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MODEL IN A DYNAMICAL MEAN-FIELD APPROACH

The pseudospin-electron model in the case of infinite on-site electron repulsion is investi-
gated. The electron energy spectrum is calculated within the framework of the dynamical mean
field theory (DMFT), and the alloy analogy approximation is developed. The effect of the
pseudospin-electron interaction, local asymmetry field, and tunneling-like level splitting on the
existence and the number of electron subbands is investigated. The relation of the pseudospin-
electron model to the problem of energy spectrum of boson-fermion mixtures in optical lattices

is discussed.
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1. Introduction

The pseudospin-electron model (PEM) is one of the
models, which are used in the physics of strongly cor-
related electron systems in recent years. Application
of the model to high-temperature superconductors al-
lows one, for example, to describe the thermodynam-
ics of an anharmonic oxygen ion subsystem and to
explain the occurrence of inhomogeneous states and
the bistability phenomena ([1], see also [2]). In this
model, one considers the dynamics of locally anhar-
monic structure elements (using the pseudospin vari-
ables to describe them), interaction between pseu-
dospins and electrons, and the asymmetry of local
anharmonic potential wells. The electron subsystem
is described by the Hubbard Hamiltonian.

In [3], a pseudospin-electron model of ion intercala-
tion in crystals was formulated; the pseudospin repre-
sentation is also used in the description of ionic con-
ductors [4, 5]. The thermodynamics of the model has
been investigated in the mean-field approximation; it
was shown that a new phase with (S*) # 0 appears
due to the ion hopping between sites. This new phase
is an analogue of the superfluid phase in the systems
of hard-core bosons or the superionic phase in ionic
(protonic) conductors.

The pseudospin-electron model in its general form
has also a direct relation to the ultra-cold boson-
fermion mixtures in optical lattices, which are the
object of an intense theoretical investigation during
last years [6-10]. In the hard-core boson limit (that
corresponds to the large on-site repulsion between
Bose atoms), when the pseudospin representation is

© LV. STASYUK, V.O. KRASNOV, 2013
68

pseudospin-electron model, boson-fermion mixtures, dynamical mean field

used, one has to do with a pseudospin-fermion ana-
logue of PEM [11]. The transverse field exists here in
the phase with a Bose-Einstein (BE) condensate and
is proportional to the order parameter (S*), while
the longitudinal field plays the role of a chemical po-
tential of bosons. In this case, the investigation of
the electron spectrum within PEM gives, at the same
time, an information about the fermion spectrum of
the boson-fermion system with n, < 1 in the men-
tioned phase.

Investigations of the thermodynamics and the
dynamics of PEM were performed mostly within
the Hartree-Fock-type approximation (in the weak
pseudospin-electron coupling case) or the general-
ized random phase approximation (at the strong cou-
pling); the problem is reviewed and discussed in
[2]. The conditions of the appearance of modulated
phases, phase transitions between different uniform
phases, and phase separation were established.

In the DMFT approach, the Hamiltonian with
strong correlations is taken in the infinite space di-
mension (d — oo) limit; this leads to a reformula-
tion of the problem and the transition to the solution
of the single-site problem described by an effective
Hamiltonian [12-14]. Only for simplest cases such as
mobile particles in the Falicov—Kimball model, one
can solve analytically this problem. An exact so-
lution exists also for the pseudospin-electron model
without transverse field [15]. There are also some ap-
proximate analytical approaches such as: Hubbard-I,
Hubbard-I11, alloy analogy (AA), modified alloy anal-
ogy (MAA) etc., see [16,17].

In this work, the alloy analogy approximation for
the single-site problem is used within the pseudospin-
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electron model. Our problem is solved in the limit
of infinite value of single-site electron interaction.
The previous consideration of this problem in the
Hubbard-I approximation [18] revealed a complicated
structure of the spectrum and the presence of some
number of subbands. In [19], the electron energy
spectrum of the pseudospin-electron model allowing
the interaction of near-energy subbands was consid-
ered. The effective single-site problem was solved
within the auxiliary fermion field approach with the
help of the procedure of different-time decoupling of
higher order Green’s functions [16].

Our main task is to investigate a reconstruction of
the electron energy spectrum and to describe the ef-
fect of band splitting at a change of the longitudinal
and transverse fields and the pseudospin-electron in-
teraction constant.

2. Hamiltonian of the Model and its
Transformation

The Hamiltonian of the pseudospin-electron model is

H= ZH + Y tichcio (1)

<i,j>,0

where 2 in the single-site part of the Hamiltonian is
the tunneling-like level splitting, g is the pseudospin-
electron interaction constant, and h is the asymmetry
of the local anharmonic potential:

Hi = —p(ni,p+ni,)+9(nig+ni )7 —QST=hS7. (2)
The second term in (1) describes the electron site-to-
site hopping (between nearest neighbours).

The term Untn; is not included, as we investi-
gate our problem in the limit of the infinite poten-
tial of single-site electron interaction U — oo, where
all states with double cite occupation are absent.
The single-site Hamiltonian is considered as the zero-
order one with respect to the electron transfer. It
is useful to introduce the standard single-site basis
|R) = |ni,1,mi,,S?), with six eigenvectors [18]:

1 1
1L,=Y, |4)=11,0,=
07 72>’ | > 707 2>’

1 ~ 1
0,1,—= 4y =11,0,—=).
Lz ) =[Lo.-3)

Using Hubbard X-operators that act in the space
of such eigenvectors, we can write down the electron

) = 'o,o, ;> 13) =

1) = '0,0,—;>, 3) =
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annihilation (creation) operators and the pseudospin
operators (in the limit, when the state |2) = [1,1, +£3)
is unoccupied) as follows: [18]

ciy = XM 4 X1,
¢ = XP 4+ XP (4)

Then, the single-site part of the Hamiltonian can
be expressed by means of X-operators in the following
way:

h
Hy=(~p+5 - 5)XP + X{N+
9 h 33 wiiy Mool
Hon =5+ X X + (X =X+
0 ~ ~ ~ ~ ~ ~
+5 (G + XG4 X X 4 X X, (5)

This Hamiltonian is diagonal in the case 2 = 0. But
if the tunneling splitting is non-zero, we have to use
a transformation

R\ _ [ cosg, sing,\ (7 (©)
R}  \—sing, cos¢,.) \F
to diagonalize it. Here,

n.g —h
(g — R+

cos(2¢,) =

711:0,”3:714:1. (7)

In that way, we have

H = ZeTXM—F Z tij wc](77

<i,j>,0
_i h? +Q2,
€33 = €41~ _Ni \/9 h)? + Q2. (8)

3

Here, making transformation (6), we obtain

Cin = €08 b (XM + X + sin gy (XM — X1,

Ci,| = COS (bgl(Xil?’ + X}g) + sin ¢31(Xz1§ _ )(}3)7

cos g1 = cos (Pg — P1), cos 31 = cos (Pp3 — ¢1),

sin ¢41 = sin (¢4 — ¢1)7 sin (]531 = sin (¢3 — ¢1) (9)
where X-operators act on the new basis.
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3. Dynamical Mean Field Theory Approach
The transition to the d = oo limit in the DMFT ap-

proach is accompanied by the scaling of the electron
transfer parameter:
tij — —=.
¥} \/&
In particular, the self-energy part of electron Green’s
function becomes purely local [13, 14]:

(10)

Zijyo’(w) = Zgéij, d = oo. (11)
The  Fourier-transform  ¥;;,(w) is,  hence,
momentum-independent:

Za(kvw) = Ea(w)' (12)

Electron Green’s function in the (k,w) representation

Gi(w) =) e RIGy; 0 (w) (13)
i—j
can be expressed as
- 1
Gi(w) = (14)

where 2, (w) is the part, which is irreducible (in the
diagrammatic representation) according to Larkin.
To calculate the E,(w) function, the effective single-
site problem is used. The transition to this problem
corresponds to the replacement

B
e PH _, o=BHet — ,—FHo Texp{ /dTX
0

B
xo/dr/ zU:JU(T — T/)CL;.‘—(T)GU(TI)} = e_ﬁHOG(B),

(15)
where
Hy = H;, (16)
and J,(7—7 ) is an effective time-dependent field (co-
herent potential) that is determined self-consistently
from the condition that the same self-energy part
Es(w) determines the lattice function G7(w), as well

as the Green’s function G5 (w) of the effective single-
site problem:

(17)

In this case, we have

G = Gy () = % NNEAD) (18)
k

The system of simultaneous equations (14), (17), and
(18) becomes closed, when it is supplemented with
the functional dependence

(19)

which is obtained as a result of solving the effec-
tive single-site problem with the statistical operator

exp(—fHeft)-

4. Reformulation of Wick’s Theorem
for the Single-Site Problem

To find out relation (19), let us calculate electron
Green’s function using an expansion in powers of the
coherent potential J,(w). In the zero approximation:

(LX) X))o = g (7 — )X+ X7,
(20)

In the frequency representation: gd¥(w,) = —(iw,—
—Apg) T Apg = €p — £q-

Using Wick’s theorem for the Hubbard operators
[20], we can see that

——<+—
X41(7_/)X14(7_) _ 79(1)4(7_ . 7_/)()(11 + X44)7-’

X () x"(r) =0
XXM () = —gi (7 — )X T ()

X)X (7) = —g5t(r — )X ()

As a result of such a procedure, the Bose-type X-
operators appear.

The alloy analogy approximation (see [16, 17])
means the neglect of all non-diagonal Hubbard op-
erators in Wick’s pairings. Such an approximation
leads to the next result:

<

o (F)XM () = —gbh(r — )X + X1 cos pun,
[

cf(T’)XM(T) =0,

< ~—~ e —
c?‘(T’)XM(T) = —gtt(r — ) (XM + XM cos dar,
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)X+ X M) sin g,

T/)(Xll + XZZ)T/ sin (b41,

———

S S 2
Using (9), we have

<+ 14 / 11 44 2
(e (1) = —go' (T = )X + XH) 1 cos® g —
—ggZ(T T’)(Xﬁ + XZZ)T/ cos? a1 —

—gt(r — ) (X £ XY sin® gy —

—glt(r — ) (XM 4 XM sin2 gy (22)

This result shows us that, in the case of the alloy
analogy approximation the pairing of Fermi-operators
decomposes into the sum of terms that are the pro-
jections on single-site states (because of the action of
X" operators). This is the main difference from the
case of ideal fermions, where we have Green’s func-
tions as a result of the pairing.

Now, we can rewrite

—[9(1)4(7'_7'/) cos” Ga1 +9(1)4(7'_7'/) sin ¢41]X11(T')—

—[g54 (7 —7") cos® da1 + b4 (T —7') (sin g ] X ()

—[g8*(7=7") cos” dur +g* (T —7") sin fur ] XM (') -

— (b4 (7 —7") cos? a1 +g5M (T —7") sin ¢gq | XM (7)) =

1 1) 11
—g5) XM () = gty XM (7)

Z gOT er
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— ge) XH(r")—

(A )X44

—Yo1 (23)

5. Single-Site Green’s Function

In general, electron Green’s function of the effective
one-site problem reads

, Ty (T)ct (77)e PHett
Tg(T—T):—< ( Ze_éHezf> ) _

__Te@et ()53 o

(@(8))o

The numerator and denominator in this expression
will be calculated separately using an expansion in
terms of the coherent potential J,(7—7). As the first
step, we illustrate the second order in this expansion
with four operators of creation and annihilation of
electrons:

(Ter(r)ef (7)ef (r1)er(m2))o =

—+— <+

= (Tcf (T)er(T)ef (11)er(m2))o+

(Tl (m)er (1) (T)er (m2))o =

== 2o =gy (2 = )Xot

+ng (r—m)gd}) (ra = )X ") (25)
and
(Tey(7)ef (7)) (m)ey (7))o =
— (e (e (r)et (r)ey (ma)bo =
—ng = 7)g8) (72 = T){X "o (26)

Here, the pairing of Fermi-operators is performed ac-
cording to (25). The diagonal X-operators, which
appear during this procedure, we multiply, by using
the rule X" XP? = X""6,,. As a result, only the
averages (X"")( are present.

We can also consider the third order in our expan-
sion with six operators of creation and annihilation
of electrons:

(Tey(r)ef

<+

—(Tcf (T er(T)ef (m)er(r)ef (73)et (1) )o+

e (t)er()er (ra) e (13) et (1) )o+

(")t (m)er (r)ef (73)eq (14))o =

HTel (1)
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(Tl (7)) el (1) et (m2))oct (73)er (T)et (Ta))o =

—(Tcf (T ey (T)ef (m)er (ro) e (73)er (1) o+

— < <+

(Tl (7)) er (T)ef (1) er (Ta)ef (13)er (72))o+

cr(r2)ef (m)er(T)ef (m3)er (1a))o—

—— @+ %

—(Tct (T)er(ma)ef (m)er (T)ef (t3)ep (12) o+

/™ @ %+ T+

(Tt (T)er (ra)ef (m)er (r2) e (13)er (7))o~

</ @ 4+ T+

—(Tcf (T ey (r)ef (73)er (1) (1) et (14))o-

Finally,

(Ter(r)

(27)

 (7)ef (m)er(m2)ef (13)er (1a))o =

= ch()? (= )g67 (2 — T0)g7 (ra — T5) (X" )o—
S g =g (ra — 1) gl (ra — ) (XTT)o—
- ZgOT g(()T)(

JFZQ(()? (7'4 - 7'/)9(()?)(7 - 7'1)9(()? (7'2 - 7’3)<er>0*

= )ggy (14 = 7) (X7 )ot

—Ehm g (r2 = m)giy (7 = 73) (X o+
+ZQOT To—T gOT)(T Tg)géT)(T4—7’1)<er>0. (28)

The similar procedure is also actual in the case of
higher order terms. Using the diagrammatic series,
we can separate the connected and disconnected “vac-
uum” (without external vertices) parts of diagrams.
The former form a geometric progression in the fre-
quency representation. The latter look like closed
rings of different lengths (created by unperturbed
Green’s function and coherent potential lines) and
give exponential contributions in subspaces |r) after
the summation of infinite series.

So, the numerator in
(Teq (T)C?_ (7)) num reads

<TCT (7-)c¥r (T/)>num -
72

Green’s function

= Z [901 wn) 901) (wn)JT(wn)g(()T) (wn)+

+967) (@n) T3 (@n) g8 (n) Tt (wn) 957 (wn)—
g(()?) (wn)

(r) <XW>O€QT'
1+ goy (wn)Jt(wn)

- ] (XY pe@r =

(29)

Here, @, in the analytical form is

Zzg(r) wn)—

Wn,

[Zzgm

Wn,

[Zzg(r)
722111 14 g8

Wn

()] +
)] ==
wn) o (wn)).
In particular,
ZM+W”wmmm-
+;MH%WMMWM,
7LZmH¢”%mm»
Zm+¢“%mm»

(31)

The next step is to calculate the denominator
B B
F(B)o=1- /dﬁ /0172 Z Jo (11 — T2) X
0 0

1 B B
><<TC (Tl Cg ’7'2 0+§/d ./dT4><
0 0

X ZZJ" 71— T2)Jor (T3 — T4) X
X(Teg (1) e (Ta) e (73)cor (Ta))o —

In the diagrammatic representation, this series is ex-
pressed through the set of “vacuum” diagrams. The
final result could be expressed in terms of contribu-
tions @, of the above-mentioned ring diagrams.

(32)
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Fig. 1. Dependence of electron band boundaries on the asym-
metry of the local anharmonic potential h (g = 0.5, @ = 0.1,
T = 0.02, u = 0, W = 0.5). Hereinafter, dashed lines repre-
sent the energies of the transitions between single-site electron
levelspg = A\pq = €p — €4 without hopping

In such a case, we have

@B)o=1+> [QT - %Qf - %Q%

+.. } (XY = ZGQT. (XY -
Finally, our analytical result is
(r)
—— e ©n) (57 6Qr
<TC+C > - XT: 1+9(();)(wn)<]a(wn)< >0@ (34)
o Co) = > eQr(XPP)g )
p

where o =T or |.

6. Electron Energy Spectrum

Now, we have the closed system of equations to cal-

culate Green’s function G(T“)(w) and the coherent po-
tential J;(w):

Gi(w) =

1
G (w) = Eo(@)] L = J,(w) -N ZGZ(W)a
k

()
 gon(wn)  xerry Qn
G\ () = zr: 14957 (wn) Jo (wn) (X )oe
o (LU) - Zer <pr>0 5

Qr =3 (1 + g8 (Wn) Jo () (35)

Wn,
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104 / Im J(w)=0
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Fig. 2. Dependence of electron band boundaries on the asym-
metry of the local anharmonic potential h (¢ = 0.5, Q = 0.3,
T=0.02, u =0, W =0.5)

1? Im J()=0 !2:1
054------- ::::::, ffffffffffffffffffff ":::i: 777777 Z-:f
0od Im J(@)=0
05 ---m- ,,,,,,,,,, 41
-mwr'/‘ = :471‘
T T T T T T 1
0,5 0,0 0,5 1,0 h 1,5

Fig. 3. Dependence of electron band boundaries on the asym-
metry of the local anharmonic potential h (¢ = 1.0, Q = 0.1,
T=0.02, u=0,W =0.5)

Here, to calculate (X"")q, we use the iterative pro-
cess: the next (X")( value depends on the previous
(X7™), one as

(X7)pe?
Z <XPP>O€Q;D ’

The initial averages are taken from the Boltzmann
—Ber
distribution <XTT>0 = ﬁ.
P
To sum over k, we use the semielliptic density of
states po(t) = = VW? — t2. In this case, J,(w) =
WT2GS,G) (w) [12], and our final equation for the coher-
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Im J(w)=0
04 77"
0.0 Im J(0)=0
.0’4_77”””»//_/‘
-0,8- NN
= N4
12 T T T T T T T 1
05 0,0 0,5 1,0 h 15

Fig. 4. Dependence of electron band boundaries on the asym-
metry of the local anharmonic potential h (g = 1.0, Q = 0.3,
T =0.02, p =0, W =0.5)

0,0 0,2 04 0,6 0,8 1,0 1,2 1.4

Fig. 5.
pseudospin-electron interaction constant g (h = 0.1, 2 = 0.1,
T=0.02, u =0, W =0.5)

Dependence of electron band boundaries on the

ent potential J,(w) is as follows:

()
_ Gown)  yyerry O
Jo(wp) = KQZT: 1+952)(wn,)Ja(wn)<X )oe -
o\rn) = Ty Zer <pr>0
p

In a usual way, we perform the analytical continu-
ation on the real axis (iw, — w — ), and only the
solutions with $.J,(w) > 0 must be considered.

Electron band boundaries are determined from the
condition §J,(w) — 0. Their dependences on the
asymmetry of the local anharmonic potential are
shown in Figs. 1-4.

One can see the effect of the tunneling-like level
splitting © on the width of existing bands (we can

74

Im J(w)=0

Im J(0)=0

T T T T T T T T T
0,5 1,0 15 2,0 g 25

Fig. 6. Dependence of electron band boundaries on the
pseudospin-electron interaction constant g (h = 1.0, Q = 0.3,
T =0.02, p =0, W =0.5)

41

Q 10

Fig. 7. Dependence of electron band boundaries on the
tunneling-like level splitting Q2 (¢ = 1.0, h = 0.1, T = 0.02,
w=0, W =0.5)

compare the plots with constant g = 0.5 and to see
that the increase of  from 0.1 to 0.3 leads to a not-
icable broadening of bands).

One can see also how the pseudospin-electron in-
teraction g leads to the appearance of two additional
bands, when h ~ £, and one band otherwise (this
can be seen with comparing the plots with different
g, but with the same ). The dependences of elec-
tron band boundaries on the pseudospin-electron in-
teraction constant g are shown in Figs. 5—6. One can
see that there exists some critical g =~ W, at which
the additional gap appears in the spectrum. This
result is similar to the Mott transition type recon-
struction obtained in [15] for the pseudospin-electron
model without tunneling-like level splitting.
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Fig. 8. Electron density of states at different values of the pseudospin-electron interaction constant g ("= 0.02, u = 0, W = 0.5)

Similarly to the dependence of the local anhar-
monic potential on the asymmetry, we can see also
how an increase of 2 leads to the band width growth.
At g =~ 2h, the additional bands appear in the
spectrum.

The dependences of electron band boundaries on
the tunneling-like level splitting €2 are shown in Fig. 7.
Here, one can see the presence of two critical val-
ues Q =~ 0.3 (band splitting) and Q =~ 0.6 (band
emerging).

The densities of states p,(w) = 1Im G — i0™)
for different values of the pseudospin-electron inter-
action constant g are shown in Fig. 8. Initially, we
observe the splitting of one band at g ~ W. After-
wards at g =~ 2h, two central bands emerge, and the
further increase of g gives four bands in the electron
spectrum.

7. Conclusions

1) The electron energy spectrum of the pseudospin-
electron model is considered. For this purpose, the
dynamical mean field method is applied. The effective
single-site problem is solved within an original ap-

ISSN 2071-019/4. Ukr. J. Phys. 2013. Vol. 58, No. 1

proach based on the use of a generalization of Wick’s
theorem. The alloy analogy approximation is used.
2) Electron transitions with a possibility of the si-
multaneous flip-over of the pseudospin (or at its un-
changed orientation) manifest themselves in a com-
plication of the electron spectrum which consists in
the appearance of additional subbands. The effects
of bond splitting and creation of new gaps take place,
depending on the longitudinal field &, interaction con-
stant g, and transverse field  values (Figs. 1-7).

3) The rearrangement of the spectrum, similarly to
the Mott transition, occurs not only due to the on-site
peudospin-electron interaction, but also under influ-
ence of the transverse field that intertangles the states
with different pseudospin orientations.

4) The obtained results show that, in the real sys-
tem, which exhibits the local anharmonicity of lattice
vibrations, the metal-insulator transition due to the
short-ranged electron correlation is influenced by the
anharmonic subsystem. Changing the parameters of
local anharmonicity (e.g., the potential well shape),
one can affect the conditions of the appearance of a
a gap.
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5) The obtained results (Fig. 7) point out, in par-
ticular, that the additional gaps can appear in the
fermion band spectrum at the increase of 2. We have
considered the case where, at (2 = 0, the spectrum is
already split. The problem in such a limit is reduced
to the Falikov—Kimball model with a Mott gap at the
chosen values of model parameters. In the case where
PEM is applied to the boson-fermion mixtures on a
lattice, the increase of the {2 parameter corresponds
to the deepening into the phase with BE-condensate
(Q ~ Y t2:(S7)). Additional gaps could appear at
certain critical values of the order parameter (S%).
This problem (which now attracts an attention [21])
requires, however, a more detailed investigation. In
the present study, based on the standard version of
PEM, the boson transfer is taken into account in the
mean field approximation. At the same time, the con-
tributions of the collective pseudospin dynamics to
the fermion spectrum can be essential.

6) It should be mentioned that we use an ap-
proach based on the formalism of X-operators.
Such a scheme gives a possibility to consider, in a
unified way, the creation of composite excitations
(fermion-+boson; fermion+boson hole) and their con-
tributions to the total spectral density.

7) The more complete analysis of a reconstruction of
the energy spectrum will be a subject of our subse-
quent consideration. It is referred, in particular, to
the region of half-filling (# ~ 0, h ~ §), where the
instability with respect to the appearance of a mod-
ulated (CDW-like) phase takes place in PEM at low
enough temperatures. In such a case, the additional
complication of the spectrum will arise as a result.
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EHEPTETUYHUN CIIEKTP
[ICEBJOCHIH-EJTEKTPOHHOT MOJIEJII
B METOAI AMHAMIYHOI'O CEPEAHBOTO ITOJIA

Peszmowme

Jocni/izKeHO TICeBIOCIIH-€JIEKTPOHHY MOJIEJIb Y BUIIAJKY He-
CKiHYEeHHOI B3a€MO/il BiIIITOBXyBaHHsI €JEKTPOHIB Ha BY-
3. EJIeKTpOHHUI eHepreTuYHuii CIEeKTP MOJIeN pOo3paxoBa-
HO B paMKaxX MeToiy aumHamiunoro cepexuporo mouss (ICII)
Ta HAOJUXKEHHs CcIviaBy. JlOC/IiI»KeHO BIUIMB IICEBJOCIIIH-
€JIEKTPOHHOI B3a€MOZil, JIOKAJbHOI'O IIOJISI aCHUMeTpil Ta Ty-
HEJIbHOI'O PO3IIENJIeHHsI PiBHIB Ha ICHyBaHHs Ta KIUJIBKICTH
€JIEKTPOHHUX 1i130H. OOGroBOpPEHO MOXKJIUBICTH 3aCTOCYBaHHS
IICEB/IOCIIiH-eJIEKTPOHHOI MOJIEJIi /IO PO3PaxyHKyY €HEPreTHIHO-
ro crexTpa 6030H-PepMIOHHAX CyMiIeil B ONTUIHUX I'DATKAX.
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