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We study theoretically the interfacial electronic property of a heterojunction made from two Mott insulators (MI)

with different magnetic structures. By means of unrestricted Hartree-Fock calculations in real space, we find that a

charge dipole can form spontaneously near the interface of the MI/MI heterojunction. The magnitude of this charge

dipole depends strongly on the magnetic states of both sides of the heterojunction. Combining with the result from

an exactly solvable two-site toy model, we argue that the interface dipole arises from exchange effects as well as its

asymmetry intrinsic to the heterojunction near the interface. Our study may shed light on the fabrication of ultrathin

ferroelectric and magnetoelectric devices.
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1. Introduction

The delicate balance between competing interac-
tions in transition metal oxides (TMOs) results in a
great many of peculiar phases,[1] such as the Mott
insulator,[2] the high TC cuprate superconductors,[3]

and the various magnetic and charge-ordered or
orbital-ordered states in manganites.[4] The fine tun-
ing of a certain external stimulus, such as magnetic
field or external pressure can change the system from
one phase to another. This extraordinary sensitivity
makes TMOs an ideal candidate for the next gener-
ation of functional electronic devices.[5] In semicon-
ductor science, the combination of semiconductors of
different doping types (p- or n-type) and/or differ-
ent materials into heterostructures has bloomed out
into a mature subject and produced various devices
with novel functions not seen ever in any of their
constituents. Following this line of research, a re-
cent concern in TMO studies is to combine differ-
ent TMO materials into heterojunction or superlattice
structures.[6−12] One example is the conducting quasi-
two-dimensional electron gas (q-2DEG) that is formed
near the interface between two band insulators (BI),
i.e. LaAlO3 and SrTiO3;[8,9] another example is the
ferromagnetic metallic interface region between a typ-
ical Mott-insulator (MI) LaTiO3 and a BI SrTiO3.[6]

In the theoretical aspect, the interface-induced
electronic reconstructions in the LaTiO3/SrTiO3

(MI/BI) heterostructure have been successfully inves-
tigated in the literatures.[13−15] Lee and MacDonald[5]

investigated the possibility of modulation doping and
electronic interface reconstruction in an MI/MI het-
erojunction (HJ), and showed in the case of electron
doping that the modulation doping could be attained
in a wide range of dopant densities for both antiferro-
magnetic (AF) and ferromagnetic (F) states.

A comparison between the BI/BI and the MI/BI
HJs leads to the question whether an interfacial q-
2DEG could form if zero doping is taken to either
side of the MI/MI HJ. This issue is also fundamen-
tal to other electronic/magnetic properties and prac-
tical applications of the MI/MI HJ. In order to an-
swer this question, we study in this work a model
of MI/MI HJ similar to that considered by Lee and
MacDonald in Ref.[5], in which the MIs are described
by using the single-orbit Hubbard model with dif-
ferent on-site Coulomb correlations and/or site en-
ergies. Long-range Coulomb interactions account-
ing for possible electron redistribution are also taken
into account. The on-site Coulomb interactions are
treated in the unrestricted Hartree–Fock approxima-
tion (UHFA),[5,13] and the long-range Coulomb in-
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teractions are treated in the Hartree approximation.
Though not so accurate for excitation state proper-
ties and finite-temperature behaviour, the UHFA has
been shown to be able to give a reliable picture of the
ground-state properties,[5,13] and so it is to be studied
here. By considering various possible combinations of
magnetic states of the two sides of HJ, our calculations
show that a sheet of interface charge dipole usually
forms spontaneously in the MI/MI HJ. The dipole re-
gion is extremely sharp and involves only one-to-two
layers on either side of the junction. The charge den-
sities of the dipole layers exhibit strong dependence
on magnetic states of the two sides. The generic pic-
ture is that the charge density increases with the in-
crease of the interfacial AF bond density, and it is
attributed to the exchange coupling of electrons be-
tween two sides of the HJ, which can reduce the over-
all energy of the system though involving high-energy
states associated with double occupation of a single
site by two electrons of opposite spins. The key point
is that the two kinds of high-energy states with double
occupation occurring to the left and the right of the
interface have different probabilities due to the intrin-
sic left-right asymmetry of the HJ, which results in a
net transfer of charge from one side of the HJ to the
other, as well as the formation of the interface dipole.
A similar mechanism has been proposed to explain the
interface dipole observed for atoms and molecules ph-
ysisorbed on metal surfaces.[16] To confirm the above
mechanism and gain more insights, we further con-
sider an exactly solvable two-site toy model with two
electrons of opposite spins, which is a minimal model
of our system. Calculations based on this toy model
indicate that the results are consistent with our 3D
real-space UHFA calculations.

In contrast to the cases observed in both the
BI/BI and the MI/BI HJs, the interfacial dipole in
our studying MI/MI HJ is usually insulating. This
can be seen from the calculated layer-resolved den-
sity of states (DOS) of the HJ, which indicates that
the exchange process mainly induces some mid-gap
states in one MI and an energy gap persists through-
out the whole HJ. The mid-gap states are similar to
the interface-induced gap states (IFIGS) in the con-
text of a metal (semiconductor)/semiconductor junc-
tion due to a finite extension of the electronic wave
functions from one side to the other,[17−20] except that
now both sides of the junction are insulators and the
mid-gap states are induced corresponding not to oc-
cupied states such as the Fermi surface of a metal

(or, filled valence band of a semiconductor) but to the
empty upper Hubbard band of the other MI.

In the next section we describe the single-orbit
Hubbard model used to study the MI/MI HJ as well
as the mean-field approximation and also present the
two-site toy model. In Section 3, we give our results
of interface dipole and discuss its properties, physical
origin and possible applications. A brief conclusion
drawn from the present study is given in Section 4
finally.

2. Model

Typical Mott-Hubbard type MIs,[2] such as
YTiO3 and LaTiO3, which have respectively F and AF
ground states, can be generically expressed as ABO3

in which A denotes a trivalent rare-earth ion while B
refers to a trivalent ion derived from group IVB or VB
elements. In the case of TMOs, B represents either a
Ti ion or a V ion.

In order to investigate qualitatively the interfa-
cial electronic properties of an undoped MI/MI HJ,
we employ the single-orbit Hubbard model to de-
scribe the two MIs making up of the junction.[5] When
the anisotropic crystal field is strong enough to fully
lift the orbital degeneracy, the single-orbit Hubbard
model becomes a reasonable representation of the sys-
tem. Besides the usual hopping and on-site Coulomb
repulsion terms, the model Hamiltonian also includes
a site-energy term reflecting the possible d-band offset
between the two MIs and a long-range Coulomb inter-
action term that will take effect when the nonuniform
space charge emerges near the interface. The model
Hamiltonian reads H = Ht + HU + H0 + HC, where

Ht = −t
∑

i,δ,σ

d†iσdi+δ,σ, (1)

HU =
∑

i

U(zi)n̂i↑n̂i↓, (2)

H0 =
∑

i

E(zi)n̂i, (3)

HC =
1
2

∑

i 6=j

e2n̂in̂j

ε|Ri −Rj | . (4)

n̂iσ = d†iσdiσ is the number operator for spin σ electron
on the i-th site, and n̂i = n̂i↑ + n̂i↓. For simplicity, a
cubic structure and an ideal lattice parameter match-
ing between the two-compositional MIs are assumed,
so that the hopping amplitude t is identical every-
where. The index i labels the position of a transition
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metal ion (B), so Ri = (xi, yi, zi)a in a perovskite
unit cell with lattice constant a. The index δ labels
one of the displacements connecting the i-th site with
its at most six nearest-neighbouring sites. We denote
the direction perpendicular to the interface of the HJ
and running from the left side to the right side as the
positive z direction. The x and y axes are parallel
to the interface of the HJ, thus the z coordinates are
conveniently used to label the layers. We will consider
a system with 2N3 layers (each with N1 × N2 sites)
labelled sequentially from the left to the right and de-
fine U(zi)(E(zi)) = U1(E1) for zi = 1 to N3 and U2

(E2) for zi = N3 + 1 to 2N3. The HC part of the
Hamiltonian is treated in the Hartree approximation
and only the contribution from the extra charges due
to possible charge redistribution near the interface is
considered.[5] As a result, the long-range Coulomb in-
teraction reduces to

Heff
C =

∑

i 6=j

e2(ρj − 1)n̂i

ε|Ri −Rj | , (5)

where ρj =
∑

σ〈n̂jσ〉 is the electron density on site j.
The on-site Coulomb interaction HU is treated in the
Hartree-Fock approximation so that

HU −→ Heff
U =

∑

i

U(zi)(〈n̂i↑〉n̂i↓ + 〈n̂i↓〉n̂i↑), (6)

where the constant terms are neglected.
In this work, an exactly solvable two-site model is

also taken into account as a minimal realization of the
problem to illustrate the mechanism of the interface
dipole formation. The model Hamiltonian is given by

H ′ = −t
∑

σ

(d†1σd2σ + h.c.) +
e2

εa
n̂1n̂2

+
∑

i=1,2

(Ein̂i + Uin̂i↑n̂i↓), (7)

where the various operators and parameters are the
same as those in Eqs.(1)–(4) except the difference in
system size. Following the 3D case, we will consider a
half-filled system with two electrons of opposite spins.

3. Results and discussion

In the following, all the presented calculational
results are based on a finite-sized 3D lattice with
N1 = N2 = 6 and N3 = 5, and they are confirmed by
the calculations on larger systems (e.g. N1 = N2 = 13
and N3 = 5). Open boundary condition is employed

in the calculations, for the periodic boundary condi-
tions in the x and the y directions have no qualitative
effect on the results. Calculations on this lattice for
the case of electron doping have reproduced quite well
the earlier results[5] for both the F state and the AF
state.

We consider in the following only magnetic or-
dered states of F and/or bipartite AF types as the ba-
sic building blocks of the two sides of the HJ. There are
then six unequivalent combinations of magnetic states
labelled as 1) P–F, 2) AP–F, 3) AP–AF, 4) P–AF, 5)
F/AF, and 6) AF/F, where P and AP denote parallel
and antiparallel relative magnetic orders between the
two sides at the interface, respectively. Cases 1) and
3) are the usual F state and the AF states throughout
the 3D lattice. In case 2), the left and the right MIs
are both F but polarized antiparallel to each other.
Case 4) is obtained by shifting one side of the AP–AF
junction by a lattice constant a along any one of the
four possible directions lying in the layer. In cases 5)
and 6), one material has an F magnetic order while
the other has an AF magnetic order. The results of
the last two cases are almost identical, thus only the
first five cases need studying. We first neglect the d-
band offset and take typical parameters as U1 = 24t,
U2 = 15t and E1 = E2 = 0. For the long-range
Coulomb interaction part of the Hamiltonian, param-
eters are the same as those adopted in earlier study,[13]

i.e. a ≈ 0.4 nm, ε ≈ 15, and t ≈ 0.3 eV. By multiply-
ing an additional factor of 1/4πε0 (ε0 is the vacuum
permittivity), we can obtain UC = e2/εa ≈ 0.8t[5,13]

which will be used throughout this paper.
The calculated layer-averaged electron density

distributions for the five cases are shown in Fig.1(a).
The curves for P–F and P–AF are further replotted
in Fig.1(b). It is clear that except the P–F combi-
nation, an interface dipole emerges prevalently in the
other four cases. A general trend is that the amount
of charge transfer increases with the increase of inter-
facial AF bonds. However, there are also two small
deviations from this simple relationship. One is that
the charge transfer of AP–F is larger than that of AP–
AF. The other is that the charge transfer of P–AF is
small but nonzero while that of P–F is exactly zero.
In either of these two exceptions, the numbers of inter-
facial AF bonds for the two magnetic configurations
involved are identical. We have verified that the above
results are insensitive to the choice of N3: this is re-
lated to the fact that the charge dipole is restricted
to the neighbourhood of the interface as can be seen
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from Fig.1.

Fig.1. Electron density distribution from UHFA calcula-

tions on the 6 × 6 × 10 lattice for five different magnetic

configurations described in text (a) and the P–F and P–AF

configurations enlarged (b), with UC = 0.8t. The typical

second (2nd) and fourth (4th) order exchange processes of

electrons are shown in the inset of (b), with longer and

shorter lines indicating sites on the left side and the right

side of the heterojunction respectively.

We argue that the above interface charge dipoles
emerge as a result of asymmetric exchange processes
between the two MIs through the interface. The asym-
metry of the exchange arises from intrinsic differences
between the two MIs making up of the HJ which are
indicated by the parameters defining them, and we
will illustrate its meaning further. This mechanism
is similar to the one put forward to account for the
interface dipole in the system of atoms and molecules
physisorbed on metal surfaces.[16] The exchange pro-
cesses occur because they can lower the overall energy
of the HJ though involving high energy states with
double occupation of a single site by electrons of op-
posite spins. The exchange through direct interfacial
AF bonds is a second-order process. Other higher-
order exchange processes may also exist, the most im-
portant of all these is of course the fourth-order pro-
cess. A schematic illustration of typical second- and
fourth-order exchange processes is shown in the in-
set of Fig.1(b), and other similar processes can be ob-
tained in the same way. Although the fourth-order ex-
change process is smaller by the factor (t/U)2 than the
second-order one, it is just the fourth-order exchange
process which results in the two small exceptions men-

tioned above. By comparing case 1) with case 4) and
case 3) with case 2), both case 4) and case 2) have
extra contributions from fourth-order exchange pro-
cesses and hence show bigger interface dipoles. In case
1), exchange process to any order cannot happen so
that the charge transfer is exactly forbidden and no
dipole forms near the interface.

The above UHFA calculations indicate the impor-
tance of antiferromagnetic bonds in mediating the ex-
change processes and inducing the interface dipoles.
In order to confirm the mechanism further and gain
more insights, analysis which can be done based on
more analytical calculations is highly desirable. In
our case, a two-site system containing two electrons of
opposite spins is the minimum realization of the an-
tiferromagnetic bond and is exactly solvable. In the
following, we make comparative calculations based on
the two-site model defined by Eq.(7) and the 3D lat-
tice model. For the half-filled two-site system with
two electrons of opposite spins, the Hilbert space is
four-dimensional with its basis written as |1〉 = | ↑, ↓〉,
|2〉 = | ↓, ↑〉, |3〉 = | ↑↓, φ〉, |4〉 = |φ, ↑↓〉, where ↑ / ↓
denotes a spin up/down electron, φ refers to an empty
site. The occupation status of the left/right site is
represented by the left/right side of the basis. The
Hamiltonian is then written in a matrix form as

[H ′] =




ε12 0 −t −t

0 ε12 t t

−t t ε11 0

−t t 0 ε22




, (8)

where ε12=E1 + E2 + UC, ε11 = 2E1 + U1, and
ε22 = 2E2 + U2 are the expectation values of Eq.(7)
with respect to the states |1〉 (and |2〉), |3〉, and |4〉.
For all values of Ei (Ui) (i = 1, 2) employed in this
work, it holds that the ground-state energy is always
smaller than ε12, which is the energy of the system if
every site is singly occupied and no exchange process
can happen. From this two-site model we can make
a perturbative analysis to clarify the asymmetric ex-
change. The initial state is set as state |1〉 (the case of
state |2〉 is similar). Processes involving states |3〉 and
|4〉 will make corrections to state |1〉. Denoting the
unnormalized first-order perturbation-corrected wave
function as |0〉, it is written as

|0〉 = |1〉+
−t

ε12 − ε11
|3〉+

−t

ε12 − ε22
|4〉. (9)

It is clear that there will be a charge transfer be-
tween the two sites whenever E1 +U1/2 6= E2 +U2/2.
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When going from the two-site model to a 3D MI/MI
HJ, E1 + U1/2 and E2 + U2/2 will correspond to
the chemical potentials of the left and the right MIs,
respectively. So the meaning of the asymmetry in
the “asymmetric exchange” is a difference in chem-
ical potential between the two MIs.[14,21] When the
exchange process happens, this asymmetry will re-
sult in a net charge transfer from the side with higher
chemical potential to the other side so that a dipole
can appear in the interface layer. It is then expected
that the charge transfer can reverse its direction when
∆µ = E1 − E2 + (U1 − U2)/2 changes its sign, and
vanishes as ∆µ = 0. We take the AP–F configuration
of the finite 3D lattice as an example to compare its
result with that from exact calculation based on the
two-site model. One situation with fixed U1 = 24t,
U2 = 15t, and E2 = 0 as a function of E1 is shown in
Fig.2(a), another with fixed U2 = 24t, E1 = E2 = 0
and varying U1 is shown in Fig.2(b). The results for
P–F are also shown as reference. It is clear that the
behaviours coincide qualitatively with the above ex-
pectations, which further indicates that the interface
dipole results from asymmetric exchange processes in-
trinsic to the MI/MI HJ.

Fig.2. The deviation of electron density for the right site

in the two-site model from one and for the sites on the

right interface layer of the 3D lattice as a comparison.

Two cases are considered (a) U1 = 24t, U2 = 15t, and

E2 = 0; (b) U2 = 24t, E1 = E2 = 0, and UC = 0.8t.

If we set a = 0.4 nm, the interface charge den-
sity in the case of AP–F with parameters the same as

those taken in Fig.1(a) is about 1.7×1012 cm−2, which
is analogous to that of the 2DEG in the GaAs/AlGaAs
HJ interface.[22] One may naturally ask whether it can
similarly form a 2DEG. We will calculate the layer-
resolved DOS (L-DOS) of the heterojunction to an-
swer this question. Our tentative calculations show
that for the parameters U1 = 24t, U2 = 15t, and
E1 = E2 = 0, the effect of UC is negligibly small,
which is similar to the case of electron doping,[5] so we
drop it here and make a partial Fourier transformation
in the xy plane. We still consider a 5 + 5 HJ. The L-
DOSs for the 4, 5, 6 and 7 layers are shown in Fig.3.
The L-DOSs for the 1−3 and 8−10 layers resemble
those of the 4th and 7th layers, respectively. The hor-
izontal axis is the energy relative to the Fermi energy.
It is clear that a finite energy gap persists in each
layer between the Fermi level and the lowest unoccu-
pied states so that the interface dipole layers are insu-
lators. This result is qualitatively different from those
observed in both the BI/BI[8,9] and the MI/BI[6] HJs.
Besides the change in occupied DOS up to the Fermi
energy reflected by the layer-averaged electron density
distributions, the exchange processes resulting in the
interface dipole only give rise to some mid-gap states
in the interface layer of the wide-gap MI and some
states higher than the upper Hubbard band in the
interface layer of the narrow-gap MI (hardly seen on
the figure because of smallness in magnitude). Both of
them correspond to a redistribution of the DOSs. This
is similar to the interface-induced gap states (IFIGS)
in a metal(semiconductor)/semiconductor HJ[17−20]

but with a significant difference that the extra states
here correspond to empty bands in contrast to the
Fermi surface of a metal (or, filled valence band of
a semiconductor) and no electrons actually occupy
them. But we do not exclude the possibility that
a conducting 2DEG may form in the MI/MI HJ if
other factors such as interface chemical bonds[17,22,23]

or coexistence of several orbits[13] are taken into ac-
count which may possibly enhance the magnitude of
the charge transfer across the interface.

Finally, we discuss possible applications of our
findings. An ongoing effort on integrating TMOs into
multifunctional devices is to design devices with com-
bined ferroelectric and ferromagnetic properties.[24,25]

In bulk samples ferroelectricity and ferromagnetism
are usually mutually exclusive.[26,27] So researchers
have paid their attention to the composites of two
materials with ferroelectric and ferromagnetic order
separately and coupled by ferroelastic effects.[28] Our
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Fig.3. The layer-resolved DOSs for the (a) fifth, (b) sixth, (c) fourth, and (d) seventh layers in the 6 × 6× 10

lattice under the AP–F configuration. Parameters are taken as U1 = 24t, U2 = 15t, E1 = E2 = 0, and UC = 0.

The half width half maximum is taken as 0.01t.

results give another possibility of obtaining devices
with similar magnetoelectric properties by combining
two MIs with antiparallel F-type magnetic order into
an HJ. When the magnetization of one MI is fixed
and that of the other MI is flexible, the ferroelectric-
ity obtained in the AP–F configuration can be con-
veniently turned off and turned on again by a mag-
netic field. Our calculation shows that this kind of
device can form even when there are only two layers
that can be no more than 1 nm thick.[29] We find that
the magnitude and direction of the ferroelectricity ob-
tained in the MI/MI HJ can also be tuned by a volt-
age difference between the two materials.[9] The above
effect is similar to the electronic interface reconstruc-
tion observed at polar-nonpolar MI heterojunctions,[5]

in light of the equivalence between polarity and elec-
tric field in producing a linear variation of the on-site
energies between consecutive layers of the polar MI or
the MI to which an electric field is applied except for

the tunability of the electric field.

4. Conclusions

We have studied a model of MI/MI heterojunc-
tion in which the MIs are described by the single orbit
Hubbard model. It is found that a dipole layer usually
emerges near the interface. We have shown that the
dipoles emerge due to the asymmetric exchange pro-
cesses with their magnitude depending strongly on the
density of interfacial antiferromagnetic bonds. Our
study may shed light on the fabrication of ultrathin
ferroelectric and magnetoelectric devices.
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