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In multi-orbital systems, the correlation strength is typically attributed to Coulomb interactions and Hund’s cou-
plings. However, this study demonstrates that on-site inter-orbital hybridization can also significant influence the corre-
lation strength of the system. We investigate the impact of on-site inter-orbital hybridization on the correlation strength
of a two-orbital Hubbard model on a square lattice using the dynamical mean-field theory combined with Lanczos exact
diagonalization. Our findings reveal a distinct Janus effect: on-site inter-orbital hybridization enhances correlation strength
in the non-half-filled regime while suppresses it at half-filling. This dual role of on-site inter-orbital hybridization provides
a fundamental mechanism for tuning the strength of correlations in multi-orbital systems.
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1. Introduction
Multi-orbital correlated electron systems have attracted

significant attention in recent years. Many newly dis-
covered materials, such as iron-based[1–5] and nickel-
based[6–11] high-temperature superconductors, ruthenates like
Ca2−xSrxRuO4,[12,13] and vanadates like V2O3,[14,15] exhibit
strong correlated multi-orbital characteristics. In these sys-
tems, the complex interplay between charge, spin, and orbital
degrees of freedom gives rise to exotic quantum phenomena
such as orbital-selective Mott transitions (OSMT)[16–19] and
Hund metal behavior.[20–23]

Inter-orbital hybridization is an intrinsic quantum phe-
nomenon in multi-orbital systems, manifesting in two forms:
inter-site (between orbitals of neighboring atoms)[24–26] and
on-site (between orbitals of the same atom).[27,28] Inter-site
inter-orbital hybridization has been extensively studied; for ex-
ample, it enhances superconducting pairing in materials such
as iron-based superconductors[29] and the newly discovered
La3Ni2O7,[30] and it also disrupts the OSMT.[31–34] However,
the investigations of on-site inter-orbital hybridization remain
limited. The on-site inter-orbital hybridization, which is de-
noted as t ′, can also significantly affect the system properties,
such as suppressing OSMT[17,35] and modifying the pseudo-
gap behavior.[36] Notably, a systematic investigation of how t ′

modulates correlation strength of a system across various dop-
ing concentrations is lacking. Understanding this fundamental
regulatory mechanism is essential for manipulating the corre-
lation strength in doped multi-orbital systems.

To investigate a multi-orbital correlated system incor-

porating on-site inter-orbital hybridization t ′, we adopt the
dynamical mean-field theory (DMFT).[37–39] In contrast to
traditional mean-field approaches, DMFT accounts for full
quantum dynamical fluctuations. It maps the original lattice
model (Eq. (1)) onto an impurity Anderson model (Eq. (4)),
which can be solved using numerical methods such as nu-
merical renormalization group (NRG),[40] continuous-time
quantum Monte Carlo (CT-QMC),[41] and exact diagonaliza-
tion (ED).[42–44] The DMFT with NRG solver provides real-
frequency spectra for single-orbital systems but faces chal-
lenges in multi-orbital cases with complex interactions. The
DMFT with CT-QMC method numerically provides exact
finite-temperature solutions for larger systems. However, it
suffers from a sign problem when off-diagonal elements exist
in the Green’s function, along with high computational costs at
low temperatures and the need for analytical continuation. ED
solver (including the Lanczos method) is limited by the Hilbert
space dimension for small impurity clusters. Finite bath dis-
cretization often yields spectral functions with discrete peaks.
We employ the Lanczos exact diagonalization method as the
impurity solver for three reasons: (i) For the two-orbital An-
derson impurity model studied here, the Hilbert space dimen-
sion remains computationally feasible for the Lanczos method.
(ii) Unlike the CT-QMC solver, Lanczos inherently avoids the
sign problem caused by off-diagonal elements in Green’s func-
tion resulting from inter-orbital hybridization. (iii) It enables
direct computation of the real-frequency Green’s function after
DMFT convergence, enabling direct comparison with experi-
mental spectra.
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Fig. 1. (a) Schematic representation of a two-orbital square lattice. (b) Schematic illustration of a shared-bath type impurity Anderson model
with four bath sites. Solid and dashed lines represent the hybridization between the bath sites and the two impurity orbitals, respectively.
Panels (c) and (d) are schematic depictions of the influence of inter-orbital hybridization on the correlation strength of the system under same
electron correlation interaction. The system is in a non-half-filling state in panel (c) and half-filling state in panel (d). (c) In the non-half-filling
scenario, the introduction of t ′ causes a decrease in the density of state near the Fermi surface, leading to an increase in the system’s correlation
strength. (d) In the half-filling scenario, in contrast to panel (c), the system is in an insulating state when t ′ = 0.

In this study, we investigate the effect of on-site inter-
orbital hybridization t ′ on the correlation strength of the sys-
tem. Using the DMFT method, a two-orbital correlated model
with equal bandwidths at various occupation levels is exam-
ined. Notably, t ′ exhibits opposite effects on the correlation
strength in the half-filled and non-half-filled systems. Fig-
ures 1(c) and 1(d) schematically illustrate these conclusions.
Here, the red and blue regions represent the density of states
(DOS) for the upper and lower Hubbard bands, respectively
and the dashed line indicates the Fermi level. The correla-
tion strength is quantified using the spectral weight overlap
between the Hubbard bands at the Fermi level, where a larger
overlap corresponds to a weaker correlation strength. Fig-
ure 1(c) depicts a non-half-filled system, whereas figure 1(d)
corresponds to the half-filled case; the left panels show the re-
sults for t ′ = 0, and the right panels show those for t ′ > 0. As
shown in Fig. 1(c), vanishing t ′ increases the spectral over-
lap, indicating weakened correlations. Conversely, in the half-
filled system (Fig. 1(d)), the nonzero t ′ increases the spectral
overlap, signifying weakened correlations.

2. Model and methodology
Layered perovskite ruthenates, particularly Sr2RuO4,

provide direct physical motivation for the proposed
model.[12,28] In undoped Sr2RuO4, the near-ideal square-
lattice symmetry forbids direct hybridization between dif-
ferent t2g orbitals on the same Ru site. However, lattice dis-
tortions induced by external perturbations can disrupt this
symmetry. A prototypical example is Ca2−xSrxRuO4: sub-
stituting smaller Ca2+ ions for larger Sr2+ ions causes tilting
and rotation of the RuO6 octahedra. This distortion reduces
the local symmetry and activates a finite on-site hybridization

t ′ between the formerly orthogonal orbitals. Motivated by
this universal mechanism, in which broken symmetry enables
significant on-site inter-orbital hybridization, we employ a
minimal two-orbital Hubbard model (Fig. 1(a)) to investigate
how t ′ modulates electronic correlations across the doping
levels within strong interaction regimes. By focusing on the
interplay of t ′, on-site electron–electron interaction U , and
doping level n, our model transcends material-specific details
to reveal the fundamental principles governing correlation
strength in multi-orbital systems. The model Hamiltonian is
defined as follows:

H = H0 +HI, (1)

where H0 is the non-interaction part,

H0 = −t ∑
〈i j〉

∑
lσ
(c†

ilσ c jlσ + c†
jlσ cilσ )−µ ∑

ilσ
c†

ilσ cilσ

− t ′ ∑
i,l<l′σ

(c†
ilσ cil′σ + c†

il′σ cilσ ), (2)

HI is the interaction part, which includes all Hund’s coupling
terms,

HI = U ∑
il

nil↑nil↓+U ′ ∑
i,l<l′

nil↑nil′↓

+(U ′− J) ∑
i,l<l′,σ

nilσ nil′σ

−J ∑
i,l 6=l′

c†
il↑cil↓c

†
il′↓cil′↑+ J ∑

i,l 6=l′
c†

il↑c
†
il↓cil′↓cil′↑. (3)

Operator c†
ilσ (or cilσ ) creates (or annihilates) an electron with

spin σ in orbital l at site i. Throughout this study, the inter-
site hopping amplitude t within the same orbital is used as the
energy unit. On-site inter-orbital hybridization is represented
by t ′, where µ is the chemical potential. The on-site electron
correlation strength within the same orbital is U , where U ′
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denotes the inter-orbital electron correlation strength. Hund’s
coupling is represented by J, with J/U = 0.25,[21] and U =

U ′+2J to ensure rotation invariance.[14,21]

The DMFT method is used to study the multi-orbital Hub-
bard model Eq. (1). DMFT maps the original lattice model
Eq. (1), which has higher degrees of freedom, onto an equiva-
lent impurity Anderson model with lower degrees of freedom.
The impurity Anderson model is expressed as follows:

Himp = ∑
kσ

εkσ a†
kσ

akσ +∑
klσ

Vklσ (a
†
kσ

dlσ +d†
lσ akσ )

− t ′ ∑
l<l′σ

(d†
lσ dl′σ +d†

l′σ dlσ )−µ ∑
lσ

d†
lσ dlσ

+U ∑
l

nl↑nl↓+U ′ ∑
l<l′

nl↑nl′↓

+(U ′− J) ∑
l<l′,σ

nlσ nl′σ

−J ∑
l 6=l′

d†
l↑dl↓d

†
l′↓dl′↑+ J ∑

l 6=l′
d†

l↑d
†
l↓dl′↓dl′↑. (4)

Here, the operator a†
kσ

(akσ ) represents the creation (annihi-
lation) of an electron with spin σ at the k-th bath site. The
operator d†

kσ
(dkσ ) denotes the creation (annihilation) of an

electron with spin σ in the l-th orbital of the impurity site.
The parameter εkσ represents the kinetic energy of an elec-
tron with spin σ at the k-th bath site. The electron coupling
strength between the l-th orbital at the impurity site and the
k-th bath site is denoted by Vklσ . Parameters t ′, µ , U , U ′, J of
the impurity Anderson model have the same physical meaning
as those of the lattice model given by Eq. (1). Notably, εkσ

and Vklσ are self-consistent parameters obtained through the
DMFT procedure.

Subsequently, the impurity Anderson model Eq. (4) can
be solved accurately using numerical or theoretical methods.
The results of the original lattice model are obtained using a
self-consistent procedure. In this study, the Lanczos exact di-
agonalization method is used as an impurity solver. Green’s
function includes off-diagonal terms owing to hybridization
between different orbitals. Therefore, we adopt a shared-bath
site configuration,[38] in which all impurity orbitals share the
same set of bath sites. As shown in Fig. 1(b), this configura-
tions involves four shared-bath sites. In our study, the corre-
lated impurity site of the Anderson model has 2 orbitals hy-
bridized with 9 shared bath sites. Therefore, the number of
sites in this model is 11. This approach not only simplifies
the calculation of off-diagonal terms but also enables an in-
creased number of baths without increasing the computational
demands, thereby enhancing the accuracy of the results.

The zero-temperature Green’s function is given by[45]

Gmm(ω) = G(+)
mm (ω)+G(−)

mm (ω)

= 〈φ0|cm
1

ω−E0 +H + iη
c†

m|φ0〉

+〈φ0|c†
m

1
ω +E0−H + iη

cm|φ0〉. (5)

Here, |φ0〉 is the ground state of the system, obtained
by directly running the Lanczos method. To demonstrate the
application of the Lanczos method to calculate the Green’s
function,[43] we take G(+)

mm (ω) = 〈φ0|cm
1

ω−E0+H+iη c†
m|φ0〉 as

an example. We initiate the Lanczos recursion with the state
|ψ0〉 = c†

m|φ0〉 and apply the recurrence relation: |ψn+1〉 =
H|ψn〉−a(+)

n |ψn〉−(b(+)
n )2|ψn−1〉, where a(+)

n = 〈ψn|H|ψn〉
〈ψn|ψn〉 and

(b(+)
n )2 = 〈ψn|ψn〉

〈ψn−1|ψn−1〉
. This recursion constructs an orthogonal

basis spanning the Krylov subspace. In this basis, Hamilto-
nian such as equation (4) is represented by a tridiagonal ma-
trix, where {a(+)

n } are the diagonal elements and {b(+)
n } are

the off-diagonal elements. Thus, the resolvent matrix element
reduces to a continued fraction as follows:

G(+)
mm (ω) =

〈φ0|cmc†
m|φ0〉

ω−a(+)
0 − b(+)2

1

ω−a(+)
1 −

b(+)2
2

ω−a(+)
2 −...

. (6)

The procedure for G(−)
mm (ω) is identical but starts with the state

cm|φ0〉, yielding a continued fraction with coefficients {a(−)n }
and {b(−)n }.

Thus, the total Green’s function obtained via the Lanczos
method is

Gmm(ω) = G(+)
mm (ω)+G(−)

mm (ω)

=
〈φ0|cmc†

m|φ0〉

ω−a(+)
0 − b(+)2

1

ω−a(+)
1 −

b(+)2
2

ω−a(+)
2 −...

+
〈φ0|c†

mcm|φ0〉

ω +a(−)0 − b(−)21

ω+a(−)1 −
b(−)22

ω+a(−)2 −...

. (7)

The inclusion of inter-orbital hybridization terms leads to
the appearance of off-diagonal elements in Green’s function.
The matrix form of this Green’s function is given below:

G(ω) =

(
Gmm(ω), Gmn(ω)
Gnm(ω), Gnn(ω)

)
. (8)

Let m and n denote the states in orbital 1 and orbital 2 with
spin σ , respectively. The off-diagonal terms of the Green’s
function prevent the direct application of the Lanczos method.
To solve this problem, we introduce two new operators c f =

cm + cn, ck = cm + icn, along with their conjugates. The
Green’s function of these two operators are

G f f = Gmm +Gnn +Gmn +Gnm,

Gkk = Gmm +Gnn− iGmn + iGnm. (9)

Here, G f f and Gkk are the Green’s function of operators c f , c†
f ,

and ck, c†
k , respectively. They are defined by expressions simil-

iar to those in Eq. (7). Subsequently, the off-diagonal Green’s
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function Gmn and Gnm can be represented as linear combina-
tions of the diagonal Green’s function G f f and Gkk,

Gmn =
1
2
[G f f + iGkk− (1+ i)(Gmm +Gnn)],

Gnm =
1
2
[G f f − iGkk− (1− i)(Gmm +Gnn)]. (10)

The full dynamical mean field self-consistent procedure
comprises the following steps:

(i) Initialize the impurity Anderson model Hamiltonian
(Eq. (4)) with the initial parameters: bath energy {εkσ} and
bath-impurity hybridization {Vklσ}. Calculate the full Green’s
function matrix Gimp(iωn) using the Lanczos method men-
tioned above. It should be noted that the choice of initial pa-
rameters has a substantial influence on self-consistent conver-
gence. Through multiple tests, we find that the determination
of initial parameters can commence from the half-filling case.
The initial parameters should make the density of states of the
impurity Anderson model Eq. (4) symmetric about the chemi-
cal potential. Under such circumstances, more favorable con-
vergence results can be achieved. For non-half-filled systems,
the parameters self-consistently obtained in the half-filled case
can serve as the initial parameters.

(ii) Calculate the Weiss Green’s function of the impurity
Anderson model,

g0
imp(iωn) =

1
iωn Î−H0

imp
, (11)

where H0
imp denotes the non-interaction impurity Anderson

model (where U , U ′, and J are set to zero), and Î is the iden-
tity matrix that has the same dimension as the Green’s function
matrix of impurity Anderson model (Eq. (8)).

(iii) Calculate the self-energy using Dyson equation

Σ(iωn) = [g0
imp(iωn)]

−1−G−1
imp(iωn). (12)

(iv) Calculate the lattice Green’s function

Glat(iωn) =
1
N ∑

n

1
iω Î +H0(k)−Σ(iωn)

, (13)

where H0(k) is the non-interaction lattice model Hamiltonian
(Eq. (2)).

(v) Calculate the Weiss Green’s function of the lattice
model (Eq. (1)),

[g0
lat(iωn)]

−1 = [Glat(iωn)]
−1 +Σ(iωn). (14)

(vi) Employ the conjugate gradient method to minimize
the difference between g0

lat(iωn) and g0
imp(iωn), defined as[38]

d =
1

ωn
∑
n
‖g0

lat(iωn)−g0
imp(iωn)‖2, (15)

to determine new sets of parameters {εkσ} and {Vklσ} for the
impurity Anderson model Hamiltonian Eq. (4).

Iterate steps (ii)–(vi) until convergence is achieved, where
convergence is defined as the maximum absolute differ-
ence in the local lattice Green’s function Glat(iωn) between
two consecutive self-consistent loops is smaller than a pre-
defined threshold: δ/t = max

∣∣∣G(m)
lat (iωn)−G(m−1)

lat (iωn)
∣∣∣ <

10−4, where m indexes the iteration number. Subsequently,
the Green’s function of the original lattice Eq. (1) is obtained
through a self-consistent equation.

In our calculation, a self-consistent procedure is per-
formed on a mesh of Matsubara frequencies ωn = (2n +

1)π/β . Here, β t = 200 and the spectral function is broad-
ened to η/t = 0.05. In our program, by adopting a sparse
matrix representation of the impurity Anderson model Hamil-
tonian Eq. (4), significant memory savings are achieved. This
enables the program to be executed on a single core. Each
DMFT loop requires approximately 70 min per core. Con-
sequently, it is feasible to complete computations on a small
workstation, which results in substantial savings in computa-
tional resources. The results shown in Fig. 2 are calculated
using a small workstation. The phase diagram shown in Fig. 3
is obtained using the Magic Cube III at the Shanghai Super-
computer Center.

3. Results
In single-band systems, the electron correlation strength

mainly originates from the electron–electron Coulomb interac-
tions. However, in multi-orbital systems, the correlation stems
not only from the Coulomb interactions between the electrons
in the same or different orbitals but also from Hund’s cou-
pling. All these factors increase the correlation strength of the
system, resulting in an increase in the effective mass m∗ of the
quasi-particles. The relationship between the effective mass
and the quasi-particle weight Z is given by m∗/m = 1/Z =

1− ∂

∂ω
ReΣ(ω + i0+)|ω=0.[37] Therefore, in this study, we use

a quasi-particle weight Z to represent the correlation strength
of the system.

To explore the effect of the on-site inter-orbital hybridiza-
tion strength t ′ on the correlation strength, first, a quarter-
filled (n = 1.0) scenario is examined. Figure 2(a) shows the
quasi-particle weight Z as a function of the Coulomb inter-
action strength U/t for different values of t ′. The observed
decline in Z with increasing t ′ indicates an increase in the cor-
relation strength. Figure 2(b) shows the DOS as a function of
t ′ at U/t = 4.0. The suppression of the DOS near the Fermi
energy ((ω − µ)/t = 0) upon increasing t ′ reduces the spec-
tral weight overlap between the Hubbard bands. This spectral
decoherence directly indicates an enhancement in the corre-
lation strength of the system. Figure 2(c) presents the imagi-
nary part of the self-energy as a function of the Matsubara fre-
quency. The reduction in the imaginary part of the self-energy
as ω approaches zero with increasing t ′ further supports the
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conclusion of enhanced correlation strength. In summary, at
quarter-filling, increasing the inter-orbital hybridization t ′ en-
hances the system’s correlation.

In the half-filling case (n = 2.0), the results exhibite an
inverse relationship to those in the quarter-filling case. Fig-
ure 2(d) shows the variation of Z with U/t under different
t ′ conditions. An increase in t ′ leads to an increase in the
quasi-particle weight, indicating a weakening of the correla-
tion strength at half-filling. This implies that under half-filling
conditions, the correlation strength of the system decreases as
t ′ increases. At half-filling, figure 2(e) shows the DOS and fig-
ure 2(f) shows the imaginary part of the self-energy. As shown
in Fig. 2(e), the DOS for different values of t ′ exhibits a gap
at the Fermi level. Because of the finite number of bath sites,
the DOS displays several peaks. The presence of a gap in the
DOS at the Fermi surface does not necessarily indicate a Mott
metal–insulator transition. Therefore, the imaginary part of
the Matsubara frequency self-energy is analyzed. Figure 2(f)
reveals that the imaginary part of the self-energy diverges at
t ′ = 0, which is a characteristic of the Mott metal–insulator
transition. In contrast, for non-zero t ′, the system remains
in a metallic state. Notably, the imaginary part of the self-

energy is smaller at t ′/t = 0.2 than at t ′/t = 0.4, further sup-
porting the weakening of the correlation as t ′ increases. This
is in contrast to the quarter-filling results, where the correla-
tion strength increases with t ′, highlighting the opposing influ-
ence of inter-orbital hybridization on the correlation strength
at different doping levels. At half-filling, when t ′ is present,
as shown in Fig. 2(d), the quasi-particle weight Z remains low
and forms a plateau over a wide range of U values. While rem-
iniscent of Hund metal behavior, the underlying mechanisms
are fundamentally distinct. In Hund metal, this plateau oc-
curs at non-half-filling regime. Hund’s coupling J promotes
high-spin configurations by aligning electron spins parallel
across orbitals, and suppresses orbital fluctuations, then in-
creases the electron effective mass m∗, thereby reducing the
quasi-particle weight Z. Electron distribution across orbitals
weakens Coulomb interactions, raising the critical Uc for the
metal–insulator transition and stabilizing the plateau. In the
system with t ′, the plateau develops specifically at half-filling.
In contrast to a metal–insulator transition in the system with-
out t ′, the electron motion t ′ between orbitals reduces local-
ization. Strong interactions simultaneously lower the quasi-
particle weight Z and create a Hund-metal-like plateau.

n/.

n/. n/.↪ U/t/.

n/.↪ U/t/. n/.↪ U/t/.
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t′/t/

t′/t/.

t′/t/.

U/t

U/t (ω−µ)/t

(ω−µ)/t iωn/t

iωn/t

D
O

S
D

O
S

Im
Σ

(i
ω

n
)/

t

Z
Z

Im
Σ

(i
ω

n
)/

t

Fig. 2. (a) At quarter-filling, the quasi-particle weight varies as the Coulomb interaction U/t. The blue, red, and yellow lines represent the
results obtained with inter-orbital hybridization t ′/t = 0.0, t ′/t = 0.2, and t ′/t = 0.4, respectively. (b) The density of states (DOS) at quarter-
filling and U/t = 4.0. (c) The imaginary part of the self-energy at quarter-filling and U/t = 4.0. (d) At half-filling, the quasi-particle weight
varies as a function of the interaction U/t. (e) The density fo states (DOS) at half-filling and U/t = 4.0. (f) The imaginary part of self-energy
at half-filling and U/t = 4.0.

In the following study, we systematically explore the rela-
tionship between the correlation strength and the on-site inter-
orbital hybridization at various doping levels. Figures 3(a)–
3(i) depict the quasi-particle weight as a function of the elec-
tron interaction U/t for different fillings. The effects of inter-
orbital hybridization on the quasi-particle weight at both half-

filling and non-half-filling are consistent with our findings in
the quarter-filling and half-filling scenarios. Figure 3(j) shows
the variation in the difference in the quasi-particle weight be-
tween t ′/t = 0.2 and t ′/t = 0.0 as a function of the filling at
U/t = 4.0. At near half-filling (1.75 < n < 2.25), the quasi-
particle weight corresponding to t ′/t = 0.2 is higher, indicat-
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ing that the correlation strength decreases as t ′ increases. Con-
versely, figures 3(d)–3(f) show that for t ′/t 6= 0, the quasi-
particle weight remains low over a wide range of U/t, and
there is no metal–insulator transition, exhibiting Hund’s metal

behavior. From Fig. 3(j) for n < 1.75 and n > 2.25 and
Fig. 3(k) for n < 1.80 and n > 2.20, an increase in t ′ is asso-
ciated with a decrease in quasi-particle weight and an increase
in correlation length.

n/.

n/.

n/.

n/.

n/.

n/.

nU/t U/t U/t

D
Z

(U
/
t
/


.
)

D
Z

(U
/
t
/


.
)

Z
Z

Z

t′/t/

t′/t/.

t′/t/.

n/.

n/.

n/.

Ζt′/t/.↩Zt′/t/

Ζt′/t/.↩Zt′/t/.

Fig. 3. (a)–(i) The variation of the quasi-particle weight with the interaction strength U/t. The blue, red, and yellow lines represent the results
obtained with inter-orbital hybridization t ′/t = 0.0, t ′/t = 0.2, and t ′/t = 0.4, respectively, at different occupation levels. Panel (j) represents the
difference in the quasi-particle weight at U/t = 4.0 between t ′/t = 0.2 and t ′/t = 0.0. Panel (k) represents the difference in the quasi-particle
weight at U/t = 4.0 between t ′/t = 0.4 and t ′/t = 0.2.

To emphasize the effects of the on-site inter-orbital hy-
bridization t ′, we use a two-orbital Hubbard model with equal
bandwidths to eliminate the influence of different bandwidths.
In this degenerate model, t ′ is equivalent to the crystal field
splitting energy ∆c, becasue upon diagonalization, t ′ con-
tributes to the diagonal elements and effectively acts as ∆c.
The interaction terms retain the same form as in the original
model. At quarter-filling, Manini et al. found that ∆c en-
hanced the correlation strength of the system,[46] and at half-
filling, Werner et al. found that ∆c weakened the correlation
strength,[20] and our results are consistent with their findings.

When the orbital widths of the system are no longer iden-
tical, the effects of inter-orbital hybridization t ′ and the crys-
tal field splitting energy ∆c become inequivalent. This is be-
cause, upon diagonalizing the non-interaction part in the new
atomic orbital space, the form of the interaction part becomes
rather complex, and numerous new forms of interactions oc-
cur. At this stage, the model is no longer equivalent to that of
the crystal-field splitting energy. Next, we check whether the
model with different orbital bandwidths gives the same con-
clusions as the earlier model with varying doping and t ′.

Without loss of generality, we adopt a model with an
orbital-width ratio of 2:1 as follows:

H = −∑
〈i j〉

∑
lσ

tl(c
†
ilσ c jlσ + c†

jlσ cilσ )

−µ ∑
ilσ

c†
ilσ cilσ − t ′ ∑

i,l<l′σ
(c†

ilσ cil′σ + c†
il′σ cilσ )

+U ∑
il

nil↑nil↓+U ′ ∑
i,l<l′

nil↑nil′↓

+(U ′− J) ∑
i,l<l′,σ

nilσ nil′σ

−J ∑
i,l 6=l′

c†
il↑cil↓c

†
il′↓cil′↑+ J ∑

i,l 6=l′
c†

il↑c
†
il↓cil′↓cil′↑. (16)

In this model Eq. (16), the widths of the wide and narrow or-
bitals are t2 = t and t1 = t/2, respectively. The interaction
part of this model has the same form as that of the Hubbard
model Eq. (3). Here, two occupation scenarios are calcu-
lated: half-filling (n = 2.0) and quarter-filling (n = 1.0). The
quasi-particle weight is used here to characterize the correla-
tion strength of the system, and the results are shown in Fig. 4.

In Fig. 4, the upper panel shows the quarter-filling case
(n = 1.0). In this panel, sub-panels (a) and (b) show the quasi-
particle weights Z2 and Z1 of the wide and narrow bands, re-
spectively. As t ′/t increases, both Z2 and Z1 of the wide and
narrow bands decrease, indicating an enhancement in the cor-
relation strength of the system. Conversely, the lower sub-
panels (c) and (d) correspond to the half-filling case (n = 2.0)
and show that both Z2 and Z1 increase as t ′/t increases,
which corresponds to a decrease in the correlation strength.
These observations suggest that the influence of inter-orbital
hybridization on the correlation strength of the system is a
general mechanism applicable to both degenerate and non-
degenerate band scenarios and does not stem from the crystal
field splitting energy ∆c. Moreover, models featuring different
orbital widths are more representative of real materials.

Consequently, our findings indicate that on-site inter-
orbital hybridization has opposite effects on the behavior of
the system at different electron doping levels: (i) At half-
filling, the correlation strength of the system is weakened,
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thereby extending the range of electron interaction within
which bad metallic behavior persists. (ii) Conversely, away
from half-filling, an increase in the inter-orbital hybridization
enhances the correlation strength. Thus, on-site inter-orbital
hybridization exhibits a Janus-like (dual) influence, suppress-
ing correlations at half-filling while strengthening them away
from it.

U/t U/t

U/t U/t

Z
2

Z
2

Z
1

Z
1

n/.↪ wide

n/.↪ wide

n/.↪ narrow

n/.↪ narrow

t′/t/

t′/t/.

t′/t/.

Fig. 4. Quasi-particle weight in the non-degenerate two-orbital Hub-
bard model: Panels (a) and (c) represent the wide orbital; panels (b) and
(d) represent narrow orbital. The upper panels correspond to quarter fill-
ing (n = 1.0), and the lower panels correspond to half-filling (n = 2.0).
The blue, red and yellow lines represent t ′/t2 = 0.0, t ′/t2 = 0.2 and
t ′/t2 = 0.4, respectively.

To explain the effect of on-site inter-orbital hopping t ′

on the correlation strength, we use a two-orbital model in
the atomic limit. In this limit, the distance between atoms
is infinitely large, making inter-atomic electron hopping neg-
ligible. Consequently, only the on-site energies, such as the
Coulomb interaction U between electrons, Hund’s coupling
J, and the inter-orbital hybridization t ′, influence the atomic
levels. Within the atomic limit, the correlation strength can
be indirectly characterized by the energy cost associated with
changing the number of electrons in the system. The larger en-
ergy required to alter the electron number signifies a stronger
correlation strength, and vice versa. The multi-orbital atomic
Hamiltonian is expressed as follows:

Hatom = −t ′ ∑
l<l′,σ

(c†
lσ cl′σ + c†

l′σ clσ )−µ ∑
lσ

c†
lσ clσ

+U ∑
l

nl↑nl↓+U ′ ∑
l<l′

nl↑nl′↓

+(U ′− J) ∑
l<l′,σ

nlσ nl′σ

−J ∑
l 6=l′

c†
l↑cl↓c

†
l′↓cl′↑+ J ∑

l 6=l′
c†

l↑c
†
l↓cl′↓cl′↑. (17)

Here, the on-site inter-orbital hybridization t ′, Coulomb inter-
action U , Hund coupling J, and chemical potential µ have the
same physical meaning as in the interaction part of Hubbard
model Eq. (3). In this atomic limit, we set the energy unit
t = 1.0.

In the atomic limit, there are two fundamental processes
for changing the number of electrons: (i) the addition of an
electron, which requires additional energy E+ = E0(N +1)−
E0(N), and (ii) the removal of an electron, which requires
removal energy E− = E0(N)− E0(N − 1). The correlation
strength of the system is then characterized by the larger value
of these two energy costs, denoted as ∆ = max(E+,E−).

Fig. 5. The energy levels of atomic limit vary across different occupancy sce-
narios. The bolded lines represent ground state energy for certain occupancies.

t′/t/

n/. n/.

t′/t/.

t′/t/.
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n
e
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 c
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 ∆
/
t
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 c
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 ∆
/
t

U/t U/t

Fig. 6. Panels (a) and (b) show the energy cost versus electron inter-
action U/t for a single-electron change at quarter-filling (n = 1.0) and
half-filling (n = 2.0), respectively. On-site interorbital hybridizations
are indicated by t ′/t = 0.0 (blue), 0.2 (red), and 0.4 (yellow).

Specifically, the maximum energy cost ∆ for changing the
electron number is analyzed for two cases: quarter-filling (N =

1) and half-filling (N = 2). (i) Quarter-filling (N = 1): Using
the atomic energy levels shown in Fig. 5, the additional en-
ergy required to add an electron is E+ = E0(N = 2)−E0(N =

1) = U − J− 2
√

t ′2 + J2 + t ′− µ . The energy required to re-
move an electron is E− = E0(N = 1)−E0(N = 0) =−t ′+µ .
Consequently, the correlation strength can be expressed as
∆/t = max(E+,E−). For a system with occupation number
N = 1, we define the system energy at N = 0 occupation as
the chemical potential µ , where µ = 0. Figure 6(a) shows the
variation of ∆/t with U/t for t ′/t = 0, 0.2, 0.4. In the range
of large values of U/t, ∆/t increases as t ′/t increases, indicat-
ing that the correlation strength of the system increases with
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increasing t ′. (ii) Half-filling (N = 2): Here, the system pos-
sesses electron–hole symmetry. The energy required to add an
electron (E+) is identical to that required to remove an electron
(E−). Therefore, the correlation strength can be expressed as
∆/t = E+ = E− = 2U − 4J− t ′+ 2

√
t ′2 + J2− µ . Owing to

this symmetry, the chemical potential is µ = 3U/2− 5J/2.
In Fig. 6(b), ∆/t is plotted as a function of U/t for t ′/t =
0.0,0.2,0.4. It can be observed that in the larger U/t regime,
∆/t decreases as t ′/t increases. This indicates that the corre-
lation strength of the system decreases with increasing t ′.

Through this single-atom model, we obtain trends consis-
tent with those calculated using DMFT. This demonstrates that
the strength of on-site inter-orbital hopping t ′ exerts opposite
effects on the correlation strength of the system depending on
the filling: weakening it at half-filling, but strengthening it at
the non-half-filling.

4. Conclusions
Using dynamical mean-field theory, we systematically in-

vestigated the effect of on-site inter-orbital hybridization t ′

on correlation strength in a two-orbital Hubbard model on a
square lattice. Our results reveal the Janus effect of t ′ on the
correlation strength at different doping levels. At half-filling,
increasing t ′ suppresses the correlation strength, maintaining a
metallic state over a wide interaction U range, exhibiting low
quasi-particle weight Z. Away from half-filling, increasing t ′

enhances the correlation strength, which is manifested by in-
creased quasi-particle weight Z. Our findings provide a new
interpretive framework for experimental observations of the
filling-dependent correlation strength in multi-orbital systems
and offer a potential perspective for analyzing how correlation
strength and doping may influence superconductivity such as
in La3Ni2O7.
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