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Amnoranisi. [IpoBegeno anaJiiz TepMOIMHAMIYHAX BJIACTUBOCTEM IICEB-
JOCIIH—€JIEKTPOHHOL MOJIeJIi Y BUIIAJIKY BiICYTHOCTI €JIEKTPOHHOI KOpe-
qanii. IlokazaHo, M0 B3a€MO/IisA €JIEKTPOHIB 3 MCEBIOCITIHAMYI B PEXKUMI
p=const TPUBOAUTH 10 MOXKJIMBOCTI (ha30BOTO MEPEXOIY MEPIIOTO POILY
IpY 3MiHI TEeMIIEpATyPH i3 CTPUOKOM CEPETHBOTO 3HAUEHHS ITCEBIOCITIHA
(S?) i nepeby10BOIO €1eK TPOHHOIO cleKTPY. B pexumi n=const upu nes-
HUX 3HAYEHHAX [IapaMeTpiB Ma€ Mmicue HecTablibHICTh 1m0m0 Ga30Boro
pO3MIapyBaHHA B €JIEKTPOHHIN TiacuTeMi.

Dynamics and thermodynamics of the model with local anhar-
monism in the case of absence of the electron Hubbard corre-
lation. II. The numerical research.

1.V.Stasyuk, A.M.Shvaika, K.V.Tabunshchyk.

Abstract. The analysis of the thermodynamic properties of the pseudo-
spin—electron model in the case of absence of the electron correlation is
performed. It is shown that interaction between the electron and pseu-
dospin subsystems leads in the y=const regime to the possibility of the
first order phase transition at the temperature change with the jump of
the pseudospin mean value (S?) and reconstruction of the electron spec-
trum. In the regime n=const an instability with respect to the phase
separation in electron subsystem can take place for certain values of the
model parameters.
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1. Introduction.

The model under consideration takes into account the interaction of
electrons with the local anharmonic mode of lattice vibrations. Such
property is characteristic for the vibrations of the so—called apex oxygen
ions Opy along c—axis direction of the layered compounds of YBasCuszO7
— type structure [1-3]. In the case of local double—well potential, the
vibrational degrees of freedom can be presented by pseudospin variables.
The Hamiltonian of the model, with the use of pseudospin variables for
the description of anharmonic vibrations, has the following form [4].

H= ZH +Zt”bwb10 , (1)

ijo
H; = Unyngy + Eo(”iT + nu) + g(nn + nu)Sf - QSY —hS; (2)

where the single-site energy H; includes Hubbard correlation U, inter-
action with anharmonic (pseudospin) mode (g — term), the energy of the
tunnelling splitting (2 — term) and energy of the anharmonic potential
asymmetry (h — term); E, defines the origin of energies of the single—
electron states (for the case of grand canonical ensemble E, = —u). The
values S* = £1/2 correspond to the two possible positions of oxygen O
in the double—well potential. The second term in (1) describes electron
transfer.

In the first part of this work [5] we have written the Hamiltonian of
the model in the second quantized form (for the case Q@ = 0 and absence
of the Hubbard correlation U = 0)

H =3 {e(nir + niy) + (it + fay) — hSF
(3
+ Z tij (a?;ajg + a;’;_djg' + fl:';ajg + CNL;’;CNL]'U) = (3)

ijo

= Ho + Hint:

using the operators of the electron creation (annihilation) at the site
with certain pseudospin orientation

Ggi = boi(1/2+57) . ag; = b5, (1/2+ 57) (4)
&ai:bai(l/Q_Sf) ) &jz: ;(1/2_SZ)
Here
EZE0+Q/2; éon—g/Q, (5)

are energies of the single—site states; H, is the single-site (diagonal)
term, H;y; is the hopping terms.
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The analytical calculation was performed by diagrammatic method
in the mean field approximation [5]. Single-particle Green functions are
taken in the Hubbard—I approximation. This corresponds to the omitting
of the diagrams including semi-invariants of the higher than first order
in the loop and also the connection of two loops by more than one semi—
invariant.

Then the analytical equation for the mean value of pseudospin (S?)
was expresed in form

z z 1 B 1+€_68
<Sl>:<SZ>MF:itanh{i(h+a2_al)+lnm}. (6)

Difference ay — a; in (6) corresponds to the internal effective self-con-
sistent field acting on pseudospin

s —ay = 2 kaIL{n@H(t,;)) —nlerty)},  (7)

: —en(ty)
n(e) = Tlﬁs is Fermi distribution, ¢,y are energies of the single—
e
electron excitations
erulty) = 1/2QE, +t;) + 1/2\/g + At (S%)g + 12 (8)

Behaviour of the electron bands as function of the coupling constant is
presented in Fig. 1. One can see that the gap in spectrum always exists.
The widths of subbands depends on the mean value of pseudospin and
in the case of strong coupling (¢ > W) subbands halfwidth is equal to
W (35 % (5%).

The diagram series for mean value (n;) (using the perturbation the-
ory, Wick’s theorem and expansion in semi-invariants) can be presented
in the form

S
(ni) = l:@-+% (9)
el et a

with the analytical expression

NZ{” erlty) +nlen(ty))} — 2P )n(E) — 2(P7)n(e) . (10)
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The diagram series for the thermodynamical potential and the cor-
responding analytical expression are following

BAQ=—InZ +1nZ,, Z = Sp(e~PH), Z, = Sp(e PHe),

o (Y

AQ — 2 Z I (cosh gsl(t,g))(cosh gell(t,;)) B 12)

Ng z (cosh gs) (cosh %é)
1 3 14 e e
_Elncosh{i(h—l—oq—oq)+lnm}+
1 8 1+e—f3f
=1 h¢=h+ln— i - .
+/3 n cos {2h+ T+e } (S*) a2 — an)

We would like to remind, also, the diagram equation and analytical
solution for the pseudospin correlator

2o 1/4-(S%)?
S§%8%) ;= ; 14
(5%5%) 1+ a+5. ,5__ Py (14)

where

Z a+5. .l 2,6’ Z — t,;+q.(5 —&)? y
1

~ —eu(tpller(tpg) — ety 7]
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X{ nler (( )l = nler(ti )] nlen(p)] —nlen(ty J)r)]_ (15)

) (,H,;) * EII() EH(

nler(tp)] —nlen(ty )] nlen(tp)] - N[al(tlg+q~)]}
7 ) |

EI(t ) — 6[[( 5II(t1'5) _5I(t1}‘ 7

Our correlator is different from zero only in the static case. This is due to
the fact that operator S* commutes with Hamiltonian being the integral
of motion.

1.5—:
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-1.5 e [TrTrrrroroT [TTrrrrroToT [TTrrrrroToT [TrrTT

2. The numerical research in y=const regime.

In investigation of the equilibrium conditions we shall separate two re-
gimes: p=const and n=const. The equilibrium is defined for the first

regime by the minimum of thermodynamical potential: (%) =0.
T,p,h
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The p=const regime corresponds to the case when the charge re-
distribution between conducting sheets CuO2 and other structural ele-
ments (charge reservoir, e.g. nonstoichiometric in oxygen CuO chains in
YBaCuO type structures) is allowed.

The dependences of order parameter (S*) on field h and tempera-
ture T', at the constant value of chemical potential, are determined by
equation (6). All integrals in (6) can be calculated analytically at zero
temperature (below, all calculations will be performed for rectangular
density of states, but we would like to remark that similar behaviour we
can obtain in the case of semi—elliptic density of states).

We shall present all our results for the case of zero temperature as
well as for the case of non—zero temperature.

The phase diagrams g — h which indicate stability regions for states
with (S%) = £1 are shown in Fig. 2 for g > W.

One can see two regions of the u and h values where the states with
(S*) = 1 and (S%) = —1 are both stable. In the vicinity of these regions
the phase transitions of the first order with the change of the longitudinal
field h and/or chemical potential u take place and they are shown by
thick lines on phase diagrams Fig. 2.

The field dependencies of (S*) and 2 near the phase transition point
are presented in Figs. 3, 4. Their behaviour in the cases of 7' = 0 and
T # 0 with the change of chemical potential is similar: S - like for mean
value of pseudospin and the fish tail form for thermodynamical potential.

In the p=const regime chemical potential can be situated in the elec-
tron bands or out of them with the change of field h (Fig. 5 dashed
line) and in the vicinity of the phase transition point this results in the
rapid change of the electron concentration (Fig. 6 dotted lines) due to
the charge transfer from/to the reservoir (CuO planes). The widths of
the electron subbands depend on the mean value of pseudospin which
results in the presented above behaviours.

The phase transition point is presented by the inflection point on
the dependence Q(h) (Fig. 4 dotted lines). At the same time this value
is determined according to the Maxwell rule from the plot of function
S%(h).

With the temperature increase the region of the phase coexistence
narrows and the corresponding phase diagram 7, - h is shown in Fig. 7.
The tilt of the coexistence curve testifies the possibility of the first order
phase transition at the change of temperature with the jump of pseu-
dospin mean value. (The phase diagram T.—u has a similar form). The
existence of the shifted and tilted curve as result of the local pseudospin—
electron interaction was obtained for the first time in [6] for pseudospin—
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Figure 2. Phase diagram g - h. Dotted and thin solid lines surround
regions with S% = i%, respectively. Thick solid line indicate the first
order phase transition points. a) the case of zero temperature; b) T' =

0002 (W = 02;9g =1).
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Figure 3. Field dependency of (S*) (W =
p=const regime; 7' = 0.01 and T = 0.
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Figure 4. Field dependency of thermodynamical potential (W
uw=-04,¢9g=1.0); T=0.01 and T = 0.
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Figure 5. Field dependency of electron bands boundaries (W = 0.2,
uw=-04,¢g=1.0); 7T =0.01 and T = 0.
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Figure 6. Field dependency of electron concentration (W = 0.2,
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electron model with direct interaction between pseudospins.

The analysis of the thermodynamical potential behaviour with the
temperature increase (Fig. 8) shows that the lowest value of Q(T') cor-
responds to the jump of the mean value of pseudospin (Fig. 9 dotted
lines) from the branch which corresponds to the low temperature phase
to the branch of the hight temperature phase. The analysis of the (S*S5%)
behaviour with the temperature decrease shows that the hight tempera-
ture phase is stable up to zero temperature. This means that vertical line
on the T.—h phase diagram only once cross the boundary of the phase
stability.

In figures the case when the chemical potential is places in the lower
subband is presented. There is no any specific behaviour when chemical
potential is placed out of bands. And if chemical potential is placed in
upper subband our results transform according to the internal symmetry
of the Hamiltonian:

0= —, h—2g—h, n—2—n, S* — —S*. (16)
T |
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Figure 7. Phase diagram 7. — h (g =1, p = —0.4).

3. The numerical research in n=const regime.

In the regime of the fixed value of electron concentration the first order
phase transition with the jump of pseudospin mean value accompanied
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Figure 8. Temperature dependence of thermodynamical potential (W =
02, h=0.22, u=-04,g=1).
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Figure 9. Dependence of the mean value of pseudospin and pseudospin—
pseudospin correlation function on the temperature (W = 0.2, h = 0.22,
w = —04 g=1).
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by the change of electron concentration transforms into the phase sepa-
ration.

The dependence of the mean value of particle number (or electron
concentration) on chemical potential is one of the factors that determines
the thermodynamically stable states of system. One can see the regions
with du/dn < 0 where states with homogenous distribution of particle
are unstable, which correspond the phase separation into the regions
with different electron concentrations and pseudospin mean values (Fig.
10 and Fig. 11).

In the n=const regime the equilibrium condition is determined by
the minimum of free energy F' = 2 4+ puN. In the phase separated region
free energy as a function of n deflects up (Fig. 11 ) and concentrations
of the separated phases are determined by the tangent line touch points
(these points, also, are points of binodal lines , which are determined
according to the Maxwell rule from the function p(n) see. Fig. 10).

Resulting phase diagram T—n is shown in Fig. 12.

0.0 0.5 1.0 15 20N -06 -04 -02 00 0.2 0.4 S° 0.6

Figure 10. Dependence of the chemical potential u on the electron con-
centration n and pseudospin mean—value (S*) for different h values
(9g=1,W =02, T =0.01).

4. Conclusions.

The investigation of the pseudospin—electron model in the case of absence
of the electron correlation was performed in the mean field approxima-
tion using Hubbard-I approximation for the calculation of the single—
particle Green function. In the first part of this paper we performed
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Figure 11. Dependence of the chemical potential p on the electron con-
centration n and deviation of free energy from linear dependence for
different T" values (g =1, W = 0.2, h =0.2).

Figure 12. Phase diagram 7" - n (g = 1, W = 0.2 h = 0.2) for phase
separated state: solid line — binodal points, dashed line — spinodal points.
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the analytical consideration for our model and all quantities have been
obtained in the framework of one approximation.

As a result of numerical investigations we obtain:

1) the gap in the electron spectrum always exist (with the change
of mean value of pseudospin the reconstruction of electron spectrum is
realized);

2) the possibility of the first order phase transition with the change
of the longitudinal field h (in consequence of this the S-like behaviour
for mean value of pseudospin with the jump in the phase transition
point (that corresponds to the inflected point on the dependence Q(h))
is obtained and in this point the concentration redistribute rapidly be-
tween the conducting sheets CuO2 and charge reservoir (CuO planes) in
YBaCuO type structures);

3) the phase coexistence curve is tilted from vertical line, therefore
the possibility of the first order phase transition with the temperature
change exists;

4) the hight temperature phase is stable in the whole region of tem-
perature (Fig. 9);

5) in the regime n=const we have the regions with du/dn < 0, which
corresponds to the phase separation with the appearance of regions with
different electron concentrations and different orientation of pseudospins.
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