #.
Semi-invariants are represented by ovals and contain the J-symbols on
site indices. In the spirit of the traditional mean field approach, renor-
malization of the basic semi-invariant by insertion of independent loop
fragments is taken into account in (6). The analytical expression for the
loop is the following:

Pf P
= 7
g NZ —tk (iwn—61+iwn—52> (7)

= ﬁ(OqPi++042Pi7).
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It should be noted that within the presented self-consistent scheme of
the GRPA, chain fragments form the single-electron Green’s function in
the Hubbard-I approximation, and in the sequences of loop diagrams in
expressions for thermodynamic and pair correlation functions the con-
nections between any two loops by more than one semi-invariant are
omitted. This procedure includes renormalization of the higher order
semi-invariants similar to the one given by expression (6).

Summation of diagrammatic series (6) for the pseudospin mean value
is equivalent to averaging with the mean-field type Hamiltonian:

Hyir=) {e1(nip+niy) + e2(fiip+7ay) — yS; }, (8)

i

where an expression y = h+as—a; determines an internal effective
self-consistent field formed by retarded many-body interaction between
pseudospins via conducting electrons.

Equation for pseudospin mean value in the uniform case is as follows

(i) = (S*)mr = b(y), (9)
where
—Be1
b(y):%tanh{6y+l %} (10)

An analytical expression for mean value of the particle number can be
presented in the form [10]:

(n) = NZ[ (e (th)) + nlen(t))] (1)

— [T+ 2(5%)n(e2) — [1 = 2(5%)]n(er)-

1

Here n(e) = —5; is Fermi distribution.
e

Diagrammatic equation on pseudospin correlator (S*S#), within the
framework of the GRPA has the following form:

7 N\
(5°5%)q = CC®» = OO - 3 . (12)
N

Equation (12) differs from the corresponding one for the Ising model
in RPA by the replacement of the direct exchange interaction by the
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electron loop II; = @ (describing the many-body retarded in-

teraction between pseudospins via conducting electrons)

fl = 5 A0, (13)

g ~ tr
ANpy=—"""—— t(k)= —-—.
) = T gt

(wn+p1)*—g? /4’
The first term in equation (12) is the zero-order correlator renormalized
due to the inclusion in all basic semi-invariants of the mean-field type
contributions (‘single-tail’ parts) coming from the effective pseudospin
interaction

=] —
.
:—+;!

and is thus calculated with the help of Hamiltonian Hyr.
In analytical form, solution of equation (12) is equal to

zQr\ 1/4 _ (SZ)Q
S = TS e ik + 94— (5777)

n’

(15)

and is different from zero only in a static case (w, = 0) (since pseudospin
operator commutes with the initial Hamiltonian).

Within the same approach the grand canonical potential was ob-
tained [10]. The corresponding analytical expression is

Qarea = — Niﬂ > In(1—trg(wn)) (16)
n,k

2 g(wn))ti 1 —BHnF
- %3 % 97_1((””)) S In Tr(e )-

It was shown that all quantities can be derived from the grand canonical
potential
dQ dQ . d(S*?) -
- 5 — 1y, 3 N ) = =0,

what demonstrates thermodynamic consistence of the proposed approx-
imation.
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In the u = const regime the stable states are determined from the
minimum of the grand canonical potential. The solution of equation for
the pseudospin mean value and calculation of potential Q (as well as
the pair correlation function) were performed numerically [10]. The first
order phase transitions between the different uniform phases (bistability
effect) at change of temperature T" and field & can take place when chem-
ical potential is placed within the electron subbands. In the case when
chemical potential is fixed and placed between the electron subbands,
the uniform phase become unstable with respect to fluctuations with
q = (m,7), and the possibility of second order phase transitions between
the uniform and chess-board phase exists at the change of temperature
or field [13].

As mentioned above, the band structure is determined by the pseu-
dospin mean value (figure 1), and its change is accompanied by the cor-
responding changes of the electron concentration (see [10,12] for details).

1050 , e

0.2
0.0

-0.29

-049 \, 4=-05
-061 //t h

-0.! T T T T T T T
0.04 0.06 0.08 0.10 0.12 0.04 0.06 0.08 0.10 0.12

Figure 1. Field dependences of pseudospin mean value and electron bands
boundaries for p = const regime when chemical potential is placed in
the lower subband (in the self-consistent GRPA) (¢ = 1, tg=o = 0.2,
uw=—0.5,T =0.0132)

The simplified version of PEM was considered in [14] within the
framework of DMFA scheme as well. The obtained phase diagrams with-
in the self-consistent GRPA and DMFA are presented in figure 2 (in the
case when chemical potential is placed in the center of lower subband
u=—0.5).

One can see a quite sufficient coincidence of shapes of the first order
phase transition curves (thick solid line). But unlike to the phase dia-
gram in figure 2b obtained within the DMFA, boundaries of the phase




9 IIpenpunt

0020 T,
00204 T, 17
y
i
1 i
0,015 /, ' 0.015 ] /) .l
] T b
’ ! a ’
, ' / “
' /
0.0104 /’ ) 0.010 J , \
o P
/ ’ \\
’ ’
7z , \
0.005 ’ I 0.005 , \
7z 1 % \
P ' , \
-, ! ’ \
L 1 h ’ AN
0.000 : : : rrokrrdey o 0.000 AR : . ey
000 002 004 006 008 010 012 000 002 004 Q06 QOB 010 012

Figure 2. T, — h phase diagrams: (a) within the self-consistent GRPA,
(b) within the DMFA [14]. Solid and dashed lines indicate the first order
phase transition line and boundaries of the phase stability (spinodal
lines), respectively (g = 1, tg=0 = 0.2, u = —0.5)

stability region calculated in the self-consistent GRPA have the same
type of slope, hence a region exists, where the vertical line twice cross-
es the boundary of the phase stability region (figure 2a). The analysis
of the (S%S?) behaviour in this region (for fixed value of the longitudi-
nal field h = 0.0875) with the decrease of temperature shows that high
temperature phase becomes unstable with respect to fluctuations with
g = 0 (the lower crossing point of the vertical line and boundary of the
phase stability region in figure 2a.) Similar results were obtained pre-
viously in [8,9] for temperature behaviour of the correlation functions
in the case of infinite single-site electron correlation U — oo within the
framework of the GRPA.

In the case of the fixed value of the electron concentration condition of
equilibrium is determined by the minimum of free energy. In this regime
the first order phase transition with a jump of the pseudospin mean value
(accompanied by the change of electron concentration) transforms into a
phase separation into the regions with different electron concentrations
and pseudospin mean values [10]. For the first time the instability with
respect to the phase separation in pseudospin-electron model was marked
in [21], where it was obtained within the GRPA in the limit U — oo.
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3. Self-consistent gaussian fluctuation approximation

The above considered approach takes into account only contributions of
mean field type. In this section we present the developed in [17] consis-
tent scheme for calculation of thermodynamic and correlation functions,
which takes into account the gaussian fluctuations of the self-consistent
mean field. We also reduce the presented here method to more suitable
for numerical calculation taking into account a restricted class of dia-
grams. Such an approximation for spin models with a direct interaction
proposed by Onyszkiewicz [18,19] yields a much better description of
critical properties of spin models in the whole range of temperature then
others.

In constructing a higher order approximation that takes into account
the fluctuation effects of the self-consistent mean field, we use the self-
consistent 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 calculated using the distribution with the Hamiltonian
Hyr (8). All these semi-invariants are represented graphically by thick
ovals and contain the §-symbols on site index:

O=(S)ur = bly), CD=(S*5)up = 8;751;’
CTT>=(57 5755y = g(%;y)) (17)

As an approximation that goes beyond of the self-consistent GRPA
we use, similarly to [22,23], the approach taking into account the so-
called ‘double-tail’ diagrams. A corresponding diagrammatic series for
the pseudospin mean value can be written as

QOO0

The diagrammatic equation for the pseudospin correlator (S*S*%)4 within
the presented here approximation is similar to the corresponding one
within the GRPA (12) and given by

(55" - @D = T - o
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but now all semi-invariants in this equation are renormalized due to
the ‘double-tail’ parts. Thus the corresponding diagrammatic series on
zero-order correlator looks like

[1]

The contribution corresponding to the ‘double-tail’ fragment of the dia-
grams can be written in the following analytical form (using the notation

(13)):

v

NSZZZ“

n,n' k,k' q

n(k=q)(S*S%)q At (Kt (K'+q).

The equation on pseudospin correlation function (19) has such a solution:

I m

(stz)q =

(22)

ZIN

¥ 2 A tn (k)i (k)=
n,k

Since the pseudospin correlator (22) is a frequency independent function,
in the expression for X (21) we have two independent sums over inter-
nal Matsubara frequencies, allowing one (by decomposition into simple
fractions) to sum over all internal frequencies.

The diagrammatic series (18) and (20) can be expressed in the fol-
lowing analytical forms [17]:

(5°) = . (23)

VX

== X\/F/ exp (— 5 €bly + €)de. (24)

As one can see the contribution of diagrammatic series with ‘double-tail’
parts corresponds to the average with the Gaussian distribution, where
X can be interpreted as the root—-mean—squares (r.m.s.) fluctuation of the
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mean field around the mean value of y. Thus we obtain a self-consistent
set of equations for pseudospin mean value (23) and r.m.s. fluctuation
parameter (21) as well as expression for pseudospin correlation function
(22).

The grand canonical potential within the approximation presented
here is given by the diagrammatic series below:

7/ T\
BQ:BQGRPA‘F% —{% —% —_/ T+
XK Y

The corresponding analytical expression is

+oo
1 1 €2
Q = 0 +——/‘ﬁb+d
GreAtS o e” 2X {b(y+£)d¢

+00
2 ) - erf( ﬂ)}sign(é)b(wf)df (26)
- %E%nz;/\ifn(kf <1+_ ZM ) (27)

The grand canonical potential written in this form satisfies the sta-
tionary conditions:

dQ dQ

o =0 T - 0, (28)

which are equivalent to the equations (21) and (23). The consistency of
the approximations used for the pseudospin mean value, pseudospin cor-
relation function and grand canonical potential can be checked explicitly
using the relations:

o . d(sH)
d(—h) o <S >’ d(—hﬁ) X =const

= (5%S%) 0. (29)

In the limit of vanishing fluctuations our results go over into the ones
obtained within the self-consistent GRPA.
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The analytical scheme presented here for the pseudospin-electron
model can be easily reduced to the scheme proposed by Onyszkiewicz
for spin models. For this purpose we consider renormalization with use
of the simplest possible pseudospin correlation function involving only
gaussian fluctuations of the mean field for the ‘double-tail’ fragment of
the diagram

Within the framework of this simplification the grand canonical potential
satisfies the stationary conditions (28) and can be written in the following
analytical form:

+oo
= Qcrpa + %EX - % / {1 - erf(\)%) }sign(g)b(y +&)d¢. (31)

The diagrammatic series for pseudospin mean value is the same as the
above presented ones (18). Finally, the set of equations on pseudospin
mean value and r.m.s. fluctuation parameter can be written down as:

+oo
sy L £
(9%) = m_/ exp (_ﬁ)b(waﬁ)dé (32)
2 +o0 ,
_ 2 072 1 &
X = \5 %Afmtn(k) m_/ exp (—ﬁ)éb(y + £)d¢.(33)

4. Phase diagrams within the gaussian fluctuation ap-
proach

Solution of equations for the pseudospin mean value and r.m.s. fluc-
tuation parameter is performed numerically for the square lattice with
nearest-neighbor hopping. The stable state of the system is described by
the solution (from the possible set of ones) corresponding to the global
minimum of grand canonical potential; metastable states are related to
solutions corresponding to local minima.
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Figure 3. T. — h phase diagrams: (a) within the self-consistent GRPA, (b)
within the gaussian fluctuation methods. (g = 1, tg= = 0.2, p = —0.4).

We would like to note that there is no particular difference (figure 3b)
between the results obtained within the self-consistent gaussian fluctua-
tion approach by solving the set of equations (21), (23) and its simpli-
fied version (the set of equations (32), (33)): the same topological type
and slope of phase diagrams, similar field and temperature behaviours
of pseudospin mean value and grand canonical potential were observed.
Only small quantitative differences (as one can see in phase diagrams in
figure 3b) are seen (the thin solid phase coexistence line is obtained in
the self-consistent gaussian fluctuation approach, thick solid line corre-
sponds to the Onyszkiewicz type approximation). Therefore, to show the
influence of the gaussian fluctuations on the thermodynamic properties
of the PEM we perform all calculations for the simplified variant of the
gaussian fluctuation approach; their results are presented below.

In the case when chemical potential is fixed and placed within the
electron subbands (as one can see comparing figures 3a and 3b for
u = —0.4) taking into account of fluctuations does not change qual-
itatively the results obtained previously within the self-consistent GR-
PA [10] (except for some special cases presented below). The quantitative
changes due to fluctuations are important in the region of the critical
point leading to significant lowering of the critical point temperature
(T=0.018 for the self-consistent GRPA in figure 3a and T=0.0145 for
the Onyszkiewicz type approximation in figure 3b).

Temperature behaviour of the pseudospin mean value and r.m.s. fluc-
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tuation parameter is presented in figure 4 for the fixed value of the longi-
tudinal field h = 0.204. At increasing temperature, the pseudospin mean
value and r.m.s. parameter jump from the branch of the low temperature
phase to the one of the high temperature phase in the phase transition
point 17" = 0.0109.

0.00 0.02 0.04

Figure 4. Temperature dependences of (a) pseudospin mean value and (b)
r.m.s. fluctuation parameter (g = 1, tg—o = 0.2, p = —0.4, h = 0.204).
Thick solid lines correspond to thermodynamically stable states, other
lines denote metastable and unstable ones.

A certain qualitative change takes place (figure 5) when the chemical
potential is placed near the center of electron subband (u = —g/2 =
—0.5). Comparing to the self-consistent GRPA (figure 2a) or the DMFA

0024 T,

0.01 / \

0.00 T T T T
0.00 0.04 0.08 0.12 0.16

Figure 5. T, — h phase diagrams (g = 1, tx—o = 0.2, u = —0.5).
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(figure 2b), a change of slope of the phase coexistence line is observed.
The vertical line on the T, — h phase diagram (figure 5) twice crosses
the phase coexistence curve and hence there exists the possibility of the
two sequential first order phase transitions (reentrance) with change of
temperature.

For the different values of chemical potential, a slope of the phase
coexistence curve can vary (u = —0.5 in figure 2 and p = —0.4 in fig-
ure 3). Within the region, where change of slope occurs (¢ ~ —0.6+£0.005
and p ~ —0.425 + 0.005), a possibility of three sequential phase tran-
sitions of the first order at change of temperature is observed (phase
diagram in figure 6a). Near the region of the critical point, a qualitative
change (change of topological type of the phase coexistence curve and
appearance of the triple point are observed) due to gaussian fluctua-
tions becomes significant when chemical potential has a value within the
mentioned range (figure 6b).

2017 mo* T
o™ 15F ¢
1,54
(a) 1.0 (b)
1,01
051 05
h h
0,0 T T 0.0 L L
0,016 0,017 0,018 0.015 0.016

Figure 6. T. — h phase diagrams: (a) self-consistent GRPA, (b) gaussian
fluctuation method (g =1, tg=¢ = 0.2, u = —0.6).

The field dependences of pseudospin mean value and r.m.s. fluctua-
tion parameter in the temperature vicinity of this region (near the triple
point) are presented in figure 7 and in figure 8 ((a) — above the triple
point, (b) — below the triple point). The phase transition points (denot-
ed as a, b and ¢ points in figures) correspond to the crossing points of
different branches of Q(h) (figure9).

In the figures presented above the case when chemical potential is
placed in the lower subband is presented. If the chemical potential is
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Figure 7. Field dependences of pseudospin mean value: (a) above the
triple point (T' = 0.01370), (b) below the triple point (T' = 0.01316)
(9 =1, tkeg = 0.2, p = —0.6).

0.014 0.016

Figure 8. Field dependences of r.m.s. fluctuation parameter: (a) above
the triple point (7" = 0.01370), (b) below the triple point (T" = 0.01316)
(9 =1, tkeg = 0.2, p = —0.6).
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Figure 9. Field dependences of grand canonical potential: (a) above the
triple point (" = 0.01370), (b) below the triple point (' = 0.01316)
(9 =1, tk=0 = 0.2, p = —0.6).
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Figure 10. Temperature dependences of the pseudospin mean value: (a)
h = 0.01467, (b) h = 0.01495.




19 IIpenpunt

placed in the upper subband our results transform according to the men-
tioned above electron-hole symmetry of the initial Hamiltonian.

5. Conclusion

Self-consistent method, taking into account corrections due to gaus-
sian fluctuations of effective field in the self-consistent GRPA scheme,
and its simplified version (analogous to the approximation proposed by
Onyszkiewicz [18,19] for spin models) are applied for investigation of
pseudospin-electron model.

Calculations of the thermodynamic functions have shown that
Onyszkiewicz type approach (taking into account the class of diagrams
restricted as against the usual gaussian fluctuation approach) does not
change qualitatively any of the results obtained within the gaussian fluc-
tuation approximation. A comparison with mean field type approxima-
tions (self-consistent GRPA, DMFA) shows that taking into account of
fluctuations is essential in the region of the critical point and can lead to
the qualitative changes of behavior of thermodynamical functions and
the shape of corresponding phase diagrams for some special value of
chemical potential. The presented results demonstrate that the quanti-
tative changes due to fluctuations lower the critical point temperature
and shift the corresponding value of longitudinal field when chemical
potential is placed in electron bands. The lowest value of critical tem-
peratures correspond to the Onyszkiewicz type approximation.

Preliminary analysis of temperature behaviour of the pseudospin cor-
relator (S*S%)q (22) (with fixed r.m.s. fluctuation parameter) shows that
the high temperature phase become unstable with respect to the fluctu-
ations with ¢ # 0 when chemical potential is placed between the elec-
tron subbands. The maximal temperature of instability is achieved for
q = (m,7) and indicates a possibility of phase transition into a modu-
lated (chess-board) phase. This result confirms the previously obtained
within the framework of the self-consistent GRPA one [12,13], but tak-
ing into account of fluctuations lowers value of temperature in which the
instability occurs.

In this paper we investigated the possible phase transitions in PEM
within the gaussian fluctuation approximation without creation of super
structures (¢ = 0) and all the presented phase diagrams concern only
this case. Presented in our paper method of consideration of gaussian
fluctuations of the effective mean field can be used to investigation of
the influence of fluctuations on thermodynamic properties of modulated
(chess-board) phase (like it was done in work [13] within the framework
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of the self-consistent GRPA). This issue will be the subject of the further
investigation.
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