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The ground-state properties of RMnO3 /AMnO3 �RMO/AMO� heterostructures �with R=La,Pr, . . ., a triva-
lent rare-earth cation and A=Sr,Ca, . . ., a divalent alkaline cation� are studied using a two-orbital double-
exchange model including the superexchange coupling and Jahn-Teller lattice distortions. To describe the
charge transfer across the interface, the long-range Coulomb interaction is taken into account at the mean-field
level, by self-consistently solving the Poisson’s equation. The calculations are carried out numerically on finite
clusters. We find that the state stabilized near the interface of the heterostructure is similar to the state of the
bulk compound �R ,A�MO at electronic density close to 0.5. For instance, a charge and orbitally ordered CE
state is found at the interface if the corresponding bulk �R ,A�MO material is a narrow-to-intermediate band-
width manganite. But instead the interface regime accommodates an A-type antiferromagnetic state with a
uniform x2−y2 orbital order, if the bulk �R ,A�MO corresponds to a wide bandwidth manganite. We argue that
these results explain some of the properties of long-period �RMO�m / �AMO�n superlattices, such as
�PrMnO3�m / �CaMnO3�n and �LaMnO3�m / �SrMnO3�n. We also remark that the intermediate states in between
the actual interface and the bulklike regimes of the heterostructure are dependent on the bandwidth and the
screening of the Coulomb interaction. In these regions of the heterostructures, states are found that do not have
an analog in experimentally known bulk phase diagrams. These new states of the heterostructures provide a
natural interpolation between magnetically ordered states that are stable in the bulk at different electronic
densities.
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I. INTRODUCTION

Modern fabrication technology allows for the growth of
multilayer structures that are nearly perfect at the atomic
level, namely, with minimal roughness, employing a variety
of transition-metal oxides �TMO�. Due to the simultaneous
participation of several degrees of freedom in TMO, it is
expected that the artificial multilayer structures made of
these materials will exhibit much richer physics than in con-
ventional semiconductor heterostructures. Indeed, recent
studies have revealed some fascinating phenomena, such as
the reconstruction of spin, charge, and orbital orders at the
interface.1,2 Many interesting properties have also been theo-
retically predicted using a variety of many-body
techniques.3–5

Among several ongoing efforts, there is considerable in-
terest in the analysis of RMnO3 /AMnO3 �RMO/AMO� het-
erostructures, where R=La,Pr, . . . refers to a trivalent rare
earth and A=Sr,Ca, . . . is a divalent alkaline element.6–14 At
low temperatures, the bulk RMO is in an A-type antiferro-
magnetic �A-AFM� state, which is an insulator, whereas the
bulk AMO is in a G-type AFM �G-AFM� state, that is also an
insulator. Upon doping, the alloy R1−xAxMnO3 ��R ,A�MO�
exhibits a variety of states depending on the doping concen-
tration x, which controls the charge density in the alloy.
However, the heterostructure RMO/AMO could potentially
behave differently from its parent bulk compounds. For in-
stance, the transfer of charge through the interface caused by
the different Fermi energies, and concomitant different elec-

tronic density concentrations, of the superlattice components
causes a distribution of charge that it is not homogeneous
along the growth direction. Hence, several states may exist in
different regions of the heterostructure. While far from the
interface the behavior must be similar to the one in the bulk
compounds, close to the interface it may occur that phases
very different from those of the superlattice components may
exist due to the charge leaking through the interfaces. For
instance, in the short-period LaMnO3 /SrMnO3 �LMO/SMO�
superlattices the regime close to the interface exhibits ferro-
magnetic �FM� metallic behavior, which is different from
either LaMnO3 or SrMnO3.7,10,11,15 More interestingly, as the
number of Sr layers exceeds a critical value, the metallic
behavior gives way to an insulating one, displaying a metal-
to-insulator transition �MIT�. This suggests that the elec-
tronic reconstruction at the interface has a crucial effect on
the physical properties of the heterostructure.3 Theoretically,
considerable progress has been made in describing the ferro-
magnetism induced by this electronic reconstruction.6,9,16–19

A recent study by the authors14 focused on the MIT in the
short-period LMO/SMO superlattices. There, a FM metallic
state with a dominant 3z2−r2 orbital order was found at the
interface. The insulating behavior of the superlattice was ex-
plained as induced by Anderson localization of this quasi-
two-dimensional �2D� FM state. Note that limited by com-
puting power, most theoretical efforts based on computer
simulations concentrate on superlattices with a small number
of Sr layers. This is enough to understand the FM in the
short-period superlattice but may not be appropriate to study
the properties of longer-period structures. Another limitation
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is that most theoretical studies focus on the LMO/SMO su-
perlattice. The corresponding bulk compound �La,Sr�MnO3
�LSMO� is a wide bandwidth manganite. But not much is
known about the interfacial state of the RMO/AMO super-
lattice if �R ,A�MO is a narrow or intermediate bandwidth
manganite.

In this paper, we use the two-orbital double-exchange
model for manganites, which has been successfully applied
to the study of bulk Mn oxides,20 to the analysis of RMO/
AMO heterostructures. These heterostructures are assumed
to be grown along the �0,0,1� direction �c axis�. We here also
assume that the length of the heterostructure is long enough
that the states at the two ends of the heterostructure resemble
their bulk counterparts, i.e., an A-AFM at the RMO side and
a G-AFM at the AMO side. This assumption allows us to
focus on the only interface present in the heterostructure. By
using a relaxation method introduced in the following sec-
tion, we can obtain the magnetic and electronic properties of
the ground state of the heterostructure. Different from previ-
ous efforts that concentrated on the FM tendency in short-
period superlattices, we find that in the heterostructure con-
sidered in this paper the state stabilized at the interface
depends on the bandwidth of the corresponding bulk com-
pound �R ,A�MO at electronic density close to 0.5. If
�R ,A�MO is a narrow-to-intermediate bandwidth manganite,
a state resembling the well-known CE state of bulk manga-
nites is found to be stabilized at the interface. Hence our
calculations suggest a CE-like interface state in the
PrMnO3 /CaMnO3 heterostructure.28 But if �R ,A�MO is a
wide bandwidth manganite, an A-AFM state is found at the
interface instead. This is consistent with recent experimental
results on the �LMO�n / �SMO�2n superlattices.13

In addition, it is important to remark that one of the main
results of our study is the observation of states close to the
interface that do not have an analog in experimentally known
bulk phase diagrams. These states arise as interpolations be-
tween, e.g., the A-AFM and CE states that dominate in the
bulk and interfaces, respectively. For instance, canting of the
spins in the CE zigzag chains creates a “canted CE state.”
Also the relative spin angle between adjacent CE planes can
be different from those observed in the bulk. And in some
occasions, arrangements of spins and orbitals were identified
that do not have a clear bulk analog in experiments.

This paper is organized as follows. In Sec. II, we intro-
duce the two-orbital model and the numerical method used to
obtain the ground-state properties of the heterostructure. The
results for �R ,A�MO corresponding to narrow-to-
intermediate bandwidth manganites are presented in Sec. III.
Results for �R ,A�MO corresponding to wide-bandwidth
manganites are provided in Sec. IV. Finally, in Sec. V a
discussion of our results is given, followed by conclusions.

II. MODEL AND NUMERICAL METHOD

To investigate the physical properties of the RMO/AMO
heterostructure described in Sec. I, here the two-orbital
model for manganites20 will be applied. This model has been
widely used before to study the properties of bulk mangan-
ites and the following assumptions are also widely accepted:

�1� the t2g electrons are considered as localized and are de-
scribed as classical spins with magnitude S=3 /2; �2� the
Jahn-Teller lattice distortions are also assumed to be classi-
cal; �3� the Hund coupling between the t2g and eg electrons is
assumed to be infinitely large so that the eg spin is always
parallel to the localized t2g spin at the same site. Based on
these assumptions, the Hamiltonian that will be applied to
the manganite heterostructure reads as

H = − �
�i,j�

�,�

�tr
���ijci�

† cj� + H.c.� + �
�i,j�

Ji,j
AFSi · S j

+ �
i

��i + Wi�ni + ��
i

�Q1ini + Q2i�i
x + Q3i�i

z�

+
1

2�
i

�2Q1i
2 + Q2i

2 + Q3i
2 � . �1�

The first term of Hamiltonian �1� denotes the two-orbital
double-exchange hopping term. � and � run over the two eg
orbitals dx2−y2 �orbital a� and d3z2−r2 �orbital b� of a Mn ion.
ci��ci�

† � annihilates �creates� an eg electron in orbital � at site
i with its spin parallel to the localized t2g spin at site Si. r
denotes the exchange direction, giving tx

aa= ty
aa=3tx

bb=3ty
bb

=3t0 /4, ty
ab= ty

ba=−tx
ab=−tx

ba=�3t0 /4, tz
aa= tz

ab= tz
ba=0, and

tz
bb= t0 �t0 is set to be the energy unit�. The hopping ampli-

tude is affected by the factor �ij =cos�
�i

2 �cos�
� j

2 �
+sin�

�i

2 �sin�
� j

2 �exp�−i�	i−	 j��, where �i and 	i are the angles
of the t2g spins in spherical coordinates. Here, we will as-
sume that the hopping amplitudes are the same for electrons
on both sides of the heterostructure. This may not be realistic
given the possible mismatch of lattice constants between the
two different compounds. However, since the superexchange
coupling is more sensitive to the change in lattice constant
than the hopping amplitudes themselves, as a first approxi-
mation we assume that the hopping constants keep the same
value on both sides while the superexchange couplings may
become layer dependent. The second term is the standard
superexchange interaction between nearest-neighbor �NN�
t2g spins. Here the t2g spin Si= �sin �i cos 	i , sin �i sin 	i ,
cos �i� has been normalized to a unit vector �the actual
S=3 /2 magnitude of the spins is absorbed in the superex-
change coupling�. To consider the effect of possible distor-
tions from a perfect cubic lattice, two couplings are used:
Ji,j

AF=J	
AF if i and j are NN sites in the same layer �with same

z coordinate� and Ji,j
AF=J�

AF if i and j are NN sites belonging
to two adjacent layers. In the third term, �i corresponds to a
site-dependent Coulomb potential that originates from the
charge transfer through the interface and it is determined via
the Poisson equation as described below. Wi denotes the
work function on either side, which is determined by the
positions of the chemical potentials in the corresponding
bulk materials. More details on �i and Wi will be discussed
later in this section. n is the eg charge density. The fourth
term stands for the electron-phonon coupling. The Q’s are
lattice distortions for the Jahn-Teller modes �Q2 and Q3� and
breathing mode �Q1�. �= ��x ,�y ,�z� is the orbital pseudospin
operator. The last term is the elastic energy of the lattice
distortions considered here. The extra factor 2 for the breath-
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ing mode suppresses this mode as compared with the Jahn-
Teller modes that are the most active.21

For any given t2g-spin and lattice configuration the above
Hamiltonian can be solved by numerically diagonalizing the
bilinear fermionic sector. The ground state is approached via
a relaxation technique: the optimized configuration of the
oxygen coordinates and the t2g spins is determined by mini-
mizing the total energy of Hamiltonian �1�. This method is
first applied to a 4
4
4 lattice with periodic boundary
conditions to estimate properties of the bulk compound on
each side of the heterostructure. In this paper, we will focus
on the interface between an A-AFM and a G-AFM. Hence,
we will adopt a set of parameters JAF and � that gives
A-AFM and G-AFM ground states at the limits of eg electron
densities n=1 and n=0, respectively. The same set of param-
eters is then used to calculate the ground state of the hetero-
structure. The heterostructure is defined on a 4
4
8 lattice
�see Fig. 1�, with periodic boundary conditions in the xy
plane �ab plane� and open boundary conditions along the z
direction �c axis�. The initial lattice distortion variables �Q’s�
are simply set to zero. But they are relaxed during the opti-
mization procedure discussed below so that the optimized
lattice distortion associated with the desired magnetic order
can be eventually obtained. The initial spin configuration is
set to be A-AFM on one side of the heterostructure �four
layers� with electron density n=1, and G-AFM on the other
side �four layers� with n=0. Regarding the relative spin di-
rection between the A-AFM and G-AFM states, their relative
angles � and � were allowed to take 16 equally spaced val-
ues in their respective ranges, i.e., �0,�� for � and �0,2��
for �, thus giving 256 possibilities. For each of these 256
possibilities, and a fixed set of couplings in the Hamiltonian,
an independent optimization of the classical variables was
made, namely, the energy was minimized by solving

��i
�H2b� = 0 �2�

self-consistently using the Broyden’s method,22 where �i
= ��i ,	i ,Q1i ,Q2i ,Q3i�. At each step we keep the two end lay-
ers to be dominated by the A-AFM and G-AFM states, re-
spectively. Namely, the dominant layer wave vector for the
Fourier transform of the spin-spin correlations must be �0,0�
and �� ,��, respectively, otherwise the configuration is dis-
carded. The rest of the layers, of course, may have different

magnetic orders. The optimized spins and oxygen coordi-
nates of the ground state then corresponds to the configura-
tion with the lowest overall energy after this long optimiza-
tion process.

The charge transfer through the interface is taken into
account via the self-consistent solution of the Coulomb po-
tential �i.

3 For the heterostructure discussed here, involving
manganites only, we assume WA=WG and make them equal
to zero for simplicity. This approximation is in agreement
with results of previous discussions.5 Then, the charge trans-
fer through the interface is fully driven by the charge-density
difference, i.e., the charge always transfers from the A-AFM
side to the G-AFM side. To properly describe the charge
transfer, the long-range Coulomb interaction among the mo-
bile eg electrons and the positively charged ionic background
must be included into the Hamiltonian as

HCoul = �t0�
i�j


1

2

ninj

�r�i − r� j�
−

ninj
+

�r�i − r� j�
� , �3�

where �=e2 /at0 is a dimensionless screening parameter.
For manganites, it is known that t0 is on the order of 0.5 eV
and the lattice constant a4 Å, hence � depends on the
choice for the dielectric constant . However,  is both tem-
perature and frequency dependent and for this reason an ac-
curate estimation of � is not well known. In this paper,
Hamiltonian �3� is studied over a broad range of  values,
2��20, corresponding to 0.2���2. r�i is the position
vector of the Mn site i. ni is the local electronic density at
site i. ni

+ stands for the effective positive charge density on
the ith Mn site arising from the background ions. Note that to
simplify the model, we have already assumed that all the
charges from the background ions are located on the Mn
sites. Therefore, for the RMO/AMO heterostructure, ni

+ is
fixed to 1 at the A-AFM side and to 0 at the other side to
enforce the charge neutrality.

Equation �3� is solved at the mean-field level by introduc-
ing the Coulomb potential

�i = �
j�i

�nj� − nj
+

�r�i − r� j�
. �4�

We then find that the Coulomb interaction in Eq. �3� recovers
the third term in Eq. �1�. Notice that by taking the second
derivative with respect to r�i, Eq. �4� directly leads to the
Poisson’s equation

�2�i = ��ni
+ − �ni�� . �5�

In practice, the Coulomb potential �i is determined at each
step of the relaxation procedure by self-consistently solving
Eq. �5�: with a set of initial values for ��i�, the Hamiltonian
in Eq. �1� is diagonalized so that �ni� at each site is evaluated
and used as input to Eq. �5�. A new set ��i� is then obtained
from Eq. �5� and this procedure iterates until �ni� at each site
converges.

As discussed above, for the heterostructure considered in
this paper we apply the open boundary condition along the z
direction �out of plane� but periodic boundary conditions
along the x and y directions �in plane�. Interestingly, this
choice of boundary condition results in the following dis-

FIG. 1. �Color online� Schematic representation of the hetero-
structure studied in this paper. It is defined on a 4
4
8 lattice.
The bulk material on one side of the heterostructure is in the
A-AFM phase while the bulk material on the other side is in the
G-AFM phase.
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cretization: �2� /�x2=�i+x̂−2�i+�i−x̂, �2� /�y2=�i+ŷ −2�i

+�i−ŷ, and �2� /�z2=�i+2ẑ−2�i+ẑ+�i. The asymmetric dis-
cretization along the z direction is based on the following
physical consideration: the Coulomb potential �i can be set
to zero at the end layer of the G-AFM side since there is no
charge accumulated there.

In this work, up to 4000 iterations per set of couplings �an
iteration here is defined as an update of the entire set of
classical variables in the cluster� are used to obtain the opti-
mized spin and oxygen lattice configurations of the ground
state. The most typical number of iterations is approximately
1000. At each iteration of this relaxation procedure, up to
2000 additional iterations at a fixed set of classical variables
are used to solve the Poisson’s equation. Note that the diago-
nalization of fermions must be performed at each step in
solving this Poisson’s equation. Then, in order to find the
optimized configuration for the ground state on a 4
4
8
lattice, typically approximately 106 times the exact diagonal-
ization of the 256
256 matrix is necessary. This is very
CPU time demanding. It is for these practical reasons that
only the 4
4
8 lattice is used here to study the properties
of the heterostructure.

III. RESULTS FOR NARROW TO INTERMEDIATE
BANDWIDTH MANGANITES

In this section, results for the RMO/AMO heterostructure
will be discussed, where �R ,A�MO corresponds to a narrow-
to-intermediate bandwidth manganite, such as �La,Ca�MnO3
and �Pr,Ca�MnO3. Therefore, the results presented here
are expected to best describe the properties of
LaMnO3 /CaMnO3 or PrMnO3 /CaMnO3 heterostructures.

A. Phase diagram of the bulk material

Before discussing the properties of the heterostructure, we
will first analyze the magnetic phase diagram of the corre-
sponding bulk material. On one hand, this allows us to de-
termine the model parameters to be used for the calculation
of heterostructures; on the other hand, a better knowledge of
the bulk phase diagram also helps in understanding the pos-
sible spin structures in the heterostructure.

Previous theoretical investigations20 have shown that in
the two-orbital model the bandwidth depends on the
electron-phonon coupling strength � and the superexchange
coupling strength JAF. The larger the � and JAF are, the nar-
rower the bandwidth is. In Fig. 2 the phase diagram of the
two-orbital model for the bulk is shown at various electronic
densities using �=1.5 and J	

AF=J�
AF=JAF. The phase diagram

is obtained by comparing energies of several candidate
states: A-AFM, G-AFM, C-AFM, E-AFM, CE-AFM, and
FM states on the 4
4
4 lattice. Note that there could exist
even more exotic states in the phase diagram, such as the
CxE1−x state previously proposed23 at n�0.5 if larger lattice
sizes could be considered, and spiral states at n=1 when in
the presence of spin frustration.24 However, as shown below
our interest will be mainly in the A-AFM state stabilized at
electronic density n=1, the CE and A-AFM states at n=0.5,
and the G-AFM state at n=0, namely, in regions where the

CxE1−x and spiral states are not expected to be relevant.
Hence in the current study the CxE1−x and spiral states are
not considered.

The bulk phase diagram is very rich. At small superex-
change couplings the ground state is FM in a broad density
regime, as expected from the double-exchange mechanism.
At larger superexchange coupling the system transitions,
from low to high electronic densities, from G-AFM, to
C-AFM, to CE-AFM, and finally to E-AFM phases, respec-
tively. Close to n=0.5 the CE phase is stable over a wide
range of JAF values and has an alternate charge/orbital order;
whereas the G-AFM phase at low n has neither charge nor
orbital order. There are also two A-AFM phases: close to
electronic density n=1 at intermediate JAF and close to n
=0 at small JAF values. The one close to n=1 has the correct
alternate 3x2−r2 /3y2−r2 orbital order expected at n=1 from
experimental information.21,25 Thus, it is interesting to point
out that in the range of 0.05�JAF�0.075 the phase diagram
consists of G-AFM, C-AFM, CE, FM, and A-AFM phases
consecutively from low to high electronic densities, correctly
resembling the phase diagram of real narrow-to-intermediate
bandwidth bulk manganites.26 Hence, J	

AF=J�
AF=0.065 and

�=1.5 will be used as couplings for calculations of the het-
erostructures to be discussed later in this section.

B. CE state close to the interface of the heterostructure

1. Emergence of CE properties near the interface

In Sec. III B 1, the physical properties of the heterostruc-
ture are investigated using the above described model param-
eters. In Fig. 3, the averaged electronic density n�Z� and
electrostatic potential ��Z� in each layer are presented at �
=1.0 and �=0.3. At the two end layers of the heterostructure,
the densities n�Z=1�1 and n�Z=8�0 converge to the ex-
pected values in the corresponding bulk materials. But
charges are redistributed in the rest of the layers due to the
long-range Coulomb interactions. Note that there exists a
plateau at ntot�Z�0.5 in the layers close to the interface. To
understand this feature, let us study the Fourier transform of
the local electronic density in each layer, nQ= 1

NXY
�inie

iQ·ri,
where NXY is the number of sites in each layer. nQ at Q
= �� ,�� displays a peak in the layers close to the interface,

FIG. 2. �Color online� Phase diagram of the two-orbital model
on the 4
4
4 cubic lattice with J	

AF=J�
AF=JAF and �=1.5. The

results are obtained comparing the energies of the G-AFM, C-AFM,
CE-AFM, E-AFM, A-AFM, and FM states.
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where the plateau in ntot exists. This suggests the presence of
a charge-ordered phase with ntot�Z�0.5, that is, stabilized at
the interface. Such a charge-ordered state is found to appear
at the interface for all the � values considered in our study.
Hence, we believe the existence of this state is an intrinsic
property at the interface of the heterostructure, at least within
the approximations used in our calculations.

To better understand the states that are located at or close
to the interface, it is important to study how the spins are
ordered in each layer of the heterostructure. We have ob-
served that the spin order is not much sensitive to the value
of �.27 Thus, here only the information for the optimized
real-space spin patterns at �=1.0 is presented in Fig. 4. From
this figure, it is clear that the layers close to the interface
�layers 3, 4, and 5� exhibit a CE-type spin order. It is well
known that in bulk systems and narrow bandwidth mangan-
ites, the CE state is stabilized at electronic density n0.5
and has a staggered charge order. Moreover, our previous
results in this section using a cubic cluster to mimic the bulk
also unveiled a CE state at the same density. Thus, the CE
spin order found here further confirms that a charge/spin/
orbital-ordered state is stabilized at the interface.28

Moving from the interface toward one end of the hetero-
structure �layer 1�, the CE state gives way to the FM order in
each layer. But spins in two adjacent layers tend to be AFM
coupled, see layers 1 and 2 for instance. Hence, the state at
this end of the heterostructure has an A-AFM tendency, re-
sembling the spin order in the bulk. Similarly, the state on
the other side of the heterostructure turns from the CE state
to a G-AFM. The above described features are further con-
firmed by the layer-dependent spin-structure factor S�k�
= 1

NXY
�i,jSi ·S je

ik·�ri−rj� shown in Fig. 5. Considering the de-
generacy of states with ordering vector k= �� ,0� and �0,��,
and with k= �� /2,3� /2� and �3� /2,� /2�, the CE order in
layers 4 and 5 is nearly perfect.

2. States at the interface with no bulk analog in
experimentally known phase diagrams

The previous analysis shows that the interface has CE
characteristics. This may be considered as an “obvious” re-
sult since in a heterostructure the interpolation between bulk
materials with n=1 and n=0 likely will induce n=0.5 at the
interface. In this simplistic conceptual framework, the prop-
erties at the interface can be guessed, with good accuracy,
merely from the bulk phase diagram. While this provides a
reasonable starting point to analyze results and make predic-
tions, further analysis actually suggests that this is not the
end of the story, and some surprises can be unveiled at inter-
faces.

To illustrate this point, consider for instance layer 3. Here,
the average density is very close to 1, yet the spins form
zigzag chains as in the CE state of n=0.5. The reason is that
the spins at layer 3 are already being influenced by the robust
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FIG. 3. �Color online� Layer-averaged electronic density n�Z�
and electrostatic potential ��Z� at �=1.5 and JAF=0.065 vs layer
index. na and nb refer to the electronic densities of the a and b
orbitals, and ntot=na+nb, while nQ is the Fourier transform of the
local electronic density in each layer at Q= �� ,��. �a� are results at
�=1.0 and �b� are results at �=0.3.

FIG. 4. �Color online� Optimized spin configurations of the het-
erostructure studied here using �=1.5, JAF=0.065, and �=1.0. The
dashed lines highlight the spin zigzag chains that are characteristic
of CE states with FM order within each chain.

FIG. 5. �Color online� Layer dependence of the spin structure
factor S�k� for the optimized spin configurations shown in Fig. 4 at
several momenta k: �0,0�, �� ,0�, �3� /2,� /2�, and �� ,��.
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CE state formed at layer 4. Thus, layer 3 is an exotic inter-
polation between the extreme cases of the FM layers of the
A-AFM state at one end and the CE state at the interface.
Moreover, note that the relative orientation between the spins
of adjacent zigzag chains of layer 3 is not antiferromagnetic,
as in a normal CE state, but it has some canting. This canted
CE state is not present in bulk phase diagram, neither in two
nor in three dimensions, to our knowledge. Note that a state
called the “pseudo CE” was previously discussed in
experiments.29 Considering just the individual layers, this
state is the same as the usual CE, but the coupling between
CE layers is ferromagnetic, instead of antiferromagnetic as in
the standard CE state. Thus, this pseudo CE state is not the
same observed in our heterostructures. Also note that a
“canted CE” state similar to that described in the present
investigations was reported in early neutron-diffraction
experiments30 of Pr0.7Ca0.3MnO3. However, further investi-
gations for the same material29,31 suggested instead a mixed-
phase interpretation of the results, with a mixture of AF and
FM phases, as opposed to a uniform canted CE state. Thus,
to our knowledge there is no evidence that the canted CE
state exists in bulk form in real experiments, although more
work is needed to fully address this matter. Also we are not
aware of previous theoretical investigations reporting such a
canted CE state.32

We also noticed that although the layers located right at
the interface, i.e., layers 4 and 5, exhibit almost a perfect CE
order individually, the spins in the two layers are not per-
fectly AFM aligned with respect to one another compared
with what they should be in a bulk CE phase. In other words,
the CE state in the bulk is well known for showing a “stack-
ing” property along the direction perpendicular to the CE
plane, which is respected here with regards to charge and
orbital but not with respect to the AFM relative order of the
spins. In fact, in the layers Z=4 and 5 of the heterostructure,
the relative spin orientation is at approximately 90°, namely,
they are spin perpendicular to one another. Once again, to
our knowledge such an arrangement does not exist in the
bulk. While it is obvious that the interplane spin deviation
from AFM order in a CE arrangement will increase the su-
perexchange energy of the system, these spin arrangements
also allow for charge transferring out of plane. In other
words, having an AFM order in a link reduces the effective
hopping amplitude to zero in a double-exchange context. But
if the spin order is not AFM, the kinetic energy in that link
improves. Then, the system can gain double exchange energy
in the z direction at the expense of superexchange if the CE
stacking does not involve AFM order. As a combined effect,
the total energy appears to be lowered by this mechanism at
the interfaces we studied here while in the bulk it does not
occur.

The charge distribution in Fig. 3 suggests that on average
the a�x2−y2� orbital has a higher occupation number than the
b�3z2−r2� orbital. To obtain the exact orbital pattern at each
site, the expectation values of the local pseudospin operators
��i

x� and ��i
z� are calculated. Defining an effective phase angle

�i=�+tan−1���i
x� / ��i

z��, we introduce a dressed state �b�
= �−sin��i /2�cia

† +cos��i /2�cib
† ��0� from which the orbital oc-

cupation is computed as �b�ni�b�. The details of this type of
calculation are well known and they can be found in Ref. 33.

To discuss the orbital pattern explicitly, let us focus on the
optimized configuration with model parameters �=1.5, JAF

=0.065, and �=1.0. For other � values the patterns look very
similar. The orbital patterns in layers 1 and 2, where the
bulklike A-AFM phase is stabilized, display a clear staggered
3x2−r2 /3y2−r2 order. Reciprocally, layers 7 and 8 do not
show any orbital order due to the vanishing value of the
electronic density. However, the orbital patterns close to the
interface in the range of layers from 3 to 6 are complicated
and they are presented in Fig. 6. Here, we observe a transi-
tion from the staggered 3x2−r2 /3y2−r2 order to the orbital
order of the CE state, and then to a �very weak� 3z2−r2 order
in the G-AFM state, with increasing layer index. In layer 3,
the orbital pattern is very close to that expected of a n=1
state but note that the orbital population along one of the
orientations of the diagonals is not identical for each diago-
nal. This is caused by the influence of the CE state of the
layer 4. In addition, in the CE state of layers 4 and 5, the
“bridge” sites, which have a higher electronic density than
the rest, have staggered 3x2−r2 /3y2−r2 order, but the “cor-
ner” sites show a uniform x2−y2 order, which is larger than
in the CE state stabilized in the bulk. In general, we find that
in layers where either FM or CE spin order exist the eg
electrons prefer to form an in-plane orbital order. This is
because in these layers the two oxygens connected to a Mn
ion tend to shrink along the z direction to minimize the en-
ergy of electron-phonon interactions by decreasing Q3. But
in the layers where there is a G-AFM state, the oxygens will
expand along the z direction to partially compensate the
shrinking effect along this direction in other layers.34 Hence,
a 3z2−r2 order may appear. In summary, the features of the
orbital arrangements are dominated by the n=1 A-AFM, n
=0.5 CE, and n=0.0 G-AFM states. However, subtle devia-
tions can be observed: nonequivalent diagonals in layer 3,
corner population in the zigzags of layers 4 and 5, and weak
orbital occupation along the z axis in layer 6.

IV. RESULTS FOR WIDE BANDWIDTH MANGANITES

In the previous section, the physical properties of the
LaMnO3 /CaMnO3 and PrMnO3 /CaMnO3 heterostructures
were discussed. States with CE characteristics were found to
be stabilized near the interface. But for the cases of the
LaMnO3 /SrMnO3 and PrMnO3 /SrMnO3 heterostructures,

FIG. 6. �Color online� Real-space orbital pattern of the eg elec-
trons for the layers close to the interface. The model parameters are
the same as in Fig. 4. The radian part of the electron wave function
�shown� is proportional to the local eg electronic density ni. The plot
displays a transition from the staggered 3x2−r2 /3y2−r2 order in
layer 3, to a CE-type orbital order in layers 4 and 5, and then to a
weak 3z2−r2 order in layer 6, consistent with the spin patterns in
Fig. 4.

YU et al. PHYSICAL REVIEW B 80, 125115 �2009�

125115-6



we expect to obtain different interfacial states because the
corresponding bulk materials, such as �La,Sr�MnO3 and
�Pr,Sr�MnO3, have a wider bandwidth and the CE state is
not stabilized in these compounds at half doping.

A. The bulk phase diagram

As in the previous section, let us first study the phase
diagram of the wide bandwidth manganite in bulk form, fo-
cusing here on the case �=1.2. This coupling is smaller than
the one used for narrow bandwidth manganites. However, for
J	

AF=J�
AF=JAF, as shown in Fig. 7�a�, the A-AFM phase at

�=1.2 cannot be stabilized near n1. This is because the
A-AFM phase only appears in a very narrow regime of the
phase diagram in the two-orbital model if a cubic lattice
symmetry is considered.23 This is compatible with the fact
that the real compounds exhibiting the A-AFM phase, such
as LaMnO3, have an orthorhombic, instead of cubic, lattice
symmetry, with the lattice constant along the c axis smaller
than those along the a and b axes.35 To better incorporate the
lattice distortion found in the bulk parent compound, an in-
terlayer superexchange coupling larger than the intralayer
one should be used, i.e., J�

AF�J	
AF.14,21 The ratio J�

AF /J	
AF is

estimated14,21,36 to be 1.2–1.5. Using these numbers, the
phase diagram for J	

AF=2J�
AF /3=JAF at �=1.2 is shown in

Fig. 7�b�. The A-AFM phase is now stabilized in a wider
regime of the phase diagram including n1. Thus, tuning
JAF to 0.07, the system experiences transitions involving the
G-C-A-FM-A phases with increasing electronic density n,
and this resembles properly the experimentally observed
phases of wide bandwidth manganites �R ,A�MO.26

As for the RMO/AMO heterostructure, the state on each
side, far from the interface, must converge to its bulk phase.
To obtain a stable A-AFM phase in the bulk RMO, we use

the couplings �=1.2 and J	
AF=2J�

AF /3=JAF=0.07 on the
RMO side of the heterostructure. On the AMO side, since the
bulk AMO still has the cubic lattice symmetry,13 we adopt
�=1.2 and J	

AF=J�
AF=JAF=0.07. At the interface, the lattice

constants along the a and b axes will compress but those
along the c axis elongate to recover the cubic symmetry due
to the strain effect. Thus, we adopt the interlayer superex-
change coupling J�

AF=JAF=0.07 at the interface.

B. The state at the interface of the heterostructure

The averaged electrostatic potential and electronic densi-
ties in each layer at �=1.0 and �=0.2 are presented in Fig.
8. These charge distributions are actually similar to those
shown in Fig. 3. Interestingly, there is also a plateau at n
0.5 indicating the existence of a fairly stable half-doped
state near the interface. Although there is no CE phase in the
phase diagram of wide bandwidth manganites, we find in-
stead that the A-AFM phase can be stabilized at n0.5 in
the bulk limit. Thus, the plateau at n0.5 in Fig. 8 suggests
the state at the interface to be the A-AFM state. This assump-
tion is fully supported by the optimized real-space spin con-
figuration results presented in Figs. 9 and 10: for both �
=1.0 and �=0.2, the A-AFM phase spin arrangement is
found in layers close to the interface.

Figures 9 and 10 indicate that the transition from the
A-AFM state at the interface to the G-AFM state at one end
of the heterostructure depends on the value of the screening
parameter �. At a large � value, an interesting result is
found. In this case, there is one layer �layer 6� with an inter-
mediate exotic state, that has no analog in the bulk experi-
mental phase diagrams, to our knowledge. This state consists
of alternate FM and AFM stripes, indicating a local mixed-
phase tendency. Note that we have carried out numerical
studies on square clusters, �=1.2, and JAF=0.07, simulating
bulk two dimensional systems, and in this case we do find a
similar mixed AF-FM state at electronic quarter-filling den-

FIG. 7. �Color online� Phase diagram of the two-orbital model
on the 4
4
4 lattice with �=1.2. Shown are the cases: �a� J	

AF

=J�
AF=JAF and �b� J	

AF=2J�
AF /3=JAF. The results were obtained

comparing the energies of the states G-AFM, C-AFM, CE-AFM,
A-AFM, E-AFM, and FM.
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FIG. 8. �Color online� Layer-averaged electron density n�Z� and
electrostatic potential ��Z� obtained using �=1.2 and JAF=0.07. na

and nb refer to the electron densities of the a and b orbitals and
ntot=na+nb. �a� are results for �=1.0; �b� are results for �=0.2.
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sities. Thus, it is conceivable that this state may exist in bulk
single-layer manganites at large hole doping as well. At
small � values, on the other hand, the transition is via intro-
ducing spin canting in several layers. We note that in real
heterostructures, the mixed-phase tendencies and spin cant-
ing may coexist.

Let us consider now the orbital occupation near the inter-
face. In Fig. 11 the orbital pattern near the interface for �
=1.2, JAF=0.07, and �=1.0 is presented. It is interesting to
observe that the orbital pattern shows a clear transition from
a staggered 3x2−r2 /3y2−r2 order at one end of the hetero-
structure to a uniform x2−y2 order at the interface, layers 4
and 5, although the spin order is unchanged and fixed into an
A-AFM state. This is understandable since we know in the
bulk the A-AFM exists both close to n=1 and close to n
=0.5. Comparing with Fig. 8�a�, we observe that the orbital
order is tightly connected to the average electronic density of
the layer: the 3x2−r2 /3y2−r2 order appears at n1 but the
x2−y2 order is present at n0.5. Such a uniform x2−y2 or-
bital order is also observed in the A-AFM phase at n0.5 in
the bulk material.33,37 Since the bulk A-AFM phase at n
0.5 is metallic, the A-AFM state at the interface of the
heterostructure can be anticipated to be a two-dimensional
metal. However, note that such a 2D metallic state could be
unstable due to Anderson localization introduced by the
roughness and defects at the interface. Hence, an insulating
behavior is more likely to be observed in real materials.

In the exotic layer 6 exhibiting the mixed AFM-FM ten-
dency, the orbital pattern is complicated. According to Fig. 9,
there are majority spins �black arrows in layer 6� and minor-
ity spins �red downward-facing arrows�. The minority-spin
sites correspond to 3z2−r2 order. The sites adjacent to the
minority-spin sites display alternating 3x2−r2 /3y2−r2 order
but the sites diagonal to the minority-spin sites show a x2

−y2 order. Once again, we remark that such an exotic orbital
order has not been observed experimentally in bulk materials
to our knowledge, although it may be part of theoretical
phase diagrams of models for two-dimensional manganites
in the bulk at large hole densities, and it is also conceivable
that real single-layer manganites in the bulk may present also
a similar phase.

V. DISCUSSION AND CONCLUSIONS

In this paper, the magnetic and electronic properties of the
states near the interface of RMO/AMO heterostructures were
investigated using numerical optimization techniques on
small clusters at zero temperature. The states stabilized at the
interface are found to be similar to the states in the bulk
compound at electronic density n0.5. This is easy to un-
derstand. Let us consider the superlattice �RMO�m / �AMO�n.
When m ,n�a /� where a is the lattice constant along the z
direction, there must exist layers exhibiting properties of the

FIG. 9. �Color online� The optimized real-space spin configura-
tion at each layer of the heterostructure with the model parameters
used in Fig. 8�a�.

FIG. 10. The optimized real-space spin configuration at each
layer of the heterostructure with the model parameters used in Fig.
8�b�.

FIG. 11. �Color online� The orbital pattern found in layers 3–6
of the heterostructure. A uniform x2−y2 orbital order is observed at
the interface. The orbital order in layer 6 is exotic, i.e., not found in
the bulk, similarly as the spin arrangement of the same layer.
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bulk parent compounds RMO and AMO. In this case, the
electronic density in the regime near the interface is not
much sensitive to m or n but is always close to 0.5 if � is
about the same on both sides of the heterostructure. Then, the
regime close to the interface �within a /� in the z direction�
can accommodate the state stabilized at n0.5 in the bulk.
For the case of a wide bandwidth manganite, a uniformly
x2−y2-ordered A-AFM phase is stabilized at the interface.
Hence we propose that this state should exist in the long-
period �LMO�m / �SMO�n superlattice where m and n are
large enough such that there are bulklike A-AFM and
G-AFM insulating regimes far from the interface. It is quite
reassuring that recent experiments on the �LMO�n / �SMO�2n
superlattice at n=3 provided strong evidence for the exis-
tence of this orbital-ordered A-AFM phase.13 However, for
short-period superlattices, the electronic density near the in-
terface may deviate from 0.5 and also note that a well-
defined bulklike regime may not exist in these structures.
Hence the state stabilized at the interface may be different
from the one in the long-period superlattice. For instance, in
the �LaMnO3�2n / �SrMnO3�n superlattice with n�4, the elec-
tronic density near the interface is always higher than 0.5,14

falling into the FM regime in the phase diagram of bulk
LSMO. Hence, it is natural to observe a metallic FM state
stabilized at the interface.7,10,11,14,15 Increasing the number of
Sr layers, bulklike insulating regimes appear and the super-
lattice is driven through the MIT to be an insulator. The
electronic density at the interface is also reduced by increas-
ing the number of Sr layers. As shown in Ref. 14, the state at
the interface is still FM with a 3z2−r2 orbital order. How-
ever, further increasing the number of Sr layers, the elec-
tronic density at the interface will approach 0.5. Then, the
state at the interface becomes an A-AFM with a uniform x2

−y2 orbital order as discussed above and the properties of the
heterostructure are dominated by bulklike regimes.10

When studying the wide bandwidth manganites, we have
used J�

AF�J	
AF. For consistency, the same superexchange

coupling ratio should be also used for the calculation of
narrow-to-intermediate bandwidth manganites. But the
A-AFM phase at n=1 is already stabilized in a cubic lattice
for a large electron-phonon coupling. Thus, changing the su-
perexchange coupling ratio does not modify the phase dia-
gram crucially. Calculations have shown that setting J�

AF

�J	
AF also does not change the results for the heterostruc-

tures. Hence, we have only presented here the results with
J�

AF=J	
AF in Sec. III. In this case, interfaces dominated by

CE-AFM characteristics have been observed.
It is very important to remark that several of our results

have unveiled phases that are not observed in the bulk phase
diagrams.38 They correspond to interesting modifications of
the well-established bulk phases. For instance, for narrow
bandwidth manganite heterostructures, the existence of ex-
otic spin arrangements, such as canted CE and others, have
been reported in our investigations. For wide bandwidth
manganites, unexpected mixtures of FM and AF features
were also identified. While our observations obtained on
small clusters need to be confirmed by other many-body
techniques, the present computational studies revealed the
possibility of finding new phases at interfaces, that do not
exist in the bulk. Figure 12 summarizes schematically our

results. The possibility of finding exotic phases in hetero-
structures is an exciting result that deserves further investi-
gations. It also raises an interesting challenge for experimen-
talists: how to detect the exotic states stabilized close to the
interface of heterostructures with advanced experimental
techniques, such as neutron scattering.

Regarding size effects in our simulations, certainly it is
possible that the actual spin, charge and orbital patterns of
the states stabilized near the interface may be more compli-
cated than found in our present study that was limited to
small systems. However, note that in the heterostructures dis-
cussed here the n=1 A-AFM on one side, the n=0.5 CE or
A-AFM at the interface, and the n=0 G-AFM on the other
side are very robust and likely will be present in real hetero-
structures. With these states �with different layer electronic
density� anchored somewhere in the structure, then it is very
reasonable to expect magnetic states interpolating between
them, that will have novel properties. In the bulk when the
electronic concentration is the same in every layer of course
it never happens that a magnetic layer must interpolate be-
tween others with different densities. Thus, we are confident
that novel magnetic states, of a form likely even more com-
plex than unveiled here, would be present in manganite su-
perstructures if simulations using larger clusters were pos-
sible. Note that for bulk phase-separated manganites,20

involving a competition between states with different elec-
tronic densities, then these unconventional states discussed
here could also appear at the interfaces between puddles of
the competing phases as well.

In conclusion, we find that the properties of the RMO/
AMO heterostructure are closely, but not entirely, associated
with the phase diagram of the bulk compound �R ,A�MO. We
summarize our main results in Fig. 12. As one sees, although
a uniform state does not exist in the heterostructure due to
the redistribution of the charges, as a first approximation the
state near the interface can be “read” from the phase diagram
of the bulk compound �R ,A�MO at electronic density n
0.5, i.e., a CE state if �R ,A�MO is a narrow-to-interme-
diate bandwidth manganite, but an A-AFM state with uni-

FIG. 12. �Color online� Schematic representation of the results
found in our investigations. I and V correspond to regions with
properties similar to those of the bulk of the two materials involved
in the heterostructures. Region III is very close to the interface. It is
in this regime that the electronic density is approximately 0.5 if the
bulk components have densities 1 and 0, as in our study. Depending
on bandwidths here either a CE or an A-AFM state are found.
Finally, in regions II and IV, the material must interpolate in prop-
erties between I and III or III and V. These interpolations lead to
states that do not appear to have bulk analogs.
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form x2−y2 orbital order if �R ,A�MO is a wide bandwidth
manganite. However, the intermediate states in between the
interface and the bulklike regimes are sensitive to both the
model parameters and the length of the heterostructure. At
least in our studies, it can be either a spin-canted CE state or
a state showing local FM-AF mixed tendencies. We believe
our results can be used to describe the ground-state proper-
ties of the long-period �RMO�m / �AMO�n superlattices as
well.
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