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Abstract. Employing the extended dynamical mean field theory (EDMFT) and the quantum Monte Carlo
(QMC) method, we investigate the effect of the spatial fluctuations in the two-band Hubbard model with
anisotropic bandwidth in the vicinity of the Mott metal-insulator transition. At half filling, we demonstrate
that while the inclusion of the non-local spin-spin interaction amounts to enhancing the correlation and
suppressing the metallic character, the orbitally selective Mott transition (OSMT) remains stable for
various strengths of the non-local correlation. The same is true when the system is doped away from half
filling. The OSMT phase is evidenced at low dopant concentration and the simultaneous metallic phase
emerges at overdoped regime. From the analysis of the self energy, it follows that the nature of the metallic
phase upon doping violates the Fermi liquid character and persists at considerably large doping. Our theory
also offers a new perspective for the investigation of the non-local fluctuation in the multi-orbital system
within the single-site scheme.

1 Introduction

One of the most fundamental aspects of the physics of the
strongly correlated electron systems is the Mott transi-
tion; the transition from metallic onto the insulating phase
upon the variation of the pressure or the addition of dop-
ing. Much of today’s understanding of this behavior has
been based on the single-band Hubbard model which is
known to be the simplest representation of the correlated
system yet constitutes of the non-trivial many body prob-
lems. In this model, there are two well-known descrip-
tions for the metal-insulator transition (MIT) namely the
Gutzwiller approximation and the Mott-Hubbard scheme.
The former corresponds to the regime where the scale of
the kinetic energy is larger than that the electron-electron
interaction while the latter describes the opposite case.
Both approaches, however, fail to provide a full account
of the evolution of the Mott transition that generally re-
quires a non-perturbative treatment. An important step
in the study of the Mott transition is marked by the de-
velopment of the dynamical mean field theory (DMFT)
that unifies both weak and strong coupling description.
In this scheme, the MIT mechanism is shown to be dis-
entangled from any magnetic ordering and the effects of
correlation are manifested in the dynamical local fluctu-
ation. The lattice Hamiltonian can be thus mapped onto
its corresponding impurity system which is supplemented
by the self-consistent equations [1].
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The single band Hubbard model is, however, inade-
quate for describing the electronic structure of most of
the transition metal oxides that exhibit multiple orbital
structures at low energy. It has been long suggested that
the interplay of the orbital effects and the electronic cor-
relation is a key factor responsible for various intriguing
properties such as the colossal magnetoresistance in the
manganese oxide or the superconductivity in the iron pnic-
tides (see e.g. [2–4]). The orbital degeneracy has been also
realized to play a crucial role in the nature of Mott tran-
sition of several d- or f -bands such as the ruthenates ox-
ide Ca2−xSrxRuO4 that consists of multiple bands with
anisotropic bandwidth [5,6]. In this system, the metal in-
sulator transition is suggested to be orbitally dependent
meaning that there is a possible coexistence of the lo-
calized and the itinerant character as a function of the
Coulomb interaction [7].

Theoretical investigation of the novel Mott transition
in the ruthenates, has been extensively performed in the
last few years by various schemes e.g. the DMFT, the slave
spin particle and the combination between the local den-
sity approximation and the DMFT (LDA+DMFT) [7–15].
The anisotropic multiorbital system is typically repre-
sented by three- or two-band Hubbard Hamiltonian that
takes account of the Hund’s coupling. The contribution of
the spin-flip and the pair terms on the other hand is ne-
glected and is argued to play a minor role. In these works,
the OSMT is evident at half filling as a function of U/W
where the gap in the narrow band coexists with the fi-
nite spectral weight in the wide band. The origin of this
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behavior has been argued to be related to the interplay be-
tween the correlation and the bandwidth which results in
the different strength of the correlation of each band. The
same behavior was recently shown to hold also when the
system is driven away from half filling, at low doping con-
centration. It is demonstrated that while the wide band
indicates the metallic character upon doping, the narrow
band remains pinned at the insulating state [16–18].

The nature of the OSMT is, however, not yet fully clar-
ified and there have been conflicting results among theo-
ries and with experiments (see e.g. [19–21]). It is argued
recently that the correlation of the wide band should be
more substantial than that the other band following the
fact that there is a strong mass renormalization and disap-
pearance of the Fermi sheet of the dxy band at x = 0.2 [20].
A new LDA+DMFT calculations on Ca2RuO4 have also
indicated the absence of OSMT when the concentration
of doping is changed [21]. Further studies are therefore
needed to better understand the underlying mechanism
of OSMT and to resolve these discrepancies. From a the-
oretical perspective, one of the most crucial tasks is to
investigate various aspects that have been abandoned in
the previous works using the mean field approximation.
An interesting example in this context is the contribution
of the non-local correlation which is known to play an es-
sential role in various correlated systems.

In recent years, there have been some attempts to
address the effect of the non-local correlation in the
anisotropic two-band system. Bouadim et al. studied the
Kondo lattice Hamiltonian which incorporates the on-
site Coulomb interaction [22]. They imagined a system
in which one of the band has been fully localized while
the other remains itinerant. The model is solved by us-
ing the determinant quantum Monte Carlo (DQMC) on
the lattice of size 8 × 8. Their main finding is that the
OSMT robust at half filling following the fact that the
single-particle spectral function of the itinerant band ex-
hibits a metal-insulator transition as a function of local
interaction. This argument is supported by the results of
the CDMFT which is combined with the continuous time
quantum Monte Carlo (QMC) [23,24]. Here, the OSMT
is observed at half filling for cluster size Nc = 4 and
the calculated phase diagram resembles those obtained by
DMFT. In addition to this, it is also pointed out that the
stability of the OSMT phase depends on the size of the
cluster. For Nc = 2, MIT occurs simultaneously on both
bands which is argued due to the strong antiferromagnetic
fluctuations.

Since both DQMC and CDMFT calculations were per-
formed at considerably small lattice/cluster size, it re-
mains difficult to draw a general conclusion on the sta-
bility of the OSMT phase in the presence of the spatial
correlation. This is due to the fact that the choice of the
coarse graining and the cluster size may bias the interpre-
tation of the underlying physics involved. This is evident
in the single-band two dimensional Hubbard model stud-
ied by cluster DMFT for various cluster sizes. It is demon-
strated that the quasiparticle peak collapses gradually as
a function of cluster size and the gap will be realized at

large cluster regardless of the magnitude of the Coulomb
coupling. The MIT is thus argued as a result of the syn-
ergism between the short-ranged order and the formation
of the local moment [25]. Whether the same is true for
the multiple orbitals system, is presently unknown and
requires further investigation.

Motivated by the above observations, in the present
work, we discuss the role of spatial fluctuation in the
anisotropic two-band system from a new perspective using
the extended dynamical mean field theory (EDMFT). In
this scheme, the contribution of the non-local correlation
enters from the inter-site interaction and the whole lattice
problems can be evaluated in the framework of the single-
site impurity problem [26–29]. This approach allows one
to systematically study the stability of the OSMT phase
at different strength of the spatial fluctuation by varying
the energy scale of the non-local interaction or the type
of the inter-site interaction. The present work therefore
provides a more refined interpretation on the role of the
spatial fluctuation and also demonstrates a new alterna-
tive for the treatment of the non-local correlation in the
multiorbital system.

The organization of the paper is as follows. We discuss
in the next section the reference model and the method of
solution. This is then followed by the presentation of the
main results started at half-filling and then doped insulat-
ing state. The last section contains concluding remarks.

2 Model and method

We consider the two-band Hubbard model with band-
specific hopping amplitude tα and the Ising type Hund’s
coupling J which is a minimal model for the description
of the orbital selective Mott transition (OSMT). In the
present case, the Hubbard Hamiltonian is supplemented
by the inter-site spin interaction with coupling I from
which the non-local contribution enters in the EDMFT
approximation. With this caveat in mind, the extended
two-band Hubbard Hamiltonian in the standard notation
reads

H = −
∑

ijασ

tijαc†iασciασ + U
∑

iα

niα↑niα↓

+
∑

iσσ′
(U ′ − δσσ′J)ni1σni2σ′ +

∑

i�=jα

IijαSiα · Sjα (1)

where U and U ′ denote the on-site and the inter-band
interactions. Here, the orbital and the spin index are noted
by α and σ respectively.

The derivation of the EDMFT equations in the multi-
orbital system can be done straightforwardly by following
the steps outlined in references [26–30]. In what follows,
we first express the single-site effective action in the ab-
sence of the long-range order formation (i.e. paramagnetic
phase). By using the standard cavity method and intro-
ducing the Hubbard-Stratonovich field φαγ (γ denotes the
bosonic modes) to decouple the inter-site spin interaction
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one readily obtains

Seff =−
∫ β

0

dτ1

∫ β

0

dτ2

∑

ασ

c†ασ(τ1)G−1
0ασ(τ1 − τ2)cασ(τ2)

+
∫ β

0

dτ1

∫ β

0

dτ2

∑

αγ

φαγ(τ1)χ−1
0αγ(τ1 − τ2)φαγ(τ2)

+
∫ β

0

dτU
∑

α

nα↑(τ)nα↓(τ)

+
∫ β

0

dτ
∑

αγ

φαγ(τ)Sα(τ)

+
∑

σσ′
[U ′ − δσσ′J ] n1σ(τ)n2σ′ (τ). (2)

where G0 is the dynamical Weiss field that takes account
of the temporal fluctuations of the hopping of electrons
between the local and the rest of the sites while χ0γ

corresponds to the two-particle bath that represents the
bosonic fluctuations generated by the local moments at all
other sites

The full-interacting Green’s function of (2) can be ex-
pressed in terms of the self energy which becomes local
in the limit of the large dimension. By denoting Σα(iωn)
as the single-particle self energy and Παγ(iωm) for the
two-particle self energy, one writes

Gα(iωn) =
∫ W

−W

dε
Dα(ε)

iωn + μ − ε − Σα(iωn)
, (3)

χαγ(iωm) =
∫ I

−I

dε
ραγ(ε)

Π−1
αγ (iωm) + ε

, (4)

where ωn = (2n + 1)π/β and ωm = 2mπ/β denote the
Matsubara frequencies for fermions and bosons respec-
tively. In the above equations, Dα(ε) and ραγ(ε) denote
the density of the states (DOS) for the single- and the two-
particle sectors respectively which record the structure
of the lattice. Having obtained these relations, it is then
straightforward to show that the full-interacting Green’s
function and the local quantities satisfy the Dyson type
equation reads

G−1
α (iωn) = G−1

0α (iωn) − Σα(iωn), (5)

χ−1
αγ (iωm) = Π−1

αγ (iωm) − χ0αγ(iωm). (6)

In practice, the EDMFT approach consists of solving the
effective action of equation (2) that is complemented by
the self-consistent relations of equations (3)–(6). It is dur-
ing this steps that the renormalization effects of the non-
local correlation enter in the single-particle quantities. We
shall further elaborate this point below.

In order to evaluate the effective action of equa-
tion (2), we employ the auxiliary field quantum Monte
Carlo (QMC) within the Hirsch-Fye scheme which has
been adapted to take into account the fermionic and the
bosonic degrees of freedom [16,31,32]. To this end, we dis-
cretize the continuous time variable in the action of equa-
tion (2) into L time slices τ of length Δτ = β/L and

then perform the discrete Hubbard-Stratonovich transfor-
mation on the density-density interaction part. The lat-
ter amounts to introducing the auxiliary Ising-like fields
sl, l = 0, . . . , L−1 such that the effective action eventually
depends on the fermionic variables and can be integrated
out. The resulting partition function reads

Z =
∑

sασ,φαγ

[
∏

σ

det[G−1
ασ(sασ(τ), φαγ(τ))]

]
W (χ, φ) (7)

where W (χ, φ) = exp
[
−∑

ττ ′γ φαγ(τ)χ−1
0αγ(τ, τ ′)φαγ(τ ′)

]
.

In the above equation, the full Green’s function is given by

G−1
ασ(τ, τ ′) = G−1

0ασ(τ, τ ′) + δττ ′δσσ′σ

[
δαα′λασsασ(τ)

−
∑

γ

Δτφαγ(τ)

]
(8)

where λασ = arccosh
(
exp1/2ΔτUασ

)
and Uασ = U1. To

evaluate the interacting Green’s function, we implement
the Monte Carlo sampling. In our scheme, this is per-
formed for both spin and boson fields in order to record
the local and the inter-site fluctuation. The probability of
receiving or rejecting the move from the initial state s,φ
to the new configuration s′,φ′ is determined by

R ≡
∏

σ

detGσ(s′, φ′)
det Gσ(s, φ)

exp [ΔτW ′]
exp [ΔτW ]

. (9)

When the move is accepted, the Green’s function is then
updated by using the standard Dyson relation of the
Hirsch-Fye algorithm for both boson and fermion.

In the present work, we perform the EDMFT + QMC
calculation on the Bethe lattice at and away from half
filling. In the two-particle sector, we consider the RKKY
type DOS that assumes the form of ρα(ε) = 1

2I Θ(Iα −
|ε|) [26–28,30]. We note that in contrast to the single par-
ticle DOS that consists of two different bandwidths, the
magnitude of I for both bands is considered to be uni-
form. This is to reduce additional complexity that might
arise from the interplay between the anisotropy of the two-
particle DOS and the local correlation. The local inter-
action parameter of the Hamiltonian of equation (1) is
determined by using the relation U = U ′ + 2J , with U
and J are given quantities. We set the Hund’s coupling at
J/W = 0.5 and the temperature is fixed at T/W = 0.1,
where W = 1 is the unit energy. The ratio between the
narrow and the wide band is set as W2 = 2W , where W2

denotes the bandwidth of the wide band. In order to ob-
tain the dynamical quantities on the real axis, the QMC
data of the single and the two-particle is analytically con-
tinued by employing the maximum entropy approach [33].

1 We assume here only the Coulomb interaction for the sake
of simplicity. The inclusion of the Hund’s coupling can be done
straightforwardly.
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Fig. 1. (Color online) The intra-orbital double occupancy, d, of
the anisotropic two-band Hubbard model at half filling for vari-
ous values of the inter-site spin interaction. The solid (dashed)
lines corresponds to the narrow (wide) band. Note that the
lines are the guide to the eyes.

3 Results and discussion

3.1 Half-filling

We start our analysis by considering the results of the
intra-orbital double occupancy d = 〈niαniα〉 at half filling
as depicted in Figure 1. In the absence of the inter-site
spin interaction and below the critical coupling, the dou-
ble occupancy of both bands decreases as a function of the
Coulomb interaction. This behavior hints at the suppres-
sion of the itinerant character which can be attributed to
the enhancement of the electronic correlation. As U/W in-
creases, one readily notices that the spectral weight of the
narrow band becomes minimum and beyond U/W > 2.5
the band undergoes a metal insulator transition. The wide
band, on the other hand, remains in the metallic state
and d continuously decreases as a function of the on-site
interaction up to U/W > 3.5. The results of the double
occupancy therefore suggest that the OSMT phase exists
for 2.5 < U/W < 3.5, and are in a good agreement with
previous findings [7–14].

When I/W is finite, the double occupancy of both
bands diminishes which thus implies the suppression of
the metallic character. As can be seen, the decrease of d
is more pronounced as I/W increases. The reason behind
this behavior may be best understood by recalling the
fact that the on-site interaction in the EDMFT is supple-
mented by the inter-site spin interaction from which the
inter-site fluctuation enters in the approximation. This is
reflected in the effective action of equation (2) and the
full interacting Green’s function of equation (8). There-
fore, during the self consistency, the interplay between the
inter-site and local correlation leads to an effective inter-
action that is larger than the bare Coulomb interaction.
The main consequence is that the interaction among the
quasiparticles is amplified and the localised character is
enhanced.

0 0.5 1
ω

0

0.3

0.6

0.9

χ"
(ω

)

0 1 2 3
ω

I/W=0
I/W=0.1
I/W=0.2

Fig. 2. (Color online) The imaginary part of the local spin
susceptibility χ′′(ω) at half filling for various values of the inter-
site interaction and for U/W = 1.5. The left and the right panel
denote the narrow and the wide band respectively.

This argument is substantiated by the results of the
local spin susceptibility as depicted in Figure 2. For
I/W = 0, the spin susceptibility of both bands is com-
posed of the broad spectral weight particularly at high
energy. The narrow band is distinguished from the other
one by the emergence of the pronounced low-energy ex-
citation or the paramagnon peak. This suggests that the
correlation of the narrow band is more significant than
that the other band. When the non-local spin interaction
is switched on, one clearly observes an enhancement of
the low energy excitation. The spectral weight of the wide
band is adjusted in such a way that the low-energy peak
becomes more noticeable while the high energy resonance
is weakened. The same is also true for the narrow band in
which the spectral weight is completely transferred to the
low energy part and led to the pronounced paramagnon
peak. One can therefore deduce that the suppression of
the double occupancy in the metallic state is the reflec-
tion of the formation of the local moment which is further
enhanced by the RKKY interaction.

Remarkably, the qualitative behavior of the metal in-
sulator transition upon the inclusion of the inter-site in-
teraction remains the same as before at I/W = 0. The
OSMT phase emerges as a function of U/W and the in-
sulating state shows up at strongly interacting system at
large U/W . The reason for the persistence of OSMT can
be understood by realizing that the inclusion of the non-
local spin-spin interaction amounts to enhancing the local
correlation that leads to the generation of the effective
Coulomb interaction. In addition, the spatial fluctuation
acts locally only on certain band and does not contribute
to the correlation between the narrow and the wide band.
In the EDMFT, therefore, the OSMT can be seen as a
results of the interplay between the effective interaction
that records the inter-site quantum fluctuations and the
anisotropic bandwidth. By using this fact, one can also
explain why the double occupancy becomes insensitive to
the changes of the inter-site spin interaction at insulating
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Fig. 3. (Color online) The single-particle spectral function of
the extended two-band Hubbard model at half filling as a func-
tion of the Coulomb interaction U/W . Here, the magnitude of
the inter-site interaction increases from the left panel to the
right panel, I/W= 0, 0.1, 0.2 respectively. The upper (lower)
panel corresponds to the narrow (wide) band.

state. At pronounced U/W , the Coulomb interaction is the
dominant energy scale such that the contribution of the
inter-site interaction becomes negligible. In this regime,
one sees that the effect of the bandwidth anisotropy is
also overshadowed by the strong electron-electron inter-
action as reflected in the decrease of the splitting of the
spectral weight.

To elaborate the above discussion, we present in
Figure 3, the orbital-resolved single-particle spectral func-
tion for various values of the Coulomb interaction. At
weakly interacting system U/W ≤ 2 and for I/W = 0,
both bands depict the quasiparticle peak which is a dis-
tinct signature of the metallic state. As U/W increases,
the orbital selective Mott transition emerges which is
marked by the simultaneous existence of the gap in the
narrow band and the finite spectral weight in the wide
band. Eventually, at pronounced on-site interaction, the
system enters the insulating state as indicated by the si-
multaneous opening of gap on both bands

As the inter-site spin interaction is turned on, the spec-
tral weight of both bands collapses such that the system
almost at the onset of the insulating state. The Kondo res-
onance of the narrow band vanishes and the dip emerges
at the Fermi level. The same is also true for the wide
band, except that the spectral weight at the Fermi level
is larger than that the other one. One can see that the
formation of dip is further pronounced as I/W increases
signaling that the itinerant character of both bands is
strongly suppressed. When U/W slightly increases, the
OSMT phase arises which is marked by the opening of
the gap in the narrow band that coexists with the dip
in the wide band. At last, at strongly interacting regime
both bands show opening of gap thus signifying the emer-
gence of the insulating state. An important question left

0 2 4 6 8 10
ω

n

-4

-2

0

Im
Σ(

iω
n)

0 2 4 6 8 10
ω

n

I/W=0
I/W=0.1
I/W=0.2

Fig. 4. (Color online) The imaginary part of the self energy
as a function of the inter-site interaction on the fermionic
Matsubara axis. The results are obtained at various values
of inter-site coupling but at constant Coulomb interaction
U/W = 1.5. The left and the right panel correspond to the
narrow and the wide band respectively.

to be answered is whether the finite spectral weight at the
verge of Mott insulator truly marks the metallic state and
does not an artefact associated with the analytical con-
tinuation. In order to address this issue, it is necessary
to examine the imaginary part of the self energy which is
plotted in Figure 4.

For I/W = 0, the self energy suggests for the metal-
lic behavior which is marked by the largest spectral
weight and particularly for the wide band, one observes
ImΣ(ω + iδ → 0) → 0 at low energy. The latter is usually
associated to the good metallic behavior. As can be seen,
this character changes significantly upon the inclusion of
the inter-site interaction where ImΣ(ω + iδ → 0) of both
bands becomes finite and exhibits 1

ω+iδ behavior at low
energy. As expected, this behavior is further pronounced
as I/W increases which can be used to explain the forma-
tion of the low dip in the spectral function. The formation
of divergent like character in the imaginary part of the self
energy is a clear signal that the correlation in the system
is enhanced. One can thus deduce that the finite spectral
weight at Fermi energy for I/W > 0 is a trace of the non
Fermi liquid excitations with finite life time.

We can now summarize that while the inclusion of the
spatial fluctuation amounts to inducing the instability in
the metallic state, the OSMT phase at half filling is ro-
bust as a function of the Coulomb interaction. Our results
therefore support the conclusion drawn in the previous
works based on the QMC and the CDMFT calculation
regarding the stability of OSMT in the presence of the
non-local fluctuation. In addition to this, we have further
revealed that the nature of OSMT phase remains unal-
tered despite the enhancement of the spatial fluctuation2.

2 The same trend is also observed when I/W further
increases.
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Fig. 5. (Color online) The intra-orbital double occupancy for
various values of Coulomb interaction and for I/W = 0.1, in
the range of 2 ≤ n ≤ 2.4. The same is also shown in the inset
for extended doping range at U/W = 3.5.

3.2 MIT away from half filling

In this section, we extend the above analysis by looking at
the possibility of OSMT phase upon doping the insulating
state. Unless otherwise stated, all results presented in this
section are obtained at I/W = 0.1 and at T/W = 0.1. In
this regime, we have observed that the results are free from
any sign problems. We first examine the intra-orbital dou-
ble occupancy as a function of n as depicted in Figure 5. In
our notation, n denotes the total occupation which is de-
fined as n =

∑2
i ñα where ñα is the occupation of specific

band. At low doping regime (n < 2.10), the double occu-
pancy of the narrow band is clearly pinned at half filling,
at the Mott insulating state. The wide band on the other
hand increases immediately after the addition of doping
thus signifying the suppression of the localisation charac-
ter. One can thus summarize that, at low doping regime,
the itinerant character of the wide band coexists with the
insulating state of the narrow band i.e. OSMT phase. The
rapid enhancement of the metallic state in the wide band
upon doping strongly implies that the doping, at low con-
centration, is transferred only to this band. This can be
understood by recalling the fact that the correlation in
the narrow band remains more pronounced than that in
the wide band. The vacant sites in the wide band are thus
more favorable since the energy cost required to overcome
the local repulsion is smaller than that the other one.

When the doping further increases, the double occu-
pancy of both bands obviously enhances and in addition
becomes comparable in magnitude (see inset of Fig. 5).
The latter can be understood as a manifestation of the
suppression of correlation such that the energy cost for
occupying the sites in the narrow band gradually compa-
rable to that in the wide band. This is certainly supported
by the self energy data which will be further discussed be-
low. Remarkably, as the occupation number goes beyond
n ≈ 2.60, the behavior of the double occupancy reverses

0

0.1

0.2

0.3

0.4

0.5

A
(ω

)

-4 -2 0 2 4
ω/W

0

0.1

0.2

0.3

A
(ω

)

n=2.04
n=2.06
n=2.10
n=2.20
n=2.30
n=2.40
n=2.50
n=2.60

Fig. 6. (Color online) The orbital-resolved single-particle spec-
tral function at U/W = 2.5 for various values of the occupation
n. While the upper panel corresponds to the narrow band, the
lower panel denotes the wide band.

such that spectral weight of the narrow band is larger
than that the wide band (see inset of Fig. 5). The narrow
band thus becomes more itinerant than that the other one
which, as can be seen, persists up to n = 4. This change
of character is clearly related to the availability of the
states of each band at highly doped regime for the for-
mation of double occupancy. As will be shown shortly be-
low, the narrow band consists of intense peak at the Fermi
level which reflects the large number of states in the band.
Thus, as the system is further doped the fraction of doping
is transferred to the narrow band and, hence, stimulates
the rapid increase of the metallic character of this band.

Let us now consider the effect of doping from the per-
spective of the single-particle spectral function. The re-
sults are shown in Figure 6 where each spectral lines cor-
responds to certain value of n. At low doping regime,
n ≤ 2.10, one readily observes the coexistence of the
metallic and the insulating character or the OSMT phase.
Here, the single-particle gap prevails in the narrow band
while a finite spectral weight around the Fermi level arises
in the wide band. As doping increases, the gap in the
narrow band vanishes and the spectral weight of both
bands shifts to a larger value signifying the simultane-
ous existence of the metallic character. In this regime
2.20 ≤ n ≤ 2.40 the spectral function of both bands con-
sists of a pseudogap which implies the persistence of the
strong correlation. When the system is in the overdoped
regime, the pseudogap of the narrow band clearly dimin-
ishes and the spectral function gradually transforms onto
single-peak structure. Here, one obviously observes the
pronounced low energy peak that reveals the existence of
a large number of states in the band.

While the enhancement of the metallic behavior is
also evident in the wide band at large doping concen-
tration, the spectral weight of the band is clearly sup-
pressed. This certainly corresponds to the fact that the
wide band provides smaller number of states where the
double occupation becomes probable. Thus, as argued
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Fig. 7. (Color online) The imaginary part of the self energy for
U/W = 2.5 as a function of occupation n. Note the results at
low doping n = 2.04 that signifies the OSMT character. Here,
the spectral weight of the wide band (right panel) is larger than
that the narrow band (left panel) which can be associated to
the increase of the itineracy character of the wide band.

above, in the highly doped regime, most of the doping
will move to the narrow band and leads to a large number
of double occupancy in this band.

In order to supplement the above-mentioned points,
let us discuss the nature of metallic state upon doping by
examining the imaginary part of the self energy. The re-
sults are plotted in Figure 7 for various values of n. The
imaginary part of the self energy for n ≥ 2.20 clearly sug-
gests for the emergence of the metallic character. In this
regime, the self energy of the wide band can be easily dis-
tinguised from that of the narrow band i.e. the spectral
weight of the latter is smaller than that the former band.
This clearly corresponds to the nature of correlation on
each band which is obviously more pronounced in the nar-
row band. The latter can be also used to explain for the
emergence of the strong pseudogap character in the sin-
gle particle spectral function. Interestingly, the low energy
part of the self energy ω → 0 extrapolates to finite value
and therefore suggests that the correlation in the doped
system remains important. The resonance in the spectral
function, therefore, reflects the short-lived excitations and
the metallic phase does not correspond to the Fermi liquid
character.

From the above results, we can now argue that the
transition from the insulating to metallic state as a func-
tion of doping is not substantially changed by the inclusion
of the spatial fluctuation. The evolution of double occu-
pancy in the present work is relatively comparable with
the recent results based on the DMFT [16,17]. We have
also observed that the somewhat similar will emerge when
the inter-site spin interaction increases (not shown).

4 Summary and conclusions

In summary, we have analyzed the effects of the spa-
tial fluctuation in the two-band Hubbard model with

anisotropic bandwidths that incorporates the inter-site
spin interaction. The Hamiltonian is solved by means of
the EDMFT that has been generalized to take account of
the orbital degeneracy. At half filling, our results clearly
indicate that the inter-site interaction does not induce any
substantial changes in the nature of MIT. The OSMT
phase is evident as a function of the Coulomb interac-
tion and both bands become insulator at large U/W . The
effect of the inter-site spin interaction is shown to sup-
press the Kondo resonance which leads to the instability
of the metallic state. While this behavior becomes more
pronounced as I/W increases, the OSMT phase is pre-
vailed. It is argued that the OSMT in the presence of the
spatial fluctuation is a consequence of the interplay be-
tween the effective interaction that records the non-local
quantum fluctuation and the anisotropic bandwidth.

Away from half filling, the evolution from the insu-
lating to metallic character as a function of doping can
be segmented into three different regimes. At low doping
regime, the system clearly demonstrates the OSMT phase.
It is shown that the wide band absorbs all additional par-
ticles/hole such that the other band remains in the insu-
lating state. As doping increases i.e. intermediate regime,
both bands become metallic with different strength of cor-
relation. It is clearly indicated that the double occupancy
of the wide band remains larger than that the other one.
At overdoped regime, the nature of the correlation of both
band reverses such that the narrow band becomes more
metallic than that the wide band.

Taken together, our results have provided further in-
sights on the role of the spatial fluctuation in the two-
band Hubbard model with anisotropic bandwidth. We
have shown that the OSMT phase persists both at half-
filling and away from half filling at various strengths of
the spatial fluctuation. In this work, we have also demon-
strated that EDMFT offers a reasonable route for investi-
gating the effect of spatial fluctuations in the multiorbital
system.

This work is supported by the international Max-Planck re-
search school for science and technology of nanostructures and
by the DFG.
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