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Giant magnetoelectric effect in pure manganite-manganite heterostructures

Sanjukta Paul,! Ravindra Pankaj,' Sudhakar Yarlagadda,' Pinaki Majumdar,” and Peter B. Littlewood*>*
YCMP Division, Saha Institute of Nuclear Physics, HBNI, Kolkata 700064, India
2Harish-Chandra Research Institute, HBNI, Allahabad 211019, India
3Argonne National Laboratory, Argonne, Illinois 60439, USA
4 James Franck Institute, University of Chicago, Chicago, lllinois 60637, USA
(Received 17 February 2017; revised manuscript received 22 September 2017; published 14 November 2017)

Obtaining strong magnetoelectric couplings in bulk materials and heterostructures is an ongoing chal-
lenge. We demonstrate that manganite heterostructures of the form (Insulator) /(LaMnOs;),/Interface/
(CaMnO3), /(Insulator) show strong multiferroicity in magnetic manganites where ferroelectric polarization
is realized by charges leaking from LaMnO; to CaMnOs due to repulsion. Here, an effective nearest-neighbor
electron-electron (electron-hole) repulsion (attraction) is generated by cooperative electron-phonon interaction.
Double exchange, when a particle virtually hops to its unoccupied neighboring site and back, produces magnetic
polarons that polarize antiferromagnetic regions. Thus a striking giant magnetoelectric effect ensues when an
external electrical field enhances the electron leakage across the interface.
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I. INTRODUCTION

Complex oxides such as manganites display a rich interplay
of various orbital, charge, and spin orders when rare-earth
dopants are added to the parent oxide. While significant
progress has been made in characterizing the bulk doped ma-
terials, the heterostructures produced from two parent oxides
is an area of active research [1,2]. In these heterostructures, the
accompanying quantum confinement, anisotropy, heterogene-
ity, and the enhanced gradients (in magnetic moments, electric
potential, orbital polarization, etc.) across the interface resultin
novel phenomena that have no counter part in the bulk samples
[3,4]. In fact, the challenge is to technologically exploit
this new physics and develop new useful devices that can
meet future demands such as miniaturization, dissipationless
operation/manipulation (such as read/write capability), energy
storage, etc. [5—11].

There has been a revival in multiferroic research partly
due to improved technology, discovery of new compounds
(such as YMnO3, TbMn;Os), need for devices with strong
magnetoelectric effect, etc. [12]. Majority of the multiferroics
studied are bulk materials where it is not yet clear why the
magnetic and electric polarizations coexist poorly [13]. With
the advent of improved molecular-beam-epitaxy technology
one can now grow oxide heterostructures with atomic-layer
precision and explore the possibility of strong multiferroic
phenomena as well as large interplay between ferroelectricity
and magnetic polarization. Coupling between the charge and
spin degrees of freedom is fascinating both from a fundamental
viewpoint as well as from an applied perspective. Instead
of employing currents and magnetic fields, controlling and
manipulating magnetism with electric fields holds a lot of
promise as the electric fields are easier to use in smaller
dimensions and can potentially lower energy consumption in
systems. There are numerous mechanisms for magnetoelectric
effect; reviews for these can be found in Refs. [14—-18]. At
the interface of a magnetic oxide and a ferroelectric/dielectric
oxide, a magnetoelectric effect of electronic origin has been
predicted by some researchers. Upon application of an external
electric field, not only the magnitude of moments can be
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changed [19,20], but in some cases the very nature of magnetic
ordering can be changed [21].

Among various efforts pertaining to oxide heterostructures,
there is considerable interest, both experimentally [22-29] as
well as theoretically [30-35], in understanding novel aspects of
conductivity, magnetism, and orbital order in pure manganite-
manganite 7MnO3/DMnO; heterostructures where T refers
to trivalent rare-earth elements La, Pr, Nd, etc., and D refers to
divalent alkaline elements Sr, Ca, etc. At low temperatures,
the bulk 7MnO; is an insulating A-type antiferromagnet
(A-AFM); on the other hand, the bulk DMnOs is an insulating
G-type antiferromgnet (G-AFM). Furthermore, the doped
alloy 77—, D,MnOj; is an antiferromagnet for x > 0.5; whereas
for x < 0.5, it is a ferromagnetic insulator (FMI) at smaller
values of x (i.e.,0.1 < x < 0.2) [36-38] and is a ferromagnetic
metal at higher dopings in La;_,Sr,MnO3, La;_,Ca,MnOs,
Pr;_,Sr,MnOj3, and Nd, _, Sr,MnOs. For representative stud-
ies of doped manganite-manganite heterostructures, the reader
is referred to Ref. [39].

In spite of considerable efforts towards control of magneti-
zation through electric fields in multiferroic bulk materials and
heterostructures, obtaining strong magnetoelectric couplings
continues to be a challenge. Here, in this paper, we predict
a novel giant magnetoelectric effect, not at the interface, but
away from it, in a pure manganite-manganite heterostructure
(see Fig. 1). We present a plausible multiferroic phenomenon
in manganite heterostructures and point out the associated un-
noticed striking magnetoelectric effect. Cooperative electron-
phonon interaction is shown to be key to understanding
both multiferroicity and magnetoelectric effect in our oxide
heterostructure. Here, we exploit the fact that manganites have
various competing phases that are close in energy and that by
using an external perturbation (such as an electric or a magnetic
field) the system can be induced to alter its phase. We show
that there is a charge redistribution (with a net electric dipole
moment perpendicular to the interface) due to the optimization
produced by the following two competing effects: (i) energy
cost to produce holes on the LaMnO; (LMO) side and excess
electrons on the CaMnOs; (CMO) side and (ii) energy gain
due to electron-hole attraction (or electron-electron repulsion)
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FIG. 1. Schematic showing the symmetric (Insulator)
/(LaMnOs3)y /Interface/(CaMnOs )y /(Insulator) heterostructure.
Each of the labeled N layers on both LMO (LaMnO3) and CMO
(CaMnO;) sides contain manganese-oxide (MO) layers.

on nearest-neighbor Mn sites induced by electron-phonon
interaction. The charge polarization is akin to that of a pn
junction in semiconductors although the governing equa-
tions are different. The minority carriers, which leak across
the interface of the heterostructure, produce ferromagnetic
domains due to the ferromagnetic coupling (generated by
electron-phonon interaction and double-exchange) between an
electron-hole pair on adjacent sites. Since ferroelectricity and
ferromagnetism have a common origin [i.e., minority carriers
or holes (electrons) on LMO (CMO) side], there is a striking
interplay between these two polarizations; consequently, when
an external electric field is applied to increase the minority
carriers, a giant magnetoelectric effect results.

We will argue that a large magnetoelectric effect is possible
in LMO-CMO heterostructures by presenting below cohesive
general theoretical points, which take into account the essential
features of manganites without invoking any particular model.

(1) The kinetic energy (KE) is quite small because the
bare hopping is small (caused by lower tolerance factor
[40], cation disorder, and compatibility of distortions [41]),
the electron-phonon coupling is strong, and the system is
quasi-two-dimensional (q2D).

(2) The potential energy [from Coulomb interaction and
nearest-neighbor (NN) particle-particle repulsion due to co-
operative electron-phonon interaction] is much larger than
KE; this leads to solid-type formation with electrons being
rendered essentially immobile. Then, in each layer parallel
to the interface (see Fig. 1), a solid with close-to-crystalline
symmetry is formed with electrons being essentially site
localized. The ground state is classical with the number density
at each site either 1 or 0 and the state of the system can be
expressed by a single state in the occupation number basis.
Due to strong cooperative electron-phonon interaction (CEPI)
and not due to a sizable KE, there is a propensity for electrons
to migrate from the LMO side to the CMO side; this leads to a
density gradient in the direction perpendicular to the interface
(z direction).

The fact that electrons are essentially site localized also
follows when the treatment in Ref. [42] is extended to our q2D
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system; then, only a localized polaronic band is relevant and
the upper wide band cannot overlap with the lower narrow
polaronic band. Additionally, the insulating behavior reported
in Ref. [22] for (LaMnO3),,/(StMnOs3), superlattice (when
n > 2) further justifies the picture of negligible KE with the
potential energy determining the charge and spin order.

(3) Because of Coulomb interaction between charges and
strong CEPI, a checkerboard-type crystal occurs in layers with
densities close to 0.5 (based on point 2); the checkerboard
arrangement (including in z direction) is expected in layers
next to the interface since there the density is 0.5 due
to symmetry considerations. This checkerboard feature is
different from bulk manganites where charge and orbital
stacking in z direction occurs [and leads to the CE-type anti-
ferromagnet (CE-AFM)]; this type of charge order was missed
in works such as Ref. [34] because CEPI was not considered.
Strong electron-phonon interaction produces NN electron-hole
pair and produces between the pair a strong ferromagnetic
interaction [¢? cos?(8/2)/ Eyr with Ejr being the cooperative
Jahn-Teller energy, ¢ the hopping term between the NN sites,
and 6 the angle between the core spins of the NN sites]. Hence
aferromagnetic state is produced in the checkerboard. CE-type
spin order is not supported because charge does not stack up
in z direction; consequently, zigzag ferromagnetic chains in
adjacent layers of the checkerboard will not be formed as such
chains cannot be stacked up to produce between them magnetic
coupling (such as antiferromagnetic) which is essential to the
CE-type magnetism.

(4) The model for magnetic interaction pertains to LMO-
CMO heterostructure with localized holes. The CEPI retains
essentially the same orbital texture as in LMO in regions away
from the holes. Consequently, on the LMO side, the magnetic
interaction is A-AFM in regions without holes; this interaction
is generated through virtual hopping by localized electrons
between NN sites that are Jahn-Teller compatible. When holes
are present, since they are site localized, they only virtually
hop to the NN site and back and produce ferromagnetic
coupling with NN electrons; this coupling is much stronger
than A-AFM coupling. To go beyond the above picture (as
was done rigorously in Ref. [43] for LaMnO3), involves the
daunting task of taking into account the coupling between #,,
spins [J,zg], a two-band model, the Hubbard U, the long-range
Coulomb interaction, a realistic Hund’s coupling Jy (<U),
and the cooperative Jahn-Teller energy Ejt in a sizable system
(i.e., a lattice with about 100 sites or more) with the LMO
side being at finite hole density. We are not aware of such a
comprehensive approach being reported.

(5) The presence of site localized holes on the LMO side,
produces FMI clusters due to the formation of magnetic
polarons. A hole will polarize nearest-neighbor electrons
(and realistically speaking, next-nearest-neighbor and next-
to-next-nearest-neighbor electrons as well) through virtual
hopping, thereby producing a magnetic polaron. A collection
of interacting magnetic polarons will produce a FMI region.
This picture is in tune with the FMI region being a generic
feature of manganites at moderate dopings (0.1 < x < 0.2);
see Ref. [42] for a similar FMI picture in the bulk. It should be
noted that FMI regions are present in moderately doped man-
ganites that are narrow-band (Pr;_,Ca,MnQO3), intermediate-
band (La;_,Ca,MnQOj3), and wide-band (La;_,Sr,MnQOj3)
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materials. Increasing the number of holes on the LMO side,
using a fairly large electric field, increases the number of
aligned FMI clusters, thereby producing a large magnetoelec-
tric effect. It is important to note that the applied electric
field changes the magnetization sizeably in the bulk of LMO
away from the interface while leaving the polarization at the
interface essentially unaltered. Here, it should be noted that
the FMI phase, which is key to the magnetoelectric effect,
is not captured in the phase diagram of the bulk LCMO
reported in Fig. 2 of Ref. [34]; this is possibly because small
values of A = +/2Ejrp/t were chosen and cooperativity in the
electron-phonon interaction was ignored.

The rest of the paper is organized as follows. In Sec. II,
we introduce our phenomenological Hamiltonian (based on
cooperative electron-phonon-interaction physics), which we
use to deduce the charge distribution in the continuum
approximation. We also provide a simple analytic treatment for
the magnetic profile and demonstrate a giant magnetoelectric
effect in a few-layered heterostructure. Next, in Sec. III, we
adopt a more detailed numerical approach and introduce a
Hamiltonian that includes additional kinetic terms, work func-
tions, and discrete lattice effects. Here, the magnetoelectric
effect is studied in symmetric lattices (involving equal number
of LMO and CMO layers) as well as in asymmetric lattices
using Monte Carlo simulations. We close in Sec. IV with our
concluding observations.

II. ANALYTIC TREATMENT

We will begin our treatment of the pure manganite-
manganite heterostructure by considering a simple analytic
picture in this section and leave a more detailed numerical
approach to the next section. Our (Insulator)/(LaMnO3),/
Interface/(CaMnO3), /(Insulator) heterostructure is depicted
in Fig. 1; the treatment in this section involves odd number
of MnO, planes. The MnO, plane, contained in the Interface
at the center, has LaO on one side and CaO on the other
side. The MnO, plane in the center has 0.5 electron per Mn
site. The arrangement of the heterostrucure is as follows: Ins./
(LaO-MnOy), /(LaO-MnO,-Ca0)/(Mn0O,-Ca0), /Ins. where
(LaO-MnQO,-Ca0) represents the Interface. The above ar-
rangement will not lead to polar catastrophe as any excess
charge at the Ins./LaO interface can be neutralized by a gate
potential. Alternately, the Ins./LaO interface on the left-hand
side can be replaced by Ins./(La;,Ca;,0) interface; then, no
excess charge results.

A. Polaronic Hamiltonian

In our heterostructure depicted in Fig. 1, due to charge
leaking across the LMO-CMO interface, we expect different
states of the phase diagram of La;_,Ca,MnO3; (LCMO) at
different cross-sections perpendicular to the growth direction.
Since far from the LMO-CMO interface the material properties
must be similar to those in the bulk, we expect the x = 0 phase
at the Insulator-LMO interface and the x = 1 phase at the
other end involving the CMO-Insulator interface. Considering
the majority of the LCMO phase diagram (including the end
regions near x = 0 and 1) is taken up by insulating phases,
since the bandwidth is significantly diminished at strong
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electron-phonon coupling, and because the heterostructures
are 2D, we expect that there is no effective transport in
the direction normal to the oxide-oxide interface (i.e., z
direction). Then, for analyzing the charge distribution normal
to the interface, the starting polaronic Hamiltonian is assumed
to comprise of localized electrons and have the following
phenomenological form:

2.2

Yepli j+s

Hpo ~ =) (y;pgzwo + ﬁ)n J=nj), (D)
J,é

where the first coefficient ye'pgza)o is due to electron-phonon
interaction and represents nearest-neighbor electron-electron
repulsion brought about by incompatible distortions of nearest-
neighbor oxygen cages surrounding occupied Mn ions. The
prefactor yelp can depend on the phase—for instance, in the
regime of C-type antiferromagnet (C-AFM) in LCMO, ye'p is
expected to be large because the occupancy of neighboring
d> orbitals is inhibited in z direction; while in the regime of
A-AFM (corresponding to undoped LaMnOs), )/elp is expected
to be weaker because of compatible Jahn-Teller distortions
on neighboring sites. Here, we will assume for simplicity that
yelp is concentration independent and that 0.1 < yelp < 1. Next,

the coefficient yg1%/(g>wp) results from processes involving
hopping to nearest-neighbor and back and is present even when
we consider the simpler Holstein model [44] or the Hubbard-
Holstein model [45]. The prefactor yezp varies between 1/2 (for
noncooperative electron-phonon interaction) and 1/4 (since
for cooperative breathing mode in one-dimensional chains
yezp = 1/3, which should be more than in C chains) [46]. Now,
even within the two-band picture of manganites in Ref. [42],
the electrons in the localized polaronic band contribute the
term #%/g%wy; the broad band (due to undistorted states that
are orthogonal to the polaronic states) is an upper band
whose bandwidth is reduced due to the two-dimensional (2D)
nature of the system and does not overlap with the polaronic
band to produce conduction even at carrier concentrations
corresponding to 0.2 < x < 0.5. Furthermore, although 7; is
the total number in both the orbitals at site j, it can only take a
maximum value of 1 due to strong on-site electron-electron
repulsion and strong Hund’s coupling. Next, to make the
above Hamiltonian furthermore relevant for manganites, one
needs to consider Hund’s coupling between core t, spins
and itinerant e, electrons. This leads to invoking the double
exchange mechanism for transport. Then, the hopping term
t; j between sites i and j in Eq. (1) is modified to be
[[’j\/O.S[l + (S, . SJ/SZ)] = ti,j COS(Oij/Z) with S,’ being the
core t, spin at site i and 6;; being the angle between S; and
S;. The term yezptiﬁs cos?(6;;/2)/(g*wp) in Eq. (1) produces a
strong ferromagnetic coupling between the spins at site j and
site j + & and this dominates over any superexchange coupling
between the two spins.

B. Charge profile

The kinetic term is small due to polaronic effects and the
2D nature of the system. While the complete absence of
kinetic energy would indeed lead to the electron charge density
following the ionic charge, in the presence of a small kinetic
term the charge profile will redistribute. We just assume that
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the kinetic contribution to the energy is small compared to the
other terms, not that the charges are fully immobilized.

The following are two competing terms in the potential
energy—they are the dominant terms that produce charge dis-
tribution. (1) Due to cooperative electron-phonon interactions,
there is a repulsive interaction between electrons on adjacent
sites. This pushes electrons from LMO side to CMO side. (2)
There is attractive interaction between an electron on a Mn site
and the positive ionic charge of that unit cell. This attraction
holds back the electrons on the LMO side.

Now, when the electrons move from the LMO side to the
CMO side, there is a net positive charge on the LMO side
and a net negative charge on the CMO side. The separation
energy of these net positive and net negative charges can be
approximated as the energy of a capacitor Q% /2Ce,p, Where the
charge Q ~ N, (with N being the transferred electrons) and
the capacitance Ccyp  Ajy/d with Ajy being the interface
area and d the separation; this energy (i.e., Q2/2Ccap) has
to be balanced by the nearest-neighbor repulsion energy
(~Ne g%wp) due to electron-phonon interaction. Now, if
Q/ Ay is independent of the system size and d is only a
few lattice spacings, then Q2/2CCap can be comparable to
~Ny g%wy; thus a macroscopic number of charges, from a few
layers near the interface, can be transferred across the interface.
Hence, ideally, the heterostructure should comprise of only a
few layers so that a large part of the system can contribute to
the multiferroicity and also the magnetoelectric effect.

To obtain the charge distribution, we ignore the effect of
superexchange interaction in the starting effective Hamiltonian
in Eq. (1) because its energy scale is significantly smaller
than the polaronic energy term 2g2w,. For a localized system,
we only need to minimize the interaction energy, which is
a functional of the electronic density profile. The Coulombic
interaction energy resulting from the electrons leaking from the
LMO side to the CMO side is taken into account by ascribing
an effective charge 41 (hole) to the LMO unit cell (centered
at the Mn site) that has donated an e, electron from the Mn
site and an effective charge —1 (electron) to the CMO unit
cell (centered at the Mn site) that has accepted an e, electron
at the Mn site. The Coulombic energy that results is due to
the interactions between these +1 effective charges. The net
positive charge on the LMO side and the net negative charge on
the CMO side will produce a charge polarization (or inversion
asymmetry). Since the ferroelectric dipole is expected to be in
the direction perpendicular to the oxide-oxide (LMO-CMO)
interface, we assume that the density is uniform in each layer
for calculating the density profile as a function of distance z
from the insulator-oxide interface. The Coulombic interaction
energy per unit area due to leaked charges is the same for
both LMO and CMO regions and is given, in the continuum
approximation, to be

1 L
B = / d:D(), %)
JTE 0

where D(z) is the electric displacement and is given by

D(z) = i[—eEext+/'dy4ﬂep(y)], 3
0
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with 4+ (—) sign for LMO (CMO) side. Furthermore, p(z) is
the density of minority charges (i.e., holes on LMO side and
electrons on SMO side), e the charge of a hole, ¢ the dielectric
constant, E.y an external electric field along z direction, and
L the thickness of the LMO (CMO) layers.

The ground-state energy per unit area [corresponding to
the effective Hamiltonian of Eq. (1)] can be written, in the
continuum approximation, as a functional of p(z) for both
LMO and CMO as follows:

Yol
g2wo

L
Epol = —<Velpgzwo + )C/ dzp(D)[1 —a’p(2)], 4)
0

where ¢ = 6 is the coordination number and a is the lattice
constant. In arriving at the above equation we have approxi-
mated n;,s + n;_s ~ 2n;. Furthermore, for the ground state,
we expect t[j\/O.S[l + (S; -Sj/Sz)] = t;j, i.e., the minority
charges will completely polarize the neighboring majority
charges.

We will now minimize the total energy,

ETolal = 2Epol + 2Ecouls (5)

by setting the functional derivative 8 Etoi/80(z) = 0. This
leads to the following equation:

L y

0=—Ci[l —2a’p(2)] +2C> / dy[—Em+ f dxp(x)}
z 0

©)

242 ~
where C| = (yelpgzwo + ;Zp;o ), Cy =2me?/e, and Eeq =
€ Ecxi/(4me). The above equation, upon taking double deriva-

tive with respect to z, yields
d*p(z)
dz?

The above second-order differential Eqgs. (7) and (6) admit the
solution

C1a3

— Cp(z) = 0. @)

1 cosh(éz) - sinh[E(L — 2)]
=——" Eeyy——————, 8
PO = 35 coshel) TS E T coshie L) ®)
where & = /C,/(C1a3). Tt is important to note that, for the

manganese-oxide (MO) layer at the LMO-CMO interface
(i.e., at z = L), the density is 0.5 electrons/site and that it
is independent of the applied external electric field and the
system parameters. Now, since each Mn site in the interface
layer belongs to a unit cell that is half LMO and half CMO,
one expects the density per site to be 0.5. Additionally, as
the distance from the LMO-CMO interface increases, we
observe from Eq. (8) as well as from Figs. 2 and 3 that for
smaller values of Cy, the density falls more rapidly while the
density change due to electric field rises faster. Furthermore,
for realistic values of the parameters, the charge density rapidly
changes as we move away from the oxide-oxide interface
(i.e., after only a few layers from the interface) and attains
values close to the bulk value [as illustrated in Figs. 2(a) and
3(a)]. Lastly, as required for zero values of the external field
Ecx, we get p(0) — 0 when L — oo. Thus, although we used
the continuum approximation, our obtained density profile is
qualitatively realistic as it has the desired values at the extremes
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FIG. 2. Electronic charge density n(zy) and per-site mag-
netization m(zy) (of 1, spins normalized to unity) in
various manganese-oxide layers of a (Insulator)/(LaMnOs;),
/Interface/(CaMnQO3 ), /(Insulator) heterostructure for a = 4A, €=
20, and C; = 0.24. Figures are for (a) n(Ee = 0kV/cm); (b) An =
n(Ee = 300/400 kV/cm) — n(Ee = 0 kV/cm); and (c) m(zy) at
E. =0, 300, and 400 kV/cm. MO layer 1 on the LMO side
undergoes spin reversal when E¢, = 400 kV/cm is applied.

z = L and z = 0 with the density away from the LMO-CMO
interface rapidly falling for not too large values of €.

The density profiles for both LMO and CMO sides depend
onlyone, Cy, and E.y,. For our calculations displayed in Fig. 2,
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FIG. 3. Electronic charge density n(zy) and per-site mag-
netization m(zy) (of normalized-to-unity f,, spins) in var-
ious manganese-oxide layers of an (Insulator)/(LaMnO;),
/Interface/(CaMnQ3), /(Insulator) heterostructure for a = 4 A e=
20, and C; = 0.31. Plots pertain to (a) n(Ee =0 kV/cm), (b)
An = n(Ee = 100 kV/cm) — n(Ee = 0 kV/cm), and (c) m(zy)
at E.c = 0 and 100 kV/cm. The LMO side becomes completely
ferromagnetic when E.,, = 100 kV/cm is applied.

we used the following values for the parameters: a = 4 Aje=
20; Ecxt = 300 and 400 kV /cm; and C; = 0.24. For Fig. 3, we
employed E¢y = 100 kV/cm and C| = 0.31, with the values
for a and € being the same as in Fig. 2. The values of C; in
Figs. 2 and 3 were chosen based on wy = 0.07 eV, g = 2, and
t=0.1eV.
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C. Magnetization distribution

We will now obtain the magnetization for a heterostructure
by considering its lattice structure unlike the case for the den-
sity profile where a continuum approximation was made. Thus
we can take into account the possibility of antiferromagnetic
(AFM) order besides being able to consider ferromagnetic
(FM) order.

First, based on Ref. [37], we note that the bulk
La;_xCayMnOj3 (below the magnetic transition temperatures)
is A-AFM for 0 < x < 0.1 and a ferromagnet for 0.1 < x <
0.5. Hence we model the LMO side of the heterostructure
as an A-AFM when hole concentrations are small; whereas
at higher concentrations of holes, which is less than 0.5, the
holes dictate the magnetic order by forming magnetic polarons
that polarize the A-AFM. Next, we note that for 0.5 < x < 1.0,
the La; _,Ca,MnOj; bulk system is always an antiferromagnet.
Thus, from a magnetism point of view, the magnetic moment
on the CMO side of the heterostructure is expected to be zero
except in the vicinity of the interface where (due to proximity
effect) it will be a ferromagnet and can be modeled using
a percolation picture. Given the above scenario, as can be
expected, we find that the ferromagnetic region on the LMO
side can be drastically enhanced (at the expense of the A-AFM
region) by an electric field inducing holes on the LMO side.
On the other hand, the electric field has only a small effect
on the percolating ferromagnetic cluster that is adjacent to the
oxide-oxide interface on the CMO side.

1. CMO side

We will first consider the CMO side and show that the
magnetization decays as we move away from the LMO-CMO
interface. We derive below the largest FM domain; this domain
percolates from the LMO-CMO interface. On account of
nearest-neighbor repulsion [as given in Eq. (1)], the interface
(which is half-filled) has e, electrons on alternate sites. In
fact, to minimize the interaction energy, on the CMO side
we take the e, electrons to be in one sublattice only which
will be called e, sublattice; the other unoccupied sublattice
will be called the u sublattice. On account of virtual hopping,
an e, electron polarizes all its neighboring sites that do not
contain any e, electrons and forms a magnetic polaron. Thus
we observe that the half-filled interface will be fully polarized
and that there will be an FM cluster that begins at the interface
and percolates to the layers away from the interface on the
CMO side. For instance, in the layer next to the oxide-oxide
interface, all the e, electrons are in the same sublattice (the e,
sublattice) and are next to the empty sublattice (i.e., sublattice
unoccupied by e, electrons) of the interface and hence are
ferromagnetically aligned with the interface. Similarly, again
in the layer adjacent to LMO-CMO interface, all the sites in
the other sublattice (i.e., the u sublattice) are empty and have
the same polarization as the sites occupied by the ¢, electrons
at the interface.

We will now identify the equations governing the ferro-
magnetic cluster percolating from the interface. Let zy be
the z coordinate of the N 2D MO layer with N being the
index measured from the Insulator-CMO interface (as shown
in Fig. 1). Furthermore, we define x;g (xy) as the concentration
of polarized sites that belong to the spanning cluster and
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these sites are a subset of the sites in the e, sublattice (u
sublattice) in the N 2D MO layer. Then, the factor (1 — 2x§f)
[(1 — 2x)] represents the probability of a site that belongs
to the e, sublattice (u sublattice) in layer N but is not part
of the spanning polarized cluster. Now, the probability that
a site, occupied (unoccupied) by an e, electron, contributes
to the FM cluster is equal to the probability of finding the
site occupied (unoccupied) multiplied by 1 — P, where P is
the probability that none of the adjacent sites that are in the
u sublattice (e, sublattice) belong to the percolating cluster.
Therefore we obtain the following set of coupled equations for
the spanning cluster:

xyp = plew)[1 — (1= 2x4_)(1 = 2x4) (1 = 2x%,,)].
©

X =0.5[1— (1—2x% ) (1 —2x) (1 —2x2, )] (10)
The boundary conditions involving layer 1 are

X = pz)[1 = (1 —2x4)* (1 = 2x4)] (11)
and
2= 0.5[1 — (1—2x7%)" (1 - 2x5)]. (12)

while those for the LMO-CMO interface are x;*, = x}, = 0.5.

2. LMO side

Next, we will show that the LMO side with only a few
layers, for some realistic values of parameters, can have a
sizable change in the magnetism when a large electric field is
applied and thus can be exploited to obtain a giant magneto-
electric effect. Similar to the bulk situation in LaMnOj [43,47],
in our heterostructure as well, we assume that two spins on
any adjacent sites in each MO layer have a ferromagnetic
coupling Jy, = 1.39 meV; whereas, any two neighboring
spins on adjacent layers have an antiferromagnetic coupling
J, = 1.0 meV. On the other hand, for an electron and a
hole on neighboring sites either in the same MO layer or
in adjacent MO layers (due to virtual hopping of electron
between the two sites), there is a strong ferromagnetic coupling
Jen = )/ezpt2 /(g%wp) > Jy [42]. In our calculations, as long as
the ratio of Jy,/J; is taken as fixed and Je, is the significantly
dominant coupling, we get the same magnetic picture.

In an LMO side with a few MO layers, to demonstrate the
possibility of large magnetization change upon the application
of a large external field, we assume that the LMO-CMO
interface and all MO layers up to layer M are completely
polarized. Next, we assume that MO layers M and M—1 have
low density of holes so that there is a possibility that spins
in the MO layer M—1 are not aligned with the block of MO
layers starting from the LMO-CMO interface and up to layer
M. We then analyze the polarization of MO layer M—1 by
comparing the energies for the following two cases: (i) layers
M—1 and M are antiferromagnetically aligned with the holes
in layers M and M—1 inducing polarization only on sites that
are adjacent to the holes; and (ii) MO layer M—1 is completely
polarized and aligned with layer M.

In a few-layered heterostructure (Ins.)/(LaMnQOs);/Int.
/(CaMnOs3), /(Ins.), for C; = 0.24 eV [as shown in Fig. 2(c)]
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and for C; = 0.31 [as in Fig. 3(c)], we obtain a striking
magneto-electric effect. For zero external field, when M = 2
is considered, case (i) (mentioned above) has lower energy,
i.e., layer 1 is antiferromagnetically coupled to layer 2. On
the other hand, when a strong electric field (~100 kV/cm for
C; = 0.24 and ~400 kV/cm for C; = 0.31) is applied, MO
layer 1 (due to increased density of holes) becomes completely
polarized and ferromagnetically aligned with the rest of the
layers (i.e., MO layer 2 and the oxide-oxide interface) on
the LMO side. Thus we get a giant magnetoelectric effect!
We have considered C; values ranging from 0.24 to 0.31 and
obtained magnetoelectric effect for various threshold electric
field values. Changing C; is physically equivalent to changing
the effective nearest-neighbor electron-hole attraction. Thus a
smaller C; value of 0.24 indicates a lower effective nearest-
neighbor electron-electron repulsion, which requires a larger
external electric field strength of 400 kV/cm to generate
enough holes on the LMO side and, consequently, flip the
magnetization of layer 1. Obviously, for the larger value
C, = 0.31, sufficient number of holes are already present in
the LMO system and layer 1 becomes ferromagnetic when a
smaller E. (=100 kV/cm) is applied. At still larger values of
Cy,ie., C; > 0.32, the LMO side is completely ferromagnetic
even in the absence of an external field.

III. NUMERICAL APPROACH

Here, in this section, we construct a detailed 2D
model Hamiltonian and study it numerically for the
charge and magnetic profiles and the coupling be-
tween them. Our (Ins.)/(LaMnQOs3),/Int./(CaMnO3),/(Ins.)
heterostructure depicted in Fig. 1, for the treat-
ment in this section, involves even number of MnO,
planes. Here we can have the following arrangement:
Ins./(LaO-MnO), /(La; »Ca; ,0)/(MnO,-CaO), /Ins.

Here, the Interface is composed of La;/;Ca; 2O (which is
nonmagnetic) and has 0.5 +ve charge per unit La;,Ca; 0.
There is no polar catastrophe as any excess charge at
the Ins./LaO interface can be neutralized by a gate
potential. Each unit cell on LMO side, comprising of
[(LaO);2MnO,(La0);,], is charge neutral.

A. Model Hamiltonian

In a 2D heterostructure (involving only a few 2D layers
of both manganites), as mentioned in Sec. II, we expect only
a single narrow-width polaronic band to be relevant [42]. For
our numerical treatment of a 2D lattice (with /; rows and /,
columns), we employ the following one-band Hamiltonian:

H= HKE+HI;H{+HSE+HCOUI+HV' (13)

0]

The kinetic energy term Hkg is given by

Hxg = —te8 Z [cos (%)cﬂc, + H.C.], (14)

(i.J)
where ¢ is the hopping amplitude that is attenuated by
the electron-phonon coupling g and c¢; is the e, electron
destruction operator; furthermore, cos(f;;) is the modulation
due to infinite Hund’s coupling between the itinerant electrons
and the localized t,, spins with ;; being the angle between two
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localized S = 3/2 spins at sites i and j [48,49]. As mentioned
in Ref. [42], in a two-band picture, for intermediate-bandwidth
systems such as LCMO, the upper broad band becomes
relevant in three dimensions (3D) at lower temperatures. In
q2D, the upper band does not overlap with the lower polaronic
band where essentially all the electrons are localized; in 2D,
width of the upper band is two-thirds the width of the upper
band in 3D. In narrow-band systems such as Pr;_,Ca,MnOj3
(PCMO), no metallic nature is observed for x < 0.5; we infer
that the upper band in PCMO does not overlap with the lower
band even at low temperatures. The width of the upper band
of PCMO in 3D is about two-thirds that of LCMO in 3D. Thus
we are justified in considering a very narrow single band in
our LMO-CMO heterostructure.

The second term H;gf in Eq. (13) is the mean-field version
of Hp, in Eq. (1) and 1s expressed as

1 cos <%>]

mf __ 1 2
Hpol = _|:Vepg wo + g2w0

x Y[ = 2ni{nigs) + i) (nigs)l,  (19)
i,6

where (n;) = (cjci) refers to the mean number density at site
i. A derivation of Hxg + Hpo is given in Ref. [46]; however,
for simplicity, here we have ignored the effect of next-nearest-
neighbor hopping. The next term Hgg in Eq. (13) pertains
to the superexchange [50] term, which generates A-AFM in
LaMnOj3; and G-AFM in CaMnOs; thus on the LaMnOs side,
it is given by

HE® = —Jyy Y cos@ij) + J. Y _ cos(@;),  (16)

(i d)xy (i.j):

while on the CaMnOs side, we express it as
HEm = J, Zcos(e,»j). A7)

(i)

In the above superexchange expressions, the magnitude of the
S = 3/2 spins is absorbed in the superexchange coefficients
Jxy and J;. Our magnetic picture reproduces the bulk behavior
in LMO and CMO in regions away from the holes. In bulk
LCMO, at intermediate doping 0.1 < x < 0.5, the region is
ferromagnetic; this can be explained as due to an electron and
a hole on adjacent sites being ferromagnetically coupled (see
Ref. [42]). Similar to the bulk, in our heterostructure as well, a
strong ferromagnetic interaction exists between a NN electron-
hole pair; this ferromagnetic interaction is much stronger than
the magnetic interactions corresponding to A-AFM and G-
AFM. Thus (unlike in Ref. [34], where the boundary conditions
are enforced to be A-AFM on LMO side and G-AFM on CMO
side) we assume A-AFM on LMO side and G-AFM on CMO
side in regions that do not contain any minority carriers (i.e.,
holes on LMO side and electrons on CMO side).

In Eq. (13), the Coulomb interaction is accounted for
through the term H,qy as follows:

(nj)—2; (ni){n;)
Heou = Vs i +at i| —=———= -,
coul S Xl:l’l o Z |:n ( |ri — rj| 2|ri — rj|

i#]

(18)
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where the first term on the right-hand side (RHS) is actually
the on-site Coulomb interaction between an electron and a
positive ion that yields the bound state of an electron and is
therefore applicable only to the LMO side. The remaining
term on the RHS of Eq. (18), denotes long-range, mean-field
Coulomb interactions between electrons as well as between
electrons and positive ions. Here, Z; represents the positive
charge density operator with a value of either 1 or 0 and |r; —
7j| is the distance between lattice sitesi and j. Furthermore the

dimensionless parameter o = ;-
of the Coulomb interaction. Lastly, in Eq. (13), the term Hy
represents the potential felt at various sites due to an externally
applied potential difference (V) between the two insulator
edges (see Fig. 1):

12 I3

I-1
Hy=Veu Y Y |:1 - ( >:|"I+(K—1)12, 19)

I=1 K=1

where I represents the layer (or column) index with /, denoting
the number of layers, i.e., the number of sites in z direction; K
represents the row index with /; denoting the number of rows,
i.e., the number of sites in a layer.

B. Calculation procedure

We consider a 2D lattice involving a few layers (columns)
of LMO and CMO and study magnetoelectric effect. The
lattice does not have periodicity in the direction normal to
the interface of the heterostructure (i.e., z direction). On the
other hand, to mimic infinite extent in the direction parallel
to the interface of the heterostructure, we assume periodic
boundary condition in that direction. We employ classical
Monte Carlo with the METROPOLIS update algorithm to obtain
the charge and magnetic profiles for our 2D lattice. To
tackle the difficult problem of several local minima that are
close in energy, we take recourse to the simulated annealing
technique. To arrive at a reasonable charge profile at energy
scales much larger than the superexchange energy scale, we
treat the problem classically (i.e., fully electrostatically) by
considering only the Coulomb term (H.y), the external-
potential term (Hy), and the electron-phonon-interaction term
[H;;f(@,- ; = 0)] as these are the dominant energy terms in the
Hamiltonian. The Coulomb term is subjected to mean-field
analysis (as mentioned before) and the system generated

potential ot Zi# ”’ ’) [51] in Eq. (18) is solved self-

consistently. This is elqulv‘alent to solving the Poisson equation
[52].

Next, to arrive at the final charge and magnetic con-
figurations, we treat the system quantum mechanically by
starting with an initial configuration comprising of the charge
configuration generated classically (by the above procedure)
and an initial random spin configuration. We now consider
the full Hamiltonian, where hopping term (Hkg) and spin
interaction energy act as perturbation to the classical dominant
energy terms [ Heoy, Hy, and H;;f(@,- ; = 0)], thereby allowing
for a small change in the number density profile and determine
the concomitant magnetic profile. For the classical t,, spins
55 = (sin6; cos ¢;, sin G; sin ¢;, cos 6;) that are normalized to
unity, the cos(f) and ¢ values are binned in the intervals
(—1,1) and (0,2), respectively, with equally spaced 40 values
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of cos(f) and 80 values of ¢, hence yielding a total of 3200
different possibilities.

In our calculations, we employ the parameter values
t=0.1eV, g =2and?2.2, and wy = 0.07 leading to a small
parameter value ﬁtg o < 1. For our manganite heterostructure,

lattice constant a = 4/0\, dielectric constant ¢ = 20, magnetic
couplings J; = 1.00 meV and J,,/J, = 1.39; we take the pre-
factors [in Eq. (15)] v, = 0.3 and 5, = 0.25. The coefficient
in Eq. (18) is taken to be V; = —3«a for € = 20; hence the
confining radius for the e, electronis 1.33 A, which is less than
half the lattice constant [53,54]. It is important to point out that,
since the work function (WF) of CaMnOs is larger than the WF
of LaMnOs; (by about 1 eV as given in Table IV of Ref. [57]),
we get electrons flowing from LaMnO; to CaMnO3 [58]. We
approximate WFcyvo — WFLMo to be given by the sum of the
nearest-neighbor repulsions due to electron-phonon coupling
[which is order of polaron-energy x coordination-number]
and the on-site Coulomb energy V,. External potential
differences V., corresponding to external electric fields
Eext =300 and 400 kV/cm (which are less than the
breakdown field in LCMO [59]), are applied to study changes
in the magnetization profiles.

The simulation (involving the charge and spin degrees of
freedom) is carried out using exact diagonalization of the
total Hamiltonian in Eq. (13). The spins are annealed over
61 values of the dimensionless temperature [kBT/(te’gz)],
in steps of 0.05, starting from 3 and ending at 0.05 with
15 000 system sweeps carried out at each temperature. Since
hopping energy te 8 > Jyy, the inclusion of the spin degrees
of freedom certainly commences at temperatures kg7 > Jy,.

Furthermore, the endpoint kg7 = 0.05t¢¢" is sufficiently
small to correspond to the ground state of the system. Each
sweep requires visiting all the lattice sites sequentially and
updating the spin configuration at each lattice site by the
standard Metropolis Monte Carlo algorithm. We are also
allowing the charge degrees of freedom to relax by treating
the problem self-consistently. So, at the beginning of each
sweep, the Poisson equation is solved additionally to make sure
that the number densities have converged and this is achieved
with an accuracy of 0.001. Finally, averages of the various
measurables in the system are taken over the last 5000 sweeps
in the system.

C. Results and discussion

For numerical simulation, we consider two lattice sizes,
namely, 12 x 6 and 12 x 8 with number of rows /; = 12 and
number of layers (columns) /[, = 6 or 8. Here, all the Mn
sites in each layer belong solely to either LMO or CMO. This
is in contrast to the continuum approximation employed in
Sec. II B to obtain the charge profile analytically. In Sec. II B,
by exploiting the symmetry of the interactions of the minority
carriers on both sides of the LMO-CMO interface, we derived
the charge profile with charge density always (n) = 0.5 at
the interface; this corresponds to a system comprising of odd
number of MnO, layers with the interface MnO, layer being
shared equally by the LMO and CMO sides.

We consider various situations in our lattices. First, we
analyze the case of excluding electron-phonon interaction;
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FIG. 4. Layer-averaged charge density (n(/)) and layer-averaged
per-site magnetization (m(I)) (of t,, spins normalized to unity)
for a symmetric 12 x 8§ LMO-CMO lattice when electron-phonon
interaction is zero; J, = 0.01¢ and J;,/J; = 1.39; T = 0.0017; and
when (a) external electric field E.x, = 0 and (b) 400 kV /cm.

consequently, the Hamiltonian of interest is that given by
Eq. (13), but without the H Igf term. Next, we study the charge
and magnetic profiles predicted by the total Hamiltonian of
Eq. (13) for the symmetric situation (of equal number of
LMO and CMO layers) and for different sizeable values of
the electron-phonon coupling, i.e., for g = 2 and 2.2. Lastly,
we examine the impact on the magnetoelectric effect due to
the asymmetry in number of LMO and CMO layers.

1. No electron-phonon interaction and E. = 400 KV/cm

Here, without the electron-phonon interaction, the hopping
amplitude 7 is not attenuated by the factor e~ * and the ground
state is a superposition of various states in the occupation
number representation. The electrons are not localized and we
do not need to employ simulated annealing; the calculations
were performed at a single temperature kg7 = 0.0017 on
a symmetric heterostructure defined on a lattice with equal
number of layers on the LMO side and the CMO side.
Furthermore, the charge density profile is essentially dictated
by the Coulombic term in Eq. (13); the kinetic term and
the superexchange term have a negligible effect. Thus, we
have density close to 1 on the LMO side and an almost zero
density on the CMO side. Now, when a large electric field
(400 kV /cm) is applied, a small amount of charge gets pushed
across the interface. Then, since the kinetic term is much
larger than the superexchange term, double exchange tries to
ferromagnetically align the spins and, as shown in Fig. 4, we
get a large change in the total magnetization of 7, spins of the
system, i.e., 0.91/site for the 12 x 8 lattice when 5, spins are
normalized to unity.

Keeping the temperature fixed at 0.001¢, if we now double
the value of J; to 0.02¢, while retaining the magnetic-coupling
ratio Jy,/J, = 1.39, it is found that that the magnetoelectric
effect disappears completely. Owing to the larger superex-
chage interaction, there is only a small change in the density
on the LMO and CMO sides. Consequently, superexchange
dominates over double exchange, thereby making the system
totally antiferromagnetic (i.e., similar to the bulk, the LMO
side is A-AFM and the CMO side is G-AFM). Furthermore,
even after the application of a large external electric field

% ’ I w-a <n(I)> aa<m(l)>
ea<m(l)>

w-a <n(l)>

A
Layer Index (I) Layer Index (I)
@ (b)

FIG. 5. Layer-averaged charge density (n(/)) and layer-averaged
per-site magnetization (m (1)) (of t,, spins normalized to unity) for a
symmetric 12 x 8§ LMO-CMO lattice when electron-phonon interac-
tion g = 0; superexchange J, = 0.02¢ and coupling ratio J,/J, =
1.39; T = 0.001¢; and when (a) E. = 0 and (b) 400 kV/cm.

(i.e., Eexe =400 kV/cm), there is practically no change in
the magnetization as demonstrated in Fig. 5.

Next, on retaining the superexchange interaction values
of J;=0.01r and J,,/J. = 1.39, when the temperature is
increased from 0.001z to 0.01z, the disordering effect of
the temperature dominates over superexchange making the
magnetic profile lose its oscillatory nature on the LMO
side [as can be seen by comparing Figs. 6(a) with 4(a)].
On the application of a sizable external electric field (i.e.,
E = 400kV /cm), minority carrier density increases on both
LMO and CMO sides. However, the disordering effect of the
enhanced temperature diminishes the double exchange effect,
thereby producing only a modest increase in the magnetization
on both the LMO and CMO sides [see Figs. 6(b) and 4(b)].

In manganites, the electron-phonon interaction is quite
strong and leads to sizable cooperative oxygen octahedra
distortions. Hence, to get a more realistic picture, we switch
on this interaction and study its effect on the system. Then, the
hopping amplitude ¢ is attenuated by the factor ¢~¢" and the
electrons are essentially localized. Consequently, the states
are more or less classical in nature with number density at
each site close to 1 (i.e., >0.99 from our calculations) or

> t t
J,=0.016; T=0.01t J,=0.016 T=0.01t

LMO CMO LMO CMO
T

12 X 8 lattice; g=0; E,_ =0 l ‘12 X 8 lattice; g=0; E_ =400 kV/em

T T 1
oo <m(l)>
wa <n([)>
- 05 = =
0 - 3
0.5F 1 -0.5F B
-1 é L L L 1 Il -1 L L L L L L
3 4 5 6 8 1 2 3 4 5 6
Layer Index (I) Layer Index (I)

() (b)

FIG. 6. Layer-averaged charge density (n(/)) and layer-averaged
per-site magnetization (m([)) (of normalized-to-unity f,, spins) for
a symmetric 12 x § LMO-CMO lattice when g =0; J, = 0.01¢
and J,,/J, = 1.39; enhanced temperature T = 0.01¢; and when (a)
Ee« = 0 and (b) 400 kV /cm.
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FIG. 7. Ina 12 x 8 symmetric lattice, when the electron-phonon
interaction strength g = 2.0, (a) when the external electric field
E. = 0, the layer-averaged profiles of charge density (n(/)) and
magnetization (m([)) (of the ,, spins normalized to unity); (b) when
the external electric field E.y = 0, schematic occupation-number
representation of ground-state charge configuration in the lattice;
(c) when a large external electric field E.x, = 300 kV/cm is applied,
modified layer-averaged charge density (n(/)) and layer-averaged
magnetization (m(I)) (of the #,, spins normalized to unity) for various
layers in the lattice; and (d) when E. = 300 kV/cm, reorganized
ground-state charge configuration.

close to O (i.e., <0.01 from our numerics); the state of the
system can be represented by a single state in the occupation
number representation. As discussed in Sec. III B, we employ
simulated annealing; we arrive at the charge and magnetic
profiles reported in the subsequent Secs. III C 2-II1 C 6.

2. Symmetric 12 x 8 lattice with g = 2.0 and E. = 300 kV/cm

We now consider a symmetric 12 x 8 lattice with four
layers of LMO and another four layers of CMO as shown in
Fig. 7. We find charge modulation in z direction on both sides,
with neutral layers (free of minority carriers) sandwiched
between charged layers (with minority carriers). The layers at
the interface have the largest number of minority carriers with
electrons and holes on alternate sites since contributions from
both Hyo and Heoy [given by Egs. (1) and (18)] are minimized
for this arrangement. Layers 1 and 8, being the farthest from
the LMO-CMO interface, are devoid of any minority carriers
and retain the expected bulk charge distribution of LMO
and CMO. We will now explain the charge modulation as
follows. We compute the energy E.oy electrostatically for the
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FIG. 8. Charge modulation due to Coulomb interaction Hy, in
a one-dimensional symmetric LMO-CMO lattice. The number of
neutral layers/sites is x.

one-dimensional chain in Fig. 8 using H,q, in Eq. (18), with
lattice constant taken as unity and the number of the neutral
layers/sites as x. Then

1 1 1 1 1
Ecoul= - — —1-
x+1 x+2 2x+4+3 x+2 x+1
2 2 1

SYHl xt2 m+s ! 0
If we plot E.oy as a function of x, we find that it drops rapidly
till x = 1 and attains its minimum value gradually somewhere
between x = 6 and 7. Similarly, we expect neutral layers to
be present in 2D also and conclude that the charge ordering
sets in due to electrostatic Coulomb energy minimization.

In Fig. 7, the interface is fairly polarized since the ar-
rangement of electrons and holes on alternate sites produces a
strong ferromagnetic coupling between the spins on these sites
as Jon > Jyy > J;. Furthermore, again due to ferromagnetic
couplings Je, and J, on the LMO side, the interfacial MnO,
layer polarizes the neutral layer 3 adjacent to it. Layer 1 is
polarized in the direction of layer 3 due to antiferromagnetic
coupling J;. On the CMO side, layer 6 is antiferromagnetic
based on the charge configuration; layer 8, as expected, is also
fully antiferromagnetic. As regards the case of zero electric
field shown in Figs. 7(a) and 7(b), since layer 3 is antiferromag-
netically connected to layer 2, layer 2 shows a small negative
magnetization with the magnitude diminished due to the
presence of a few (i.e., 3) holes in this layer. On the application
of a large electric field E¢ = 300 kV/cm, as displayed in
Figs. 7(c) and 7(d), the number of minority carriers increases
in both layer 2 and layer 7. Consequently, the magnetization
increases in these layers. On the application of the external
electric field, there is an overall increase in the magnetization
(of normalized-to-unity t,, spins) by 0.17/site leading to a
giant magnetoelectric effect (as can be seen in Fig. 9)

A study of the total magnetization with temperature for
various external electric fields (i.e., Ex increased in steps of
100 kV/cm from 0), as depicted in Fig. 9, reveals that we need
a threshold field ~300 kV/cm to get a fairly large increase
in the total magnetization. Only above the threshold value,
the density of minority charges increases and the resulting
charge configuration is modified; correspondingly, the spin
configuration gets altered too. Above 300 kV/cm, the charge
configuration gets frozen for consecutive higher electric fields
up to 600 kV/cm and no change in the magnetic profile can
be expected. Although it may seem that much higher electric
fields will further change the magnetization, they will actually
produce a breakdown.
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FIG. 9. Total magnetization as a function of temperature for
various E. in a 12 x 8 lattice when electron-phonon coupling g =
2.0. Figure shows that an enhancement in magnetization occurs for
electric fields E.y, = 300kV/cm, whereas below this threshold value,
total magnetization does not change from its value at Ey, = OkV/cm.
The magnetoelectric effect is reasonably large at temperatures below
0.5te™¢" (~10K).

3. Symmetric 12 x 8 lattice with g = 2.2 and E¢y = 0

Here we would like to point out that the charge and magnetic
profiles, when the electron-phonon coupling g is strong and
the external electric field is zero, are similar to the profiles
when the coupling g is weak and the external electric field
is strong. In fact, as can be seen from Figs. 10, 7(c), and
7(d), for g = 2.2 and E.x = 0, we get the same charge profile
as when g = 2.0 and E = 300 kV/cm; the corresponding
magnetic profiles in the two cases differ slightly because the
ferromagnetic coupling values J, = yezpt2 /(g%wy) are slightly
different.

4. Symmetric 12 x 6 lattice with g = 2.2 and E . = 400 kV/cm

Since the electron-phonon interaction is stronger here (i.e.,
g = 2.2) compared to the situation in Sec. III C 2, even without

|12 X 8 lattice; g=2.2; E_ = 0|
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FIG. 10. Result of enhanced electron-phonon coupling g = 2.2
and zero electric field, in a symmetric 12 x 8 lattice, on (a) layer-
averaged charge density (n(/)) and layer-averaged magnetization
(m(I)) (of the t,, spins normalized to unity), and (b) ground-state
charge configuration.
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FIG. 11. In a symmetric 12 x 6 lattice, for enhanced coupling
g =2.2, (a) at zero electric field, layer-averaged charge density
(n(I)), and layer-averaged magnetization (m(I)) of #,, spins nor-
malized to unity; (b) at E. = 0, ground-state configuration; (c)
at strong external electric field E. = 400 kV/cm, layer-averaged
charge density (n(/)) and layer-averaged magnetization (m([)) of
t), spins normalized to unity; (d) at E.q =400 kV/cm, charge
configuration in the ground state.

the application of an external electric field, the concentration
of minority carriers is higher (on both LMO side and CMO
side) as can be seen from Figs. 11 and 7. Again, as depicted
in Figs. 11(a) and 11(b), the interfacial MnO, layers (i.e.,
layers 3 and 4) have electrons and holes on alternate sites
resulting in full ferromagnetism. Here, we have fewer layers
compared to the case in Sec. IIIC2; there is no charge
modulation in z direction because shifting the holes from
layer 2 to layer 1 increases the number of nearest-neighbor
repulsions due to electron-phonon interactions. Layers 2 and
5 also have a sizable density of minority carriers (i.e., 1/3).
Consequently, layer 2 is polarized due to its proximity to layer
3 and the ferromagnetic couplings Je, and Jy,; contrastingly,
the combination of J, and the antiferromagnetic coupling J,
lead to a smaller polarization in layer 5. Layer 1, due to its
proximity to layer 2 (with sizable concentration of holes), is
also partially polarized. On the application of a large electric
field (Eexe = 400 kV/cm), as portrayed in Figs. 11(c) and
11(d), the concentration of holes further increases in layers
2 and 5 leading to a full ferromagnetic alignment of these
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layers with layers 3 and 4. Furthermore, layer 1 also gets
more polarized. On the whole, the total magnetization (of
normalized-to-unity 5, spins) increases by ~0.17/site thus
producing a giant magnetoelectric effect.

We will now make an important observation pertaining to
the positive charge (Z;) configuration near the interface. As
mentioned before for the heterostructure, we considered the
following arrangement with an even number of MnO, planes:
Ins./(LaO-MnO,), /(La; »Ca; ,0)/(MnO,-Ca0O), /Ins. Here,
the Interface is composed of La;,»Ca;,;O and has 0.5 +ve
charge per unit La;/»Ca;,O. In all our calculations we have
used Z; = 1 on the LMO side and Z; = 0 on the CMO side.
Now, the values of Z; used are exact for unit cells that are not
adjacent to the interface. However, for the unit cell adjacent
to the interface on the LMO (CMO) side Z; =1 (Z; = 0) is
an approximation and strictly speaking it should be Z; = 0.75
(Z; = 0.25) as will be explained below. Each unit cell on the
LMO side, excluding the unit cell at the interface, comprises of
[(LaO);2MnO,(La0); ;] and has 1 +ve charge, i.e., Z; = 1;
on the other hand, [(LaO);,»MnO;(La;/»Ca;,20),2] is the
unit cell at the interface on the LMO side and has 0.75 +ve
charge, ie., Z; = 0.75. Next, on the CMO side, excluding
the unit cell at the interface, each unit cell comprises of
[(Ca0);,2,MnO,(Ca0); ;] and has 0 +ve charge, i.e., Z; = 0;
contrastingly, [(La; ,Ca;20)12MnO,(Ca0); > ]is the unit cell
at the interface on the CMO side and has 0.25 +ve charge,
i.e., Z; = 0.25. Thus, at the interface, we have the situation
Z; =0.75|Z; = 0.25instead of Z; = 1|Z; = 0 as previously
assumed [60].

We will now demonstrate that, even if intermixing of
La and Ca ions is allowed to obtain Z; = 0.75|Z; = 0.25
at the interface, ground-state charge configuration identical
to that of the Z; = 1|Z; =0 case can be obtained for a
slightly lower strength of electron-phonon interaction (i.e.,
lower nearest-neighbor repulsion) when the same external
electric field is employed; this is because the electrons are
less confined to the LMO side in the Z; = 0.75|Z; = 0.25
case. Consequently, as shown in Fig. 12, a slightly smaller
magnetoelectric effect is observed. We note that Vj is scaled
proportional to the values of Z; in the two lattice layers at
the interface. For the Z; = 0.75|Z; = 0.25 case, we find
that there is an overall increase in the magnetization (of
normalized-to-unity #,, spins) by 0.16/site (implying a giant
magnetoelectric effect), which is only slightly smaller than the
previous result of 0.17/site for the Z; = 1|Z; = 0 case. To
get the same ground-state charge configuration obtained when
g =2.2forthe Z; = 1|Z; = 0 case, a lower electron-phonon
strength of g =2 suffices for the Z; =0.75|Z; =0.25
case.

From the magnetization profile in Fig. 12, for the situations
when an external electric field is not applied as well as when
it is applied, one can clearly see that there is in general a
slight increase in the magnetization for all the layers in the
Z; =0.75|Z; = 0.25 case as compared tothe Z; = 1|Z; =0
case (see Fig. 11). This is because with the lowering of the
coupling g for the Z; = 0.75|Z; = 0.25 case, the strength

of the polarizing part of H];gf[i.e., yezptz cosz(%)/(gza)o)]

increases; hence the magnetizing effect of the electron-phonon
interaction also gets enhanced.
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FIG. 12. In a symmetric 12 x 6 lattice, for reduced cou-
pling g =2.0 and for the heterostructure Ins./(LaO-MnO,),/
(La;2Ca;20)/(MnO,-Ca0),/Ins. with Z; = 0.75 (Z; = 0.25) for
the layer adjacent to interface on the LMO (CMO) side, (a) at zero
electric field, layer-averaged charge density (n(/)) and layer-averaged
magnetization (m (1)) of t,, spins normalized to unity; (b) at Ecyy = 0,
ground-state configuration; (c) at strong external electric field Ecx, =
400 kV /cm, layer-averaged charge density (n(/)) and layer-averaged
magnetization (m([)) of t), spins normalized to unity; and (d) at
E.« = 400 kV /cm, charge configuration in the ground state.

Lastly, it should be noted that (as expected) the magnetic
profiles obtained here in Figs. 11 and 12 are quite similar
to those in Figs. 2 and 3; on the other hand, the agreement
between the charge profiles is not as good. On comparing the
analytic treatment with the numerical approach, we note that
the former makes a continuum approximation to obtain the
charge profile. If the number of layers is large compared to the
lattice constant, the continuum approximation is valid and
the prediction of the analytic approach will agree with the
more accurate numerical one. On the other hand, for a
small system such as a 12 x 8 system, charge modulation
is generated in the numerical approach unlike the analytic
case.

5. Asymmetric 12 x 8 system of two LMO layers and six CMO
layers with g = 2.0 and E = 300 kV/cm

We have an asymmetry here regarding the number of layers;
the LMO side has two layers whereas the CMO side has six
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FIG. 13. In asymmetric heterostructure defined on a 12 x 8
lattice with two layers of LMO and six layers of CMO, when
coupling g = 2.0, (a) at E = 0, layer-averaged charge density
(n(I)) and layer-averaged magnetization (m(/)) of normalized-to-
unity f,; spins; (b) at E. = 0, ground-state configuration; (c) at
E. = 300 kV/cm, layer-averaged charge profile (n(/)) and layer-
averaged magnetization profile (m(I)) of normalized-to-unity #,,
spins; and (d) at E,, = 300 kV /cm, ground-state configuration.

layers. For zero external electric field, as shown in Figs. 13(a)
and 13(b), the two interfacial MnO, layers 2 and 3 contain
perfectly alternate arrangement of electrons and holes; hence
the layers are fully polarized. Layer 1 is also ferromagnetically
aligned with layer 2 because of their proximity. Beyond layer
3, similar to the G-AFM order in bulk CMO, the CMO side
is antiferromagnetic, resulting in zero magnetization. Turning
on the sizable electric field Eex = 300 kV/cm, as depicted
in Figs. 13(c) and 13(d), leads to a few electrons from layer
1 ending up in a farther layer 7, as a result, the magnetic
polarons in layer 7 partially polarize it. It is interesting to note
that, here too charge modulation occurs due to the Coulomb
term H.oy as demonstrated through Eq. (20). There is an
overall increase in the magnetization (of normalized-to-unity
s spins) by 0.04/site; thus the magnetoelectric effect is
not huge.

6. Asymmetric 12 x 8 system of six LMO layers and two CMO
layers with g = 2.0 and E. = 300 KV/cm

Here, compared to the previous structure in Fig. 13, we
have the opposite asymmetric structure of 6 LMO layers and
2 CMO layers (see Fig. 14). Due to the asymmetry connection
between these two structures, we obtain a mirror image of the
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FIG. 14. Inasymmetric 12 x 8 lattice with six layers of LMO and
two layers of CMO, when electron-phonon interaction g = 2.0, (a) at
external electric field E,, = 0, layer-averaged electron density (n(1))
and layer-averaged magnetization (m(/)) of t,; spins normalized to
unity; (b) at E.y = 0, ground-state electronic configuration; (c) at
E = 300kV/cm, layer-averaged electron density (n(/)) and layer-
averaged magnetization (m([)) of t,, spins normalized to unity; and
(d) at Ee = 300 kV /cm, the ground state.

previous charge configuration for both with and without the
external electric field. The interfacial MnO, layers 6 and 7,
as expected, are totally ferromagnetic. Furthermore, layer 5 is
also ferromagnetically aligned with layers 6 and 7 due to the
ferromagnetic couplings Jep and Jy,. At zero external field [as
shown in Figs. 14(a) and 14(b)], similar to the bulk situation,
we have A-AFM on the LMO side up to layer 5; layer 8, similar
to the bulk CMO, is also antiferromagnetic. The minority
carriers, generated due to the external electric field Eey =
300 kV/cm [as shown in Figs. 14(c) and 14(d)], produce
magnetic polarons which increase the polarization. There is
an overall increase in the magnetization (of normalized-to-
unity #, spins) by about 0.1/site implying a large magneto-
electric effect. From the various symmetric and asymmetric
LMO-CMO configurations considered, we conclude that the
symmetric arrangement yields the largest magnetoelectric
effect.

Lastly, for both symmetric and assymetric heterostructures,
the dominant charge interactions (i.e., Coulombic interaction
and CEPI) lead to checkerboard order (i.e., alternating elec-
trons and holes) for the two layers at the interface. At the
interface, it is important to note that an electron in one layer is
next to a hole in the next layer. This scenario is not true in the
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bulk Lal/ZCal/zMnO3. In bulk Lal/ZCal/gMnO3, in z direction
(i.e., the direction perpendicular to the planes with zigzag
ferromagnetic chains that are coupled antiferromagnetically),
an electron in one orbital is above another electron in the same
orbital; this can support the experimentally observed CE-AFM
ordering. However, for the charge ordering that results at the
interface where an electron in one plane is next to a hole in
the next plane, CE-type spin order is not possible (because
ferromagnetic zigzag chains in one plane cannot lie exactly
over ferromagnetic zigzag chains in the next plane). On taking
the dominant charge interactions and the dominant magnetic
interactions (i.e., electron and hole on adjacent sites being
ferromagnetically coupled), we get ferromagnetic layers at the
interface.

In Ref. [34], since they ignore CEPI (which produces large
nearest-neighbor repulsion), they do not get a charge ordering
where an electron in one plane at the interface is next to a
hole in the next plane at the interface. Additionally, it should
also be noted that a hole (in the plane at the interface on the
LMO side) prefers to be next to an electron (in the plane at
the interface on the CMO side) due to attractive Coulombic
interaction.

IV. CONCLUSIONS

We used the heuristic notion that, when the two Mott
insulators LMO and CMO are brought together to form a
heterostructure, one may realize the entire phase diagram
of La;_,Ca,MnOj across the heterostructure with the x = 0
phase occurring at the LMO surface at one end and evolving
to the x = 0.5 state at the oxide-oxide interface and finally to
the x = 1 phase at the other end of CMO. However, owing
to the reduced dimensions (namely, quasi-two-dimensions),
we expect only A-AFM and FMI phases on the LMO side.
On enhancing the minority carrier density (on both sides
of the interface) by using a sizable external electric field,
we showed that the FMI region can be further expanded
at the expense of the A-type AFM region on the LMO
side and the G-AFM domain on the CMO side, thereby
producing a giant magnetoelectric effect. It is important to
note that the system behaves like an anisotropic solid: for
a given average density in a layer, the minority charges by
and large order periodically and as far apart as possible;
the Coulombic interaction and the CEPI dictate how the
charge arrangement of one layer adjusts itself with respect
to the configuration in another layer. Furthermore, the two
layers at the interface are ferromagnetically ordered as they
are at half-filling. When electric fields are introduced in the
system, the minority charge density away from the interface
gets enhanced leading to charge reordering; consequently, the
magnetization away from the interface changes layer by layer
resulting in an increase in the total ferromagnetic moment. This
scenario is key to the understanding of the magnetoelectric
effect.

We would like to point out that the model in Sec. III is
not applicable in three dimensions because upper wide band
becomes relevant (see Ref. [42]); consequently, states such as
the ferromagnetic metal in LCMO cannot be realized using
this model. Furthermore, long-range Coulomb interactions are
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not very important to explain the gross features of the phase
diagram in the three-dimensional bulk system.

As a guide to designing magnetoelectric devices, we find
that symmetric heterostructures with equal number of LMO
and CMO layers yield larger magnetoelectric effect compared
to asymmetric heterostructures with unequal number of LMO
and CMO layers. It should also be noted that this heterostruc-
ture/device can be used near helium liquefaction temperatures;
on the other hand, the magnetoelectric function disappears
before nitrogen liquefaction temperature is attained.

We also would like to mention that if a
superlattice were formed from the heterostructure
(Ins.)/(LaMnOs), /Int./(CaMnO3), /(Ins.), then the dipoles
from each repeating heterostructure unit will add up to
produce a giant electric dipole moment; furthermore,
this superlattice will also realize a giant magnetoelectric
effect. On the other hand, if the insulator layers were not
present, the superlattice formed from the repeating unit
(LaMnO3), /(CaMnO3),,, would not produce a large electric
dipole as the charge from LMO can leak to CMO on both sides
leading to a small net dipole moment. More importantly, the
(LaMnO3),/(CaMnOs),, superlattice will also not generate a
giant magnetoelectric effect as an applied electric field will
not alter much the total amount of charge in LMO or CMO;
this is because charge leaked by LMO to CMO on one side is
replaced by CMO on the other side.

Based on the above arguments, it should be clear that,
compared to experiments involving superlattices where al-
loy/bulk effect vanishes when the thinner side of the repeating
unit has more than two layers, in our heterostructure bulk
nature should vanish when the thinner side has more than
one layer. Thus, in the superlattice (LaMnO3),,/(StMnO3),
studied in Ref. [22], the metallic behavior (corresponding
to bulk Laje7Sro33Mn0O3) disappears for n > 2 and is re-
placed by insulating behavior; whereas, in the heterostructure
(Ins.)/(LaMnO3);, /Int./(StMnO3), /(Ins.), we expect insu-
lating behavior for n > 1. This observation supports our
assumption that, in our q2D LMO-CMO heterostructures
(corresponding to LCMO that has a narrower bandwidth and
a stronger electron-phonon coupling compared to LSMO),
only a single narrow-width polaronic band is pertinent.
Additionally, interfacial roughness (if considered) will further
reduce the bandwidth and suppress metallicity.

Lastly, it should also be pointed out that, in a realistic
situation, we have electron-electron repulsion (produced by co-
operative electron-phonon interaction) and double-exchange
generated ferromagnetic coupling extending to next-nearest-
neighbor sites [61] leading to a larger magnetic polaron and
thus producing a stronger magnetoelectric effect compared to
what our calculations reveal.
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(for € = 20) and 12 (for ¢ = 5 producing weak screening) when
the confining radius is a/3.

As regards the effective value of the Hubbard U, we know that
the occupancy in the d bands is very largely screened locally
either by the change of occupancy in the s bands (in a metal),
or by the oxygen ligands [55]. So while the d occupancy can
change substantially, the actual charge on the positive ion does
not. This is what allows the low energies of polaron physics to be
relevant in manganites. In an effective one- or two-band model,
all of this screening is subsumed into the interactions [56].
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Regarding the charge discontinuities at an interface, the pol-
arization (13) discontinuity between the LMO side and the
CMO side is fixed topologically. Overall difference across the
interface does not depend on diffusion of cations near the
interface provided the length of diffusion is much smaller than
the thickness of the heterostructure and as long as total atoms are
conserved. This charge discontinuity is unscreenable in total; the
discontinuity produces electric fields (since V - P # 0), though
whether or not it is best modeled by a sudden drop from 1
to 0 or an intermediate roll-off (via fractional charges) is a
matter of getting detailed atomic relaxations right. The most
important point is not the detailed arrangement of charge at
the interface, but the total effective charge across the interface
(producing polarization discontinuity), which as said above,
is topological (see Ref. [4] for details); for our situation the
polarization discontinuity is small.
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