RAPID COMMUNICATIONS

PHYSICAL REVIEW B 88, 140404(R) (2013)

Full control of magnetism in a manganite bilayer by ferroelectric polarization
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An oxide heterostructure made of manganite bilayers and ferroelectric perovskites is predicted to lead to the
full control of magnetism when switching the ferroelectric polarizations. By using asymmetric polar interfaces
in the superlattices, more electrons occupy the Mn layer at the n-type interface side than at the p-type side. This
charge disproportionation can be enhanced or suppressed by the ferroelectric polarization. Quantum model and
density functional theory calculations reach the same conclusion: a ferromagnetic-ferrimagnetic phase transition
with maximal change >90% of the total magnetization can be achieved by switching the polarization’s direction.
This function is robust and provides full control of the magnetization’s magnitude, not only its direction, via
electrical methods.
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Introduction. The control of magnetism using electric fields
is a scientifically challenging and technologically important
subject that has attracted considerable attention in recent years.
Compared with single-phase multiferroics (MFE), which typically have a relatively poor performance, composite systems
based on oxide heterostructures involving ferroelectric (FE) (or
MFE) and ferromagnetic (FM) materials provide more practical alternatives.1–3 For example, by using antiferromagnetic
(AF) MFE layers (e.g., BiFeO3 , Cr2 O3 , YMnO3 , etc.), the
exchange bias in FM materials attached to the heterostructure
can be modulated by the FE P ’s or domains.4–10 In addition, in
heterostructures magnetic anisotropies can be tuned by electrical methods, and currents in tunneling magnetic junctions
can be affected by the FE barrier layers that also manifest as
interfacial magnetoelectricity.11–16 Despite their success, from
the fundamental viewpoint these controls of magnetism are
relatively “weak” effects since the magnetic orders/moments
themselves do not change substantially but only their easy axes
or domain structures are rotated and tuned.
Alternatively, by using the emergent properties of correlated
electronic materials, more dramatic magnetoelectric (ME)
effects could be envisioned in oxide heterostructures.17 For
example, in FE-La1−x Srx MnO3 (LSMO) heterostructures, experiments have found giant changes in conductances triggered
by switchable FE P ’s.18–22 The associated physical mechanism
is believed to be the modulation by the FE field effect of the
local electronic density in manganites near the interfaces (see
Fig. 1).23–26 However, typically this effect can only penetrate
no more than three unit cells (u.c.) in manganites before
the effect is almost fully screened.23–26 Then, the proposed
magnetic phase transitions occur only within a few interfacial
layers, inducing a relatively small modification of the total
magnetization (M).18–22
Another issue of much relevance in oxide heterostructures
is the polar discontinuity, which is emphasized for interfaces
between insulators (e.g., LaAlO3 -SrTiO3 ).28 But this effect is
often neglected in heterostructures with conductive components, e.g., LSMO, since it will be screened within a few u.c.
similar to that in the FE field effect.
Model system. In this Rapid Communication, by reducing
the thickness of the manganite component to bilayer size, both
1098-0121/2013/88(14)/140404(5)

the FE field effect and polar discontinuity become prominent
despite the metallicity of the manganite. A direct advantage of
bilayers is the maximized interface/volume ratio (up to 100%)
for manganites that allows each manganite layer to be fully
controlled by the FE P . More importantly, the neighboring
asymmetric polar interfaces break the symmetry of the
FE field effect in periodic superlattices (SLs), conceptually
different from results in symmetric interfaces in SLs or single
interfaces in simple heterostructures. The asymmetric design
and ultrathin bilayers are crucial to achieving the full control
of magnetism reported in our study.
As our model system, SLs stacked along the conventional (001) direction made of R1−x Ax MnO3 -DTiO3
(D = divalent cation, R = trivalent rare-earth metal, and
A = divalent alkaline-earth metal) are here considered, as
sketched in Fig. 2(a). The manganite components are thin
involving only bilayers while the FE titanate is assumed to
be slightly thicker to maintain its P .20 Asymmetric polar
interfaces are used: the interfaces with TiO2 -R1−x Ax O-MnO2
and TiO2 -DO-MnO2 will be referred to as n-type and p-type
interfaces, respectively. The n-type interface, with a positively
charged (R1−x Ax O)(1−x)+ layer, will attract electrons to its
nearest-neighbor (NN) MnO2 layer, while the p-type interface
will repel electrons away from the interface. Therefore, even
without ferroelectricity the asymmetric interfaces already
modulate the electronic density and electrostatic potential
within the manganite bilayers.
When the FE P points to the n-type interface (the +P
case), the electrostatic potential difference between the two
MnO2 layers will be further split, thus enhancing the charge
disproportionation. However, when the FE P points to the
p-type interface (the −P case) the electrostatic potential
from the polar interfaces will be partially compensated, thus
suppressing the electronic disproportionation. The above processes are summarized in Fig. 2(b). In the ideal limit of the −P
case, if these two effects (asymmetric polar interfaces vs FE
P ) could be fully balanced, both the electrostatic potential and
electronic distribution in the manganite bilayers would become
uniform. By suitable combinations of couplings, this nearly
full compensation is possible since a robust FE perovskite
(e.g., PbZry Ti1−y O3 or Ba1−y Sry TiO3 ) has a large P , which is
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FIG. 1. (Color online) (a),(b) Sketch of FE-field effect. Arrows
denote the FE P ’s. Holes and electrons are attracted to the interfaces in
(a) and (b), respectively. (c) A simplified phase diagram of LSMO.27
x: doping concentration; T : temperature; RT: room-T . The FM region
is sandwiched between two AF regions.

equivalent to a surface charge of 0.1–1 electrons per u.c. that
can be tuned by adjusting the concentration y to fit the polar
charge (R1−x Ax O)(1−x)+ which is very similar in magnitude.
Below, this ideal −P case limit is adopted in the model simulations [with a FE surface charge (1 − x)/2 electrons per u.c.]
to achieve a clear physical scenario and magnify contrasting
effects when compared with the +P case. Deviations from
this ideal limit lead to qualitatively similar results in practice.
Methods. The two-orbital double-exchange model with
both the NN superexchange and electron-lattice coupling is
here employed for the manganite bilayer components.27 The
effects of the FE P and polar layers are modeled by an
electrostatic potential.25 A 6 × 6 × 2 cluster is used to simulate
the manganite bilayer. In-plane “twisted” boundary conditions
(BCs) are adopted in the zero-temperature (T ) self-consistent
calculations to reduce finite-size effects,30 while periodic BCs
are used in the computer time-consuming finite-T Monte Carlo
(MC) simulations. The average eg electronic density (n) in
the manganite bilayer is chosen as 0.7083, corresponding to a
regime that typically has a FM ground state in manganites. All
energies will be in units of t0 , the double-exchange hopping
amplitude (≈0.4–0.5 eV for LSMO).25,27 In addition, density
functional theory (DFT) calculations were performed on the
BaTiO3 -LSMO SL using the Vienna ab initio simulation
package (VASP).31,32 Details of the model Hamiltonian and
numerical methods are in the Supplemental Material.33
Zero-T self-consistent calculation. First, the electrostatic
potentials affecting the eg electrons and the associated eg

FIG. 2. (Color online) (a) Sketch of crystal structure.29
Green = D; red = O; cyan = Ti; purple = Mn; yellow = R1−x Ax . The
n-/p-type interfaces are indicated. Left/right are the −P /+P cases,
with switched magnetic orders (FM/AF). (b) The eg density (spheres)
and potential (bars) modulated by asymmetric interfaces (bricks) and
FE P (arrows).

FIG. 3. (Color online) Zero-T model simulation results. (a) The
ground-state phase diagram of manganite bilayers under ±P . The
middle (white) region is magnetically switchable by the FE P . Insets:
phase diagrams under +P (left) and −P (right). The dielectric
constant ε is represented by a Coulombic coefficient α ∼ 1/ε
(α = 1 corresponds to ε = 90).33 (b) The +P modulated electronic
densities of two interfacial layers with various manganite lengths
(L). Dashed line: the original density. For all large L (>2) cases,
the n-type interfaces own “high + high” density profiles while they
are “low + low” for the p-type ones, which can resemble phase
transitions in bulks. For only the L = 2 case, the density profile
is “high + low,” which cannot be mapped directly to the bulk’s phase
diagram.

densities (ni : i is the layer index) are calculated at T = 0
self-consistently via the Poisson equation and the model
Hamiltonian. Then, the energies of the FM and AF states are
compared to determine the ground state under ±P . As shown
in Fig. 3(a), in the −P case the ground state is FM if the
interlayer superexchange coupling Jc is smaller than 0.153. In
the +P case, the ground state is AF for a Jc larger than specific
values that depend on the dielectric constant (ε) of manganite
bilayers, all lower than 0.153 for all ε’s studied here. Therefore,
within the middle region the magnetic ground state can switch
from FM to AF by switching the direction of the FE P . Strictly
speaking, here the AF order is ferrimagnetic once the magnetic
moments from the eg electrons are taken into account, since
n1 > n2 . Thus, the magnetic switch occurs between a FM state
with strong MFM and an AF state with a much weaker MAF .
Even with this caveat, the variation in M created by the P
switch remains quite significant: 1 − MAF /MFM = 1 − [(3 +
n1 ) − (3 + n2 )]/[(3 + n1 ) + (3 + n2 )] = 92% ideally.
It is interesting to compare the magnetic switch effects
described here against the interfacial phase transitions studied
in thick manganite-FE heterostructures.23–26 As shown in
Fig. 3(b), in thick manganite layers the local electronic
densities of the first two interfacial layers can both be
substantially enhanced or suppressed by the field effect. Then,
the exchange coupling between the first two interfacial layers
can be intuitively guessed from the bulk’s phase diagram. For
example, if the local densities of both layers are close to unity,
it is natural to expect locally an A-type AF state.27 By contrast,
this expectation is unrealistic in the bilayer case, since once n1
is close to unity then n2 must be close to or below 0.5. In this
sense, the FE field effect in the bilayers is anomalous, with
strong interference effects between the n-/p- interfaces. And
the magnetic coupling between the n1 ≈ 1 and n2 ≈ 0.5 layers
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is unclear a priori. Thus, in spite of similarities, the underlying
mechanism of the magnetic switch in the bilayers studied here
is not qualitatively the same as for the phase transitions reported in thicker cases. Furthermore, due to the compensation
effect between the neighboring n- and p-type interfaces, the
charge modulation and electrostatic potential between the top
and bottom layers in bilayers are obviously weaker than for
thicker cases (more details in the Supplemental Material).33
Finite-T MC simulation. The calculations described thus
far relied on the comparison of energies between the ideal
FM and AF phases, which is intuitively correct but needs
confirmation using more powerful many-body techniques. In
the following, finite-T MC simulations will be employed to
confirm the previous results. The electron-phonon coupling
is also taken into account in the MC simulation. Here the
electron-phonon coupling coefficient is chosen as 1.2 and the
superexchange coefficients as Jab = 0.07 in-plane and Jc =
0.14 out-of-plane, which are realistic values from previous
studies of manganites.25,27
In this more rigorous approach, the switch from FM to AF
states is still observed. Figure 4(a) shows the layer-resolved inplane spin structure factors at wave vector (0,0) corresponding
to in-plane FM order. All curves show paramagnetic (PM) to
FM transitions although at different TC ’s. In the −P case, the
two layers transit synchronically since the electronic density
is uniform. By contrast, in the +P case, the two layers transit
separately. Thus, in the mid-T region, the first layer becomes
FM, but the second layer remains PM.
The averaged NN spin correlations between layers are
shown in Fig. 4(b). Clearly, with decreasing T the +P and −P

FIG. 4. (Color online) Results of MC simulations varying T for
both ±P . (a) Normalized spin structure factor at wave vector (0,0)
(corresponding to a FM order) for each layer. (b) Average NN spin
correlation (C12 ) between two layers. (c) Normalized M (m) of the t2g
spin textures. (d)–(f) Orbital patterns (top view) obtained from MC
simulations at T = 0.01. The size of the orbital lobes is proportional
to the local electronic density.

cases show opposite tendencies (AF vs FM coupling). Thus,
the transitions revealed in Fig. 4(a) are PM-FM for the −P
case but PM-AF (ferrimagnetic) for the +P case. The average
M’s of the t2g textures are presented in Fig. 4(c), which also
display a clear contrast. In the −P case, there is a peak in M in
the mid-T region suggesting a ferrimagnetic transition, with a
small but nonzero M up to low temperatures.
The TC ’s observed in these MC simulations are quite high.
For a rough estimation, if the TC of the bilayer (≈0.09) in the
−P case is used to fit the TC (≈375 K) corresponding to LSMO
(x ≈ 0.3),27 the upper-limit working T (≈0.07–0.08) for the
magnetic switch can reach up to 290–330 K. Also, if the energy
unit t0 is estimated to be ≈0.4–0.5 eV for LSMO,27 the upperlimit working T grows to 310–380 K. Both these estimations
suggest that our proposed setup works at room T . Of course,
finite-size extrapolations are difficult via time-consuming MC
techniques.
Compared with the T = 0 self-consistent calculation using
two preset candidate phases, the unbiased finite-T MC simulation is more reliable. For example, in our MC simulation, the
robust electron-phonon coupling is essential to stabilizing the
AF phase while it is not required in the T = 0 self-consistent
case. In bulk undoped manganites such as LaMnO3 , the
staggered 3x 2 − r 2 /3y 2 − r 2 orbital order (OO) associated
with the Jahn-Teller distortion is prominent and crucial for
the A-type AF state.27,34 This OO also plays an important
role here in the bilayers. As shown in Figs. 4(d) and 4(e),
the +P case displays different OOs for the two layers. The
first layer, which is close to the undoped case, shows the
3x 2 − r 2 /3y 2 − r 2 -like OO [Fig. 4(d)]. However, in the second
layer, with an average electronic density slightly below
0.5, another type of OO is present which agrees with the
x 2 − y 2 -type OO [Fig. 4(e)] known to exist in half-doped
manganites.27,34 Both these two OOs have strong orbital
lobes lying in-plane, which enhance (suppress) the in-plane
(out-of-plane) double-exchange processes. Thus, this hybrid
OO combination is advantageous to stabilizing the AF order
in such a bilayer. By contrast, the −P case shows uniform
orbital occupancy [Fig. 4(f)], which prefers the FM state.
DFT study. The model simulations described above have
been carried out in the ideal −P limit (i.e., with full compensation between FE P and polar interfaces). However, as stated
before, our predictions are not restricted by this condition. To
confirm the robustness of our proposal, a preliminary ab initio
DFT calculation was performed to verify the FE control of
magnetic order.
The (BaTiO3 )4 -(LSMO)2 (x = 1/4) SL was studied as the
model system, as sketched in Fig. 2(a). According to the
model study described above, an anisotropic superexchange is
necessary for a switch function. In the DFT study, an in-plane
tensile strain (for manganite) can induce such an effect. Thus,
here the in-plane lattice constant of the SL is fixed to be 3.989 Å
to fit the KTaO3 substrate,35 which can provide tensile strain
to the LSMO bilayer. As shown in Table I, the calculated
energies indicate that the ground state is FM under the −P
condition, but it switches to the AF state by using +P . The
local magnetic moments also show a significant modulation in
magnitude, implying the cross impact of the FE P and polar
interfaces combination. The nonzero net M of the AF state
in the DFT study suggests a ferrimagnetic state. In spite of
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TABLE I. DFT results. The first two columns specify the initial
conditions. The energy differences (per Mn) between the FM
(reference state) and AF orders are in meV units. m1 and m2 denote
the local magnetic moment for the Mn cations using Wigner-Seitz
spheres as specified by VASP which is not accurate but qualitatively
preferable. M is the net magnetization. All moments are in μB /Mn
units. The modulation of local magnetic moment is almost identical
to the modulation of local electron density due to the half-metal
character of LSMO.
FE

Order

Energy

m1

m2

M

+P
+P
−P
−P

FM
AF
FM
AF

0
−13.15
0
21.43

3.485
3.421
3.274
3.144

3.116
−3.080
3.577
−3.571

3.692
0.227
3.752
−0.242

this caveat, the FM state displays a much larger net M, giving
rise to a 93.9% modulation by switching P , in agreement
with the model calculations described above. Then, the DFT
study also confirms the FE control of magnetism, despite the
modifications of the eg density and the use of a nonideal −P
condition. More details of our DFT study can be found in the
Supplemental Material.33
Note. Finally, it is important to remark that although the
notorious “dead layer” problem in real ultrathin manganite
films may suppress ferromagnetism significantly,36,37 recent
experiments indicate that the dead layers of LSMO should
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