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Abstract. In this paper, we study the Hubbard model with intersite Coulomb interaction in the ionic limit
(i.e. no kinetic energy). It is shown that this model is isomorphic to the spin-1 Ising model in presence
of a crystal field and an external magnetic field. We show that for such models it is possible to find,
for any dimension, a finite complete set of eigenoperators and eigenvalues of the Hamiltonian. Then, the
hierarchy of the equations of motion closes and analytical expressions for the relevant Green’s functions
and correlation functions can be obtained. These expressions are formal because these functions depend on
a finite set of unknown parameters, and only a set of exact relations among the correlation functions can
be derived. In the one-dimensional case we show that by means of algebraic constraints it is possible to
obtain extra equations which close the set and allow us to obtain a complete exact solution of the model.
The behavior of the relevant physical properties for the 1D system is reported.

PACS. 71.10.-w Theories and models of many-electron systems — 71.10.Fd Lattice fermion models

(Hubbard model, etc.) — 71.27.4a Strongly correlated electron systems; heavy fermions

1 Introduction

In a recent paper [1] we have shown that there is a large
class of fermionic systems for which it is possible to find
a complete set of eigenoperators and eigenvalues of the
Hamiltonian. Then, the hierarchy of the equations of mo-
tion closes and analytical expressions for the Green’s func-
tions (GF) can be obtained.

In this article, we apply this formulation to the
extended Hubbard model, where a nearest-neighbor
Coulomb interaction term is added to the original Hamil-
tonian. This model is one of the simplest models capable
to describe charge ordering in interacting electron sys-
tems, experimentally observed in a variety of systems.
We will study the model in the ionic limit, where the ki-
netic energy is neglected with respect to the local and
intersite Coulomb interactions. Among the many analyt-
ical methods used to study the extended Hubbard model
we recall: Hartree-Fock approximation [2], perturbation
theory [3], dynamical mean field theory [4], slave boson
approach [5,6], coherent potential approximation [7]. Nu-
merical studies by means of Quantum Monte Carlo [8],
Lanczos technique [9] and exact diagonalization [10] have
also to be recalled.

As it will be shown in Section 2, the extended Hub-
bard model in the ionic limit is isomorphic to the spin-1
Ising model in presence of a crystal field A and an ex-
ternal magnetic field h. The latter model is known as the
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Blume-Capel (BC) model [11-14]. With the addition of
a biquadratic interaction K it is known as the Blume-
Emery-Griffiths (BEG) model [15] and has been largely
applied to the study of fluid mixtures and critical phe-
nomena. The model is also related to the three-component
model [16]. Some exact results for the BC and BEG models
are known. In one dimension and zero magnetic field, the
spin-1 Ising model and the BEG model have been solved
exactly by means of the transfer matrix method [17,18],
and by means of the Bethe method [19]. Exact solutions
have also been obtained for a Bethe lattice [20] and for the
two-dimensional honeycomb lattice [21]. The most com-
mon approach to the BC and BEG models is based on the
use of mean field approximation [15,16,22-27]. However,
renormalization group studies [28-34] show some qualita-
tive differences from the mean field results. Among other
techniques, we mention temperature expansions [35-37],
cluster-variation method [38] and numerical simulations
[39-42]. The self-consistent Ornstein-Zernike approxima-
tion has been used to study the phase diagram of the 3D
Blume-Capel model for spin 1 [43] and spin 3/2 [44]. A
generalization of the BEG model by introducing a non-
symmetric exchange interaction L was introduced in ref-
erence [23]. The one-dimensional case for this model was
studied in reference [45], where exact renormalization-
group recursion relations were derived, exhibiting tricrit-
ical and critical fixed points. Also, it should be men-
tioned that the general spin-1 model can be mapped
onto the spin-1/2 Ising model, under certain constrained
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conditions, which determine the corresponding subspaces
of interaction parameters (J, L, K, h, A) [46]. The Ising
model with spin 1/2, 1 and with general spin has been
also studied by means of the Green’s function formal-
ism [47-56]. These studies do not lead to a complete solu-
tion, but to a series of exact relations among the spin cor-
relation functions. These correlation identities have been
used as basis for high temperature expansions [54,57],
and in combination with the effective-field approxima-
tion [58,59].

The outline of the paper is as follows. In Section 2,
we introduce the model for a d-dimensional cubic lattice.
In Section 3, we show that it is possible to find a closed
set of composite operators, which are eigenoperators of the
Hamiltonian and close the algebra. Then, as shown in Sec-
tion 4, analytical expressions of the retarded Green’s func-
tion (GF) and correlation function (CF) can be obtained.
These expressions are only formal. As the composite op-
erators do not satisfy a canonical algebra, the GF and
CF depend on a set of internal parameters, not calcula-
ble through the dynamics, and only exact relations among
the correlation functions are obtained. In the framework
of the Green’s functions formalism, extra equations must
be found by fixing the representation. According to the
scheme of the composite operator method [60-62] (COM),
we fix the representation by means of the algebra (alge-
bra constraints). By following this scheme, in Section 5
we are able to derive for the one-dimensional case extra
equations which close the set of relations and allow us
to obtain an exact solution of the 1D extended Hubbard
model in the ionic limit. This solution is also a solution
of the 1D spin-1 Ising model in presence of a crystal field
and an external magnetic field. As already mentioned, by
using the GF formalism [47-56], other authors have de-
rived a set of exact equations for the correlation functions
of the Ising model. All of them did not succeed to find the
extra equations necessary to close the set. There is one
exception: in reference [53] the set of equations for the 1D
spin-1/2 Ising model for an infinite chain is closed by using
ergodicity conditions for the correlation functions. How-
ever, it should be remarked that ergodicity breaks down
for finite systems and at the critical points. In Section 6,
we present some results for the particle density, specific
heat and compressibility, both in the case of attractive
and repulsive intersite Coulomb interaction. Details of the
calculations are given in the Appendices.

We would like to comment that the extended Hub-
bard model, although in the limit of localized electrons,
is of physical interest. The results reported in Section 6
show some relevant features: (a) the behaviors of the par-
ticle density and of the double occupancy show the oc-
currence, at T = 0, of phase transitions towards charge
ordered states (in particular, for V' > 0, a checkerboard
order establishes in the region 0 < p < 4V); (b) the spe-
cific heat presents a double peak structure; (c) a crossing
point in the specific heat curves can be observed (it is
remarkable to note that this crossing is observed only in
the region where the checkerboard order is present and
the compressibility vanishes); (d) in the low T region, the
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thermal compressibility exhibits a double peak structure,
with peaks localized at 4 = 0 and g = 4V. All the above
mentioned results are characteristic of the Hubbard inter-
actions and are somehow independent of the mobility of
the electrons. Indeed, very similar results have been ob-
tained for the complete Hubbard model (i.e., with finite
hopping) by making use of approximations.

2 The model

A simple generalization of the Hubbard model is obtained
by including an intersite Coulomb interaction. The Hamil-
tonian of this model is given by

H= Z[tn’ = dyple’ (D)e() + UZ n. (i)n, (i)

3 Y VgnlnG) ()

i)

with the following notation. ¢(i) and ' (i) are annihilation
and creation operators of electrons in the spinor notation

d@)= (i dm) @
and satisfy canonical anti-commutation relations:

{Ca(iat)vcl’(jat)} = 500’6ij
{eolist), e (i)} = {cb (1), GO} =0 (3)

i stays for the lattice vector R; and i = (i,t). The spinor
notation will be used for all fermionic operators. u is the
chemical potential. t;; denotes the transfer integral and de-
scribes hopping between different sites. n, (i) = cf (i)c, ()
is the charge density of electrons at the site i with spin o.
The strength of the local Coulomb interaction is described
by the parameter U. n(i) is the total charge density oper-

ator
n(i) =Y el (i)eq (i) =l (i)e(i) (4)

and Vj; describes the intersite Coulomb interaction. In
this work, we restrict the analysis to the ionic limit (i.e.,
ti; = 0). By considering only first-nearest neighboring
sites, Vi; = —2dV o5 where d is the dimensionality of the
system and cy;j is the projection operator. For a cubic lat-
tice of lattice constant a we have

d
1 ) 1
i = < Zezk'(Ri—Rj) ak) = g Z cos(kna).
k n=1

(5)

Then, the Hamiltonian (1) takes the form:

H= Z[—/m(i) +UD(i) + dVn(i)n®(i)] (6)
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where we introduced the double occupancy operator

D) = n, (i)n, (i) = 5n(0)[n(i) 1. (7)

Hereafter, for a generic operator @(i) we use the following
notation
J

Let us consider the transformation

n(t) =1+ 5(). (9)
It is clear that
n(t)=0 < S@)=-1
ni)=1 & S{)=0 (10)
n(i)=2 & St)=1.

Under the transformation (9) the Hamiltonian (6) can be

cast in the form
H = fdJZS )5 (i +AZSQ —hy_S(i) + Eo
‘ (11)

where we defined

J=—-dV

A= L U
= 35U

1
h:u—2dV—§U (12)
Hamiltonian (11) is just the spin-1 Ising model with first-
nearest neighbor interactions in presence of a crystal field
A and an external magnetic field h. We have the equiva-
lence

Hlsing =H — EO- (13)
The relation between the partition functions is
g = eiﬁEOZ[Sing (14)

then, the thermal average of any operator A assumes the
same value in both models

<A>H = <A>Jsmg-

According to this we can choose to study either one or the
other model and obtain both solutions at once. We decided
to put attention to the model Hamiltonian (6). However,
all the results can be easily extended to the Ising model
by means of the property (15) and of the transformation
rules (9) and (12). In closing this Section, we note that
the particle-hole symmetry enjoyed by the Hubbard model
corresponds to the symmetry of the Ising model under
simultaneous inversion of spin and magnetic field.

(15)

3 Composite fields and equations of motion

It is immediate to see that the density operator n, (i) does
not depend on time

i2 00 6) = [0 (), H] = 0

.875 (16)
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and the standard methods based on the equations of mo-
tion are not applicable in terms of this operator. In order
to use the Green’s function formalism, let us introduce the
composite field operators

PO (i) = £(6) > (@) PP (i) =
(17)

where £(i) = [1—n(4)]e(i) and n(i) = n(i)c(i) are Hubbard
operators in the spinor notation [see (2)]. The field oper-

n(i)[n® (@)~

ators 1/),(;6) (1) and w(")( ) satisfy the equations of motion

ﬁw(@( ) = —pgp ) + 24V, (i)
() = ~(u = U ) + 24Vl (). (1)

Apparently, the equations of motion do not constitute a
closed set. By taking higher-order time derivatives we gen-
erate a hierarchy of composite operators. However, on the
basis of the anticommutation relations (3) the following
fundamental properties of the field [n®(i)]P can be estab-
lished

(19)

where the coefficients Agﬁ) are rational numbers which sat-
isfy the relation

(20)

The recurrence relation (19) is proved in Appendix A. We
now define the composite operators (€ (i) and (i),
multiplet operators of rank 4d + 1

AN
R Rl I I E
o) ORI
DO (e
M (7) = 2.(1) _ 77(2)[7 (@)] )

W) \a@ R

By means of (18) and of the recurrence formula (19), these
fields are eigenoperators of the Hamiltonian (6)

(E)w(ﬁ)(i)
(1) )y (m) (i)

© (i) = [b© (i
() o )= @

where € and £ are the energy matrices, of rank (4d+
1) x (4d + 1), which can be calculated by means of the
equations of motion (18) and the recurrence rule (19). The
explicit expressions of the energy matrices are given in

Appendix B. The eigenvalues Eff) and E,g") of the energy
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matrices are given by

(©)
Ey) =—-p+(n-1)V
=1,2------ 4d + 1
EMW =—p+U+(n—1)V {n ( }
(24)

The Hamiltonian (6) has been solved since we have ob-
tained a closed set of eigenoperators and eigenvalues.
Then, we can proceed to the calculation of observable
quantities. This will be done in the next sections by us-
ing the formalism of Green’s functions (GF). It is worth
noticing that although at the level of equations of motion
the two fields (¢ (i) and ¢ (i) are decoupled, they are
indeed coupled by means of the self-consistent equations
necessary to determine the correlators appearing in the
normalization matrix [see Sect. 4].

4 Retarded and correlation functions

Let us consider the retarded Green’s function
G, ) = (RI@ (@ ()]}
= 0t — ;) ({2 6), v ()} (25)

where (---) denotes the quantum-statistical average over
the grand canonical ensemble and a,b = &, 7. It can be
shown that G(@) (i, j) = §,303;G () (t; —t;). By introducing
the Fourier transform

+oo
a i —iw(t;—t; a
G (t; —t;) = @ / dwe @t GO () (26)

—00

and by means of the field equations (23), the retarded GF
satisfies the equation

[w— @)@ (w) = 1@ (27)
where I(®) is the normalization matrix, defined as
1 = ({9 6), 0 (@)} ). (28)

Calculations of the anticommutator for a paramagnetic
phase and use of the recursion rule (19) show that the
normalization matrix has the following expression

(a) (a) (a) (a)
s T g e
a a a a
I1,2 I1,3 I1 Ad+1 I2,4d+1
(@) — . . .
( ) ( ) ( ) ( )
(11:4d I1(a4)d+1 14% 1,4d+1 143 4d+1
I1 JAd+1 I2,4d+1 T I4d,4d+1 I4d+1,4d+1
(29)
where
I;z(;,4d+1 - Z A(4d+1) ( )1 ,m—+1 (p - 27 3; e 74d + 1)
m=1
(30)
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We see that we need to calculate only the 4d+ 1 elements

I(a) (p =1,2,---,4d + 1). These elements have the fol-
lowmg expressions
11(2 — g1 _ -1
1" (k) = A~ (31)
with the definitions
@) = ([n*(D)]7)
AP = () (D)) (32)
The solution of equation (27) is
441 (am)
-t W

where the spectral functions 0( ™)

means of the formula [60]

—fﬁz[

are calculated by

o™ S (34)

where 2(%) is the (4d+ 1) x (4d+1) matrix whose columns

are the eigenvectors of the matrix (*). Calculations of the

matrices 2 and Q20 are reported in Appendix B. It is
worth noting that we have 26 = 01,

The spectral density matrices a(a’")
Appendix C. They satisfy the sum rule

are calculated in

4d+1
Z olem) =18, (35)
This is a particular case of the general sum rule
4d+1
Z [ pglamn) — prlap) (36)
n=1
where M(@P) are the spectral moments defined as
MR = ({0007 v @), v DN @)}) . (37)

The fact that the sum rule (36) is satisfied at all orders in
p, is a consequence of the theorem proved in reference [63]
(see also p. 572 in Ref. [62]). The correlation functions
can be immediately calculate from (33) by means of the
spectral theorem and are given by

C (b — t5) = (¥, )0 (1) )
17
Q—)/dwefi“’(t"ftj)c(a)(w) (38)

with
4d+1
C@(w)=2r

1+e—Pw
n=1 +

olam)

Slw — ES). (39)
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Equations (33) and (39) are an exact solution of the model
Hamiltonian (6). One is able to obtain an exact solution

as the composite operators 1/)](05) (1) and 1/)](077) (1) constitute
a closed set of eigenoperators of the Hamiltonian. How-
ever, as stressed in reference [60], the knowledge of the
GF is not fully achieved yet. The algebra of the fields
Y& (i) and ¥ (i) is not canonical: as a consequence,
the normalization matrix I(*) in the equation (27) con-
tains some unknown static correlation functions, correla-
tors, [see Egs. (31, 32)], that have to be self-consistently
calculated. According to the scheme of calculations pro-
posed by the composite operator method [60-62], one way
of calculating the unknown correlators is by specifying the
representation where the GF are realized. The knowledge
of the Hamiltonian and of the operatorial algebra is not
sufficient to completely determine the GF. The GF refer
to a specific representation (i.e., to a specific choice of
the Hilbert space) and this information must be supplied
to the equations of motion that alone are not sufficient
to completely determine the GF. The procedure is the
following. We set up some requirements on the represen-
tation and determine the correlators in order that these
conditions be satisfied. From the algebra it is possible to
derive several relations among the operators. We will call
algebra constraints (AC) all possible relations among the
operators dictated by the algebra. This set of relations
valid at microscopic level must be satisfied also at macro-
scopic level, when expectations values are considered. Use
of these considerations leads to some self-consistent equa-
tions which will be used to fix the unknown correlator
appearing in the normalization matrix. An immediate set
of rules is given by the equation

+oo
(B0 )) = 5= [ awC®w) o)

where the L.h.s. is fixed by the AC and the boundary condi-
tions compatible with the phase under investigation, while
in the r.h.s. the correlation function C(® (w) is computed
by means of the equations of motion [cf. Eq. (39)].
Another important set of AC can be derived [1,64]
by observing that there exist some operators, O, which
project out of the Hamiltonian a reduced part
OH = OHy. (41)
When Hy and Hy = H— Hy commute, the quantum statis-
tical average of the operator O over the complete Hamil-
tonian H must coincide with the average over the reduced
Hamiltonian Hy
Tr{Oe PH} = Tr{QePHo}, (42)
Another important relation is the requirement of time
translational invariance which leads to the condition that
the spectral moments, defined by equation (37), must sat-
isfy the following relation

MEP) (k) = M) (k)] (43)
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It can be shown that if (43) is violated, then states with a
negative norm appear in the Hilbert space. Of course the
above rules are not exhaustive and more conditions might
be needed.

According to the calculations given in Appendix C, the
GF and the correlation functions depend on the following
parameters: external parameters (u, T, V, U), internal pa-
rameters k1), k@) ... @D and XD A ... \@d) By
means of the algebraic relations

T T—1_
§& +mm =1-ng
&& +mn) =1-n, (44)

and by making use of the AC (40), we obtain the following
4d + 1 self-consistent equations

O+ Ol =D XD =12 )

(45)
where, recalling (38) and (39)
| 4t
o = (V@) = 5 > TWalg
n=1
E(a)
T\ =1 h|—"=]. 4
n + tan <2kBT> (46)

To determine the 8d parameters we need other 4d — 1
equations. In order to obtain a complete solution of the
model, we must calculate these parameters. This will be
done in the next section for the one-dimensional case.

It is worth mentioning that the formulation given in
this Section can be easily extended to multipoint correla-
tion functions, as (n(i)[n®*(:)[Pn(l1)n(lz) - - -n(ls)). Let us
define the retarded Green’s function

G (1) = (R (1,001 (i, 1)0])

where @ = ¢{n(j)} is any function of the n(j) with j # i.
All the equations derived above remain valid by means of
the substitutions

19— 109 = ([ 0), v (i)}
K — 5P — ([ (i) )

A®) L \@2) % (n(i)[n® ()P®) .

(47)

(48)

For each choice of the function ${n(j)}, it is necessary to
determine the new set of parameters x®%) and A(®®) For
example see reference [64], where the correlation function
(n(2)[n*(2)]Pn(j)) has been calculated for the 1D spin-1/2
Ising model.

5 Self-consistent equations
for one-dimensional systems

Until now the analysis has been carried on in complete
generality for a cubic lattice of d dimensions. We now
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consider one-dimensional systems, and in particular we
will study an infinite chain in the homogeneous phase.
As shown in previous section, the set of self-consistent
equations (45) are not sufficient to determine all the 8
internal parameters. The remaining three equations can
be derived by algebraic considerations on the basis of the
requirement (42). We start from the algebraic relations

&' (in(i) =0
@) D) =0 (49)
which imply that
') H = ¢ (i)Ho (50)
where
Hy = H —2Vn(i)n®(i). (51)
By means of the fact that Hy commutes with
H; = H — Hy, the relation (50) leads to
M (i)e M = ¢l (@)e M. (52)

Then, by means of the requirement (42), the correlation
function Cfi) = (£()&T(i)[n>(i)]*~1) can be expressed as

13 £,0
af o
where €0
Ci = (€@HE @) @), (54)

and (---), denotes the thermal average with respect to

Hy. In order to calculate CSC’O), let us define the retarded
GF

G2 (=) = (RIEGDEG @)1,

G (e 1) = (RlnG, G, )] [ (@), - (55)
By means of the equations of motion
[£(2), Ho] = —p&(7)
(i), Ho] = —(u — U)n(i) (56)
we have for an homogeneous phase
€0,y _ 2{n* @) — (@R @)]*)
i) = 2(3 + ptid) 567
G0y — @) 9

2w+ p— U+i6)

Recalling the relation between retarded and correlation
functions we have

(n@)[n*@)]* 1),

n%(s k—1\ _
cl60 _ 2 ([~ ()] 2>(01 0 59)
O LI L0) o TR

2(1 + eflu=0))
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Recalling the algebraic relations

&bl +noml =1 —n,

Nl = ng = nyny (61)
we obtain from (59) and (60)
(n(@)[n*@)]* 1) o = Bi([n* ()] ),
(D@ @) ) 0 = B2 ([n*(1)]* 1), (62)
where
o 2ePR(1 4 ePrePU)
By = (n(i)), = (1 + 2¢Pr + e2Bne—BU) (63)
) eB(2n=U)
By = (D(i)), = (14 26PF 4 2 AU)" (64)
By substituting (62) into (59) and (60)
O = (1 - By + Bo) ([n®(i)]* 1),
O™ = 5(Br=2B2) (n" 1Y)y (609)

2

By substituting the first equation of (65) into (53) we
obtain

o) = O (@)1, - (66)

Now, we observe [65] that Hy describes a system where the
original lattice is divided in two disconnected sublattices
(the chains to the left and right of the site i). Then, in
Hj representation, the correlation functions which relates
sites belonging to different sublattices can be decoupled:

{a(7)b(m))g = (a(4))o (b(m))g

for i and j belonging to different sublattices. By using this
property and the algebraic relation (A.4) we have

(67)

1 1
a(:\12 _ 2
<[Tl (Z)] >O = §X1 +X2 + §X1
s 1 3 3 3
<[Tla(l)]3>0 = ZXl + §X2 + §X1X2 + ZXIQ
s 1 7 9 7 3
([ (@] =g X1+ Xat 5 Xa Xot o XT+ X3 (68)
where we defined
Xy = (n®(4))
Xa = (D(i))- (69)
Then, we obtain the self-consistent equations
1 3 3 3
cif = CS)[ZXE + §X2 + §X1X2 + ZXlQ]
1 7 9 7 3
Cff) = O [g X1+ Xe+ 5 X0 Xa+ e XT3 X3] (70)

which relate the correlation functions Cﬁ), C’%) to C’ﬁ),
Cfg), Cfg), when we observe that, by means of (66), the
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two parameters X; and Xy are expressed in terms of the
correlation functions Cﬁ), C’fg), C’%) as

c©
X, = 2% (71)

it
y, oG8 109 1 e 72)

T o © 2 O
Ci 2 Ci 2 Ch1?
We need another equation. To this purpose, we start from

the algebraic relations

DP(i) = D(i)

D(i)n? (i) = 2°D(i) p=1

(73)

From here, with some effort, we can derive the following
relations

4
D(i)e P = D(i){1+ Y (2f, + gp)[n™ ()] }e o (74)

p=1

D(i)e M =D (i){1+)_ [fpn(i)+9,D(0)][n" (i) ye~ M0

p=1

(75)
where
13 1 8
fl 2A1 - ?A% — 5143 + §A1A2
40 11 28
f2a = gA% + EAé - §A1A2
32 28
f3 = *314? — 243 + 3141142
8 2 8
fa= gA% + 514% - §A1A2 (76)
g1 = —4A; + 245 + §A§ - EAg - lAi
3 3 2
16 8
*§A1A2 + §A2A4
80 29 11 56 28
g2 = *3/@ + §A§ + EA?I + §A1A2 - 3142144

64 20 56 28
s= — A2 - A2 242 - A Ay + S AA
gs 34T g e + g A2dl
16 4 2 16 8
g4 = ng% + gAg + §A‘21 + §A1A2 - §A2A4 (77)

and

A, =e PPV 1. (78)

By taking the expectation value and by using the relations
(62) and ( 66), we obtain from (74) and (75)

By

4
(€ 3]
(1-B1+ Bs) {01,1 + Z (2fp + gp)cl,pﬂ}

p=1

(D)) =
(79)

533

o C§§) (e N
(D*(1)) = mKD ())o

4
+ Y (Bifp+ Bagy) (D*(D)[n*(D)]7)]-  (80)

p=1

The translational invariance requires that (D%(i)) =
(D(i)). Then, from (79) and (80) we obtain the equation

: Cion
Bo+ B2 ) (2fo+90) 15
p=1 C’11

4
= Xo+ ) (Bify + Bagy) (D (i) [n* (D))o

p=1

(81)

To calculate the correlation functions (D (i)[n*(i)]?),, we
observe the following algebraic relation which can be de-
rived by means of (A.4) and (73)

DY) = D(0)+ gn*() — Sl () + 5l @)
DU Q) = D)+ zn() — 3 ()
0 O
DU Q)P = D)~ 3n(0) + 1" ()
~B e + Sl )
DX (] = D Q) ~ 1on® (i) + 20 (@)
~Doe P + ) (52)

By taking the expectation value of (82) with respect to
Hy and by using the property (67), we can express the
correlation functions (D®(z)[n(i)]?), as

(D@ (0)g = X + 5 X1 Xo

(DY@ [n(i)]*), = X2 + 2X1X2 - %Xg
(DY@ (i)]*), = X2 + %XlXQ + zxg
(D(i)[n®(0)]*), = X2 + %XIX2 + %X; (83)

Then, we can we can put equation (81) under the form

bo +b1.X7 + b X + b3 X1 X5 + b4X12 + b5X22 =0 (84)
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Fig. 1. The particle density n is plotted as a function of: (a) the chemical potential at various temperatures for V.= —1; (b) the
temperature at various values of chemical potential for V = —1.
where model have been solved exactly by means of the transfer
matrix method (Refs. [17,18,45]). We recall that the case
bo = B> of zero magnetic field corresponds to the case of half filling
b 1 1 1 in the Hubbard model. The presence of magnetic field has
L=T st 5(7’2 —s2) + 1(7’3 —s3) + 5(7"4 = 54) been treated in reference [45], only for a ferromagnetic

bo=—-1+r +§r +zr —s 725729725
2 = 2 5T T 1 27 588 T s
bz = = +—7’7—57§57§57£5
BT i gt P g g Y

1 3 7
b4:5(7’2782)%»1(7’3783)%»5(7’4754)

3 1 9 67
b5=§r4—532—153—§34 (85)
rp = (B1 + 2Ba)fp + 2Bagp

sp = Bi1fp+ Bagp. (86)

Recalling [see (71) and (72)] that the parameters X; and

X are expressed in terms of the correlation functions CS) ,

Cfg), Cfg), equation (84) gives the needed third equation

Summarizing, we have 8 self-consistent equations (45),
(70) and (84) which will determine the 8 internal parame-
ters kM), k2 kG kG AND AR AG) A in terms of the
external parameters p, T, U and V. The set of 5 equations
in (45) is a system of linear equations. This system can be
analytically solved with respect to 5 parameters and we
are left with three parameters, which are determined by
the non-linear equations (70) and (84). Once these param-
eters are known, we can calculate the correlation functions
and all the properties of the system.

6 Results for the one-dimensional case

We now present some results for the case U = 0. This
situation corresponds to the ionic Hubbard model without
local Coulomb interaction, and to the pure spin-1 Ising
model, without the crystal field. In one dimension and
zero magnetic field, the spin-1 Ising model and the BEG

coupling and studied only in connection to the existence
of critical and tricritical fixed points. The general case of U
different from zero will be considered elsewhere. We study
the behavior of the system: as a function of the parameters
wand T. We take |V| = 1all energies are measured in units
of [V].

At first, we consider the case of an attractive inter-
site Coulomb potential (i.e., V' < 0). This situations cor-
responds to J positive (i.e., ferromagnetic coupling). In
Figure la, we show the particle density n = (n(i)) = x(!)
as a function of the chemical potential y. In terms of the
Ising model, this figure should be read as the magnetiza-
tion (S(4)) versus the magnetic field h. By increasing u,
the particle density increases and varies between 0 and 2.
At =2V we have n = 1, in agreement with the particle-
hole symmetry. By decreasing the temperature, at u = 2V
the system tends to become unstable against a charge or-
dered state (ferromagnetic order in the Ising model): the
particle density jumps from 0 to 2. This is also seen in
Figure 1b, where the particle density is plotted versus the
temperature for various values of the chemical potential.
For p < 2V we have lim7_,on = 0, while for p > 2V we
have lim7_,gn = 2. At zero temperature there is a phase
transition at 4 = 2V from a state with no particle to a
fully occupied state where the charge assumes the maxi-
mum value.

The double occupancy D can be computed by means
of the expression

D= g —cm.
The behavior of D is shown in Figures 2a and 2b, where D
is given as a function of the chemical potential and temper-
ature, respectively. By increasing u, the double occupancy
increases and varies between 0 and 1. For u < 2V we have
limy_,o D = 0, while for u > 2V we have limy_,o D = 1.
At zero temperature there is a phase transition at y = 2V

(87)
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Fig. 2. The double occupancy D is plotted as function of: (a) the chemical potential at various temperatures for V = —1;
(b) the temperature at various values of chemical potential for V = —1.
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Fig. 3. The specific heat C is plotted as a function of the

temperature at various values of chemical potential for V' =
—1.

from a state where all the sites are empty to a state where
all the sites are doubly occupied. The behavior of the
parameters £ and A\?) as functions of p is similar to
that exhibited by n; for T' = 0 these parameters at y = 2V
jump from 0 to their ergodic value.

The specific heat is given by

dE

“=ar

(88)
where the internal energy E can be calculated by means
of the expression
E=—pun+UD+2VAW, (89)
The specific heat satisfies the property C(p) = C(2V —p).
Therefore, we can limit the analysis to the region 2V <
p < oo (or —oo < g < 2V ). As shown in Figure 3,
the specific heat increases by increasing T up to a certain
temperature, then decreases and goes to zero in the limit
T — oo. Near the transition point p = 2V, the peak is
sharper and is situated in the low-temperature region. By

Fig. 4. The derivative of the particle density with respect to
the chemical potential dn/du is plotted as a function of the
chemical potential at various temperatures for V = —1.

moving away from p = 2V, the peak becomes broader and
moves to high temperatures.

The thermal compressibility «” is given by

T %d—”. (90)
n?du

In Figure 4 Z—Z is plotted versus the chemical potential for
various values of temperature. A peak is observed at the
transition point p = 2V. By decreasing T, the height of
the peak increases and the compressibility tends to diverge
in the limit T — 0. As a function of the temperature
(kT) u=2v exponentially diverges at low temperatures and
decreases as % in the limit of large T'. In terms of the Ising
model, Figure 4 should be read as the spin susceptibility
versus the magnetic field.

Next, we consider the case of a repulsive intersite
Coulomb interaction (i.e., V' > 0). This case corresponds
to J negative (i.e., antiferromagnetic coupling). In Fig-
ure ba we show the particle density n as a function of the
chemical potential y. By increasing p, the particle density
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Fig. 5. The particle density n is plotted as a function of: (a) the chemical potential at various temperatures for V = 1; (b) the
temperature at various values of the chemical potential for V' = 1.
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Fig. 6. The internal parameters (a) k, £®, k® and (b) AV
at various temperatures for V = 1.

increases from zero, reaches the value 1 at u = 2V, and
tends to 2 for larger values of the chemical potential. When
the temperature decreases some instabilities of the homo-
geneous phase appear. In the limit 7' — 0, two singular-
ities manifest: one at p = 0, where n jumps from 0 to
1, the other at u = 4V, where n jumps from 1 to 2. In
the region 0 < p < 4V, n exhibits a plateau centered at
p = 2V. This behavior is also seen in Figure 5b, where
the particle density n is given as a function of the tem-
perature. At T = 0 we have two phase transitions. At
@ = 0 the system passes from a state with no charge to
a state where the charge is distributed in a checkerboard
structure. At u = 4V there is a second phase transition
where the system passes from the checkerboard structure
to a state where the charge is uniformly distributed. The
checkerboard structure is clearly seen from the behavior of
the parameters £®) and A(?)| as shown in Figures 6. While
the parameters £®) have the same behavior as n, with two
singularities at 4 = 0 and at y = 4V, the parameters A(?)
exhibit only one singularity at ;1 = 4V. The reason of this
difference is related to the fact that ) are correlation
functions between the site i and second-nearest neighbor-

20
L T=0.1
I T=0.5
IS =1 - - -T=10
| U=0
10 - v=l
5 L
o ® , g
l R e )
0 @Y
-5 0 5 10
M

S A B A gre plotted as functions of the chemical potential

ing sites, while A®) mainly relate the site i to first-nearest
neighboring sites.

The double occupancy as a function of the chemical
potential is shown in Figure 7a; by increasing pu, D in-
creases from zero and tends to 1 for large values of the
chemical potential. At T' = 0, as also seen in Figure 7b,
D has a discontinuity at 4 = 0, where jumps from zero
to 1/2, and another discontinuity at u = 4V where jumps
from 1/2 to 1. In the region 0 < p < 4V D has the con-
stant value of 1/2. Again, this show the transition to a
checkerboard structure of the charge.

To study the specific heat, let us distinguish the two
regions 2V < p < 4V and p > 4V. In the first region, see
Figure 8a, the specific heat increases with temperature,
exhibits a peak at a certain temperature T = T}, then
decreases. When p approaches the critical value p. =4V,
see Figure 8b, the specific heat develops a double peak
structure with a broad peak at higher temperature than
Ti. The latter temperature decreases with 1 and tends to
zero for p — p.. It is characteristic of this region the fact
that all the specific curves cross at the same temperature,
independently on the value of u. The crossing temperature
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Fig. 7. The double occupancy D is plotted as function of: (a) the chemical potential at various temperatures for V = 1; (b) the
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Fig. 8. The specific heat C is plotted as a function of the temperature at various values of chemical potential for V = 1: (a) in
the region 2V < u < 4V; (b) near the transition point p = 4V; (c¢) in the region p > 4V.

is T* ~ 1.1. The fact that there is a crossing point in the
specific heat curves versus T, when plotted for different
values of some thermodynamics quantities, has been ob-
served in a large variety of systems [62,66,67]. In the sec-
ond region, see Figure 8c, C exhibits a low-temperature
peak at a certain temperature T = T5. T5 tends to zero
for p — pe, increases by increasing p. Again, close to p.
there is a double-peak structure, which disappears when
1 moves away from pu.. It is characteristic of this region
that no crossing point is observed. For large value of T, the
two specific heats (i.e. attractive and repulsive V') tend to
coincide. This is because the system is in a homogeneous
phase, where the thermal energy predominates over the
Coulomb interaction. It is interesting to observe that the
crossing point is observed only for V' > 0 and in the region
0 < p < 4V, where the checkerboard order is observed.

The thermal compressibility x” is studied in Figure 9,
where Z—Z is given as a function of the chemical potential
for various values of temperature. When T is lowered a
double peak structure develops, with peaks localized at
@ =0 and u = 4V. The heights of the peaks increases by
decreasing 1" and tends to diverge in the limit 7" — 0. It
is worth noticing that for low temperature the compress-
ibility is very small (zero in the limit 7' — 0) in the wide
region 0 < p < 4V, where the phase with checkerboard
order of the charge is observed. Similar results have been

2.5

2.0

dn 1.5

du
1.0

0.5

0.0 bosez
-5 0 5 10

Fig. 9. The derivative of the particle density with respect to
the chemical potential dn/du is plotted as a function of the
chemical potential at various temperatures for V' = 1.

obtained in reference [68], where the t —V model has been
studied within a cluster approximation.

7 Conclusions

The Hubbard model with intersite Coulomb interaction
has been studied in the ionic limit (i.e., no kinetic energy).
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This model is isomorphic to the spin-1 Ising model in
presence of a crystal field and an external magnetic field.
A finite complete set of eigenoperators and eigenvalues
of the Hamiltonian has been found for arbitrary dimen-
sions. This knowledge allows us to determine analytical
expressions of the local Green’s functions and the corre-
lation functions. As the eigenoperators do not satisfy a
canonical algebra, the GF and the CF depend on a set
of unknown parameters, not calculable by means of the
dynamics. By using appropriate boundary conditions and
algebraic relations we have determined these parameters
for the case of an infinite homogeneous chain. Some results
for the case U = 0 (i.e., no local Coulomb interaction/no
crystal field) have been given. The system exhibits a dif-
ferent behavior according to the sign of V| the intersite
Coulomb interaction, or the sign of J, the exchange in-
teraction. For V' < 0 (J > 0, ferromagnetic coupling) at
p = 2V (h = 0) the system exhibits a phase transition
to a charge ordered state (ferromagnetic phase for the
Ising model) at zero temperature. For positive V' (J < 0,
antiferromagnetic coupling), the system exhibits instabil-
ities at p = 0 (h = —2|J|) and at pu = 4V (h = 2|J|).
In the limit of zero temperature a phase transition to a
state with a checkerboard order of the charge (antiferro-
magnetic phase for the Ising model) is observed at u = 0.
This order persists up to p = 4V, where a second transi-
tion to an homogeneous charge order is observed. A cross-
ing point in the specific heat curves is observed only for
V > 0 and in the region 0 < u < 4V, where the checker-
board order is observed. In the entire region 0 < p < 4V,
the compressibility vanishes at low temperatures. Further
study, in particular for the case of finite U, will be pre-
sented elsewhere.

Appendix A: Algebraic relations

Let us start by observing that because of the basic an-
ticommutating rules (3) the number n(i) = ¢f(i)c(i) and
the double occupancy D(i) = n(i)[n(i) — 1]/2 operators
satisfy for p > 1 the following algebra

nP (1) = n(i) + apD(3)
DP(i) = D(i) ap =27 —2

nP(i)D(i) = 2P D(i). (A1)

From this algebra several and important relations can be
derived. Firstly, let us consider the operator

2d

n0) = 50 > nlin)

m=1

(A.2)

where i, are the first neighbors of the site i. A basic rela-
tion can be derived for the operator [n*()]P, with p > 1.
In this and in the following Appendices we shall present
results for the one-dimensional system!. We start from the

! In Appendices A, B and C, the calculations for the recur-
sion rule, the energy and spectral density matrices are reported
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equation
12
0P =55 (B )nr e (a3
m=0
Because of the algebraic relations (A.1) we obtain
&
@) = o, Zl bP) Zpn (A.4)
where the operators Z,,, are defined as
= 2D"‘(l) + n(ir)n(iz)
D(iy)n(iz) + D(iz)n(i1)
Z4 = D(i1)D(i2) (A.5)
and the coefficients bsﬁ) have the expressions
b =1
p—1
(p) _ p 1
by =" (m) —142°7h)
m=1
p—1
b =3 (5) Qpom = 3(1 — 2P + 3771)
m=1
p—1
bflp) — Z (”IIT)?,) Ap—mQm
m=1
=4(—1+3-2P71 3P p4p7 1, (A.6)

By solving the system (A.4) with respect to the variables
Zm, we can obtain from (A.4) the recurrence rule

4
@) = 3 AD e (A7)
m=1
where the coefficients Agff) are defined as
1 1 1 1
Agp) = 1[b(p) 51);”) + gb;(;p) _Zb‘(lp)]
w__ L e o 1o
A T 1[b — by +Eb4 ]
w_ 1 ® _ ()
A3 29— 1[3b b4 ]
1 1
AP = = gbff’). (A8)
We note that
4
> AR = (A.9)

m=1

for the one-dimensional case. Calculations for higher dimen-
sions can be made by using the same technique. For interested
readers, the results for d = 2 and 3 are given in a technical
report [69], available on request.
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Table A.1.

p Agp) Aép) Agp) AEIP)
1 1 0 0 0
2 0 1 0 0
3 0 0 1 0
4 0 0 0 1
5 -3 25 _35 5
6 B il B e
T _ 185 @ 1709 ﬁ_s
A S o e o

8 16 4 16

In Table A.1 we give some values of the coefficients

AR

Appendix B: The energies matrices

The energy matrices € and € can be calculated by
means of the equations of motion (19) and (20) and the
recurrence rule (21). The explicit expressions are

6 —

0 —H 0 0

0 0 o —p 24V

0 2dVA§4d+1) . QdVAé(éld_Jrll) —p+ QdVAE;;dJrl)
(B.1)

elm —

0 U—p 0 0

0 0 o U—p 20V

0 2aV AN L 2qy ALY [y g 2qy ALY
(B.2)

where AU are the coefficients appearing in (19). In
particular, for one dimension

—p 2V 0 0 0
0 —p 2V 0 0
@O=10 0 —-p 2V 0 (B.3)
0 0 0 -—nu 2V
0 =3V 3BY -3y 410V
U-—p 2V 0 0 0
0 U-p 2V 0 0
e = 0 0 U—p 2V 0
0 0 0 U-—up 2V
0 =3V BY _3BYyU—pu+10V

(B.4)
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The matrices 2 and 2 have the expressions

1241 (2/3)* (1/2)*
0231 (2/3)3 (1/2)3
QO =M = 10221 (2/3)% (1/2)2 (B.5)

021 (2/3) (1/2)
011 1 1

Appendix C: The spectral density matrices

By means of the formulas (34) and recalling the expres-
sions [see Appendix B] for the energy matrices, and the
expressions (31, 32) of the normalization matrix, we can
easily calculate the spectral matrices. Furthermore, we
note that the matrices 2 and 2" are equal. Then,
the spectral density matrices have similar form in terms
of the matrix elements of the normalization matrices. Be-
cause of the recurrence relation, we need to calculate only
the first row of the matrices. Calculations show that the
matrices o(®™ have the following form

olan) — Er(la)p(n) n=1,2.---,4d+1 (C.l)

where X\ are functions of the elements Ifan)@ (m =

1,2.---,4d +1) and '™ are matrices of rank (4d + 1) x
(4d + 1). For the one-dimensional case

Z(® = 2 (6119 — 251{%) + 351{%) — 201%) + 41{%)

1
6 )
a 4 a a a a
o =3 (619 — 13114 + 91{%) — 21{7)

S = 61 +191{%) — 161, +41{%)

4
o = 2 (21 — 7] + 71 - 21(%)

1
o = o (-8 + ) — 121 +ay)  (C2)
) =(10000)
M2 = (1271272273 274)
) =(11111)
4 _ _ _ _
I = (1(2/3)71 (2/3)72 (2/3)7° (2/3)71)
5 _ _ _ _
I =(1(1/2)7 (1/2)72 (1/2)7° (1/2)74). (C.3)
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