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Control of magnetism by an applied electric field is a desirable technique for the functionalization
of magnetic materials. Motivated by recent experiments, we study the electric field control of
the interfacial magnetism of CaRuO3/CaMnO3 (CRO/CMO) (001), a prototype interface between
a non-magnetic metal and an antiferromagnetic insulator. Even without the electric field, the
interfacial CMO layer acquires a ferromagnetic moment due to a spin-canted state, caused by the
Anderson-Hasegawa double exchange (DEX) between the Mn moments and the leaked electrons
from the CRO side. An electric field would alter the carrier density at the interface, leading to
the possibility of controlling the magnetism, since DEX is sensitive to the carrier density. We
study this effect quantitatively using density-functional calculations in the slab geometry. We find a
text-book like dielectric screening of the electric field, which introduces polarization charges at the
interfaces and the surfaces. The extra charge at the interface enhances the ferromagnetism via the
DEX interaction, while away from the interface the original AFM state of the Mn layers remains
unchanged. The effect could have potential application in spintronics devices.

I. INTRODUCTION

There is a considerable interest in controlling the mag-
netism of magnetic materials by an external electric field
because of its potential applications in spintronics. Het-
erostructures between transition metal oxides have been
identified as possible platforms for achieving this mag-
netoelectric coupling effect.1–4 One such prototypical in-
terface is the (001) interface between the paramagnetic
metal CaRuO3 (CRO) and the antiferromagnetic insu-
lator CaMnO3 (CMO), which has been well studied,
both experimentally and theoretically.4–8 While CMO
is an antiferromagnetic insulator in the bulk, the inter-
face layer adjacent to the paramagnetic CRO acquires a
net ferromagnetic moment, while the remaining part of
the heterostructure remains unchanged. This has been
explained4,5 to be due to the Anderson-Hasegawa-de
Gennes double exchange (DEX) interaction9–11 between
the interfacial Mn magnetic moments and the leaked elec-
trons from the metallic CRO side to the CMO side. The
leaked electrons occupy the itinerant Mn-eg states, which
then mediate the DEX interaction between the Mn-t2g
core moments, fixed on the lattice sites. The amount
of leaked electrons is sufficiently large to produce a spin
canted state in the interfacial MnO layer, resulting in a
robust net magnetic moment of about 0.85µB per inter-
facial Mn atom.4

In the DEX mechanism, the spin canting angle is quite
sensitive to the itinerant carrier concentration x, driving
the AFM state into a spin-canted state at first and even-
tually into an FM state with increasing x. This is appar-
ent from the De Gennes expression9 for the canting angle,
to which we return later, viz., θc = 2 cos−1(2−1|t|x/J),
where t is the electron hopping integral and J is the AFM
Heisenberg exchange. It is therefore expected that an ap-
plied electric field would affect the DEX interaction by
modifying the carrier concentration in the magnetic lay-
ers. However, the extent of this effect is unknown since

FIG. 1: Schematic diagram of the CMO/CRO heterostruc-
ture and the spin-canted state in the interfacial MnO2 layer.
Shown is the supercell used in the DFT calculations along
with the electric potential seen by the electrons (blue line) due
to the applied electric field. By increasing the charge transfer
across the interface, the electric field enhances the interfacial
ferromagnetism via double exchange by reducing the canting
angle θ. Apart from the enhanced magnetism of the interfa-
cial MnO2 layer,(001) we find that the anti-ferromagnetism
of the remaining CMO layers remain more or less unaffected
by the electric field.

dielectric screening theory indicates merely that the po-
larization charges would accumulate somewhere in the
boundary regions, not necessarily in the magnetic layers.
Therefore, this issue needs to be studied in detail. In-
deed, as our density functional calculations find, much of
the surface polarization charges, for example, appear in
the vacuum region. It is only the carriers that appear
in the magnetic layers that matter as far as the DEX
mechanism is concerned.

We have chosen the prototypical CRO/CMO system
for our work, since there are already several experimental
studies on this system reported in the literature. In fact,
Grutter et al.8 have recently studied experimentally the
electric field dependence of magnetism in this system.
They find an increase of the ferromagnetic moment with
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an applied electric field and conclude that it originates
from the interface MnO2 layer.

In this work, we study the effect of an electric
field on the electronic structure and magnetism of the
CRO/CMO interface in the slab geometry from density-
functional calculations. We find a text-book like dielec-
tric screening of the applied field, which leads to a charge
accumulation at the slab surfaces and the interface. How-
ever, quite interestingly, not all screening charges occur
in the surface or the interface atomic layers. For example,
the surface polarization charge is found to occur outside
the nominal surface, with little or no charge accumulated
on the Mn surface layers or the bulk layers. As for the
interfacial Mn layer, a significant amount of extra charge
does accumulate there, which reduces the spin canting
angle via double exchange when the electric field is ap-
plied, leading to an increased net ferromagetic moment
as a result.

II. DENSITY-FUNCTIONAL METHOD

In our calculations, we considered a slab consist-
ing of five layers of CMO and three layers of CRO,
(CMO)5/(CRO)3, with each layer consisting of two for-
mula units to describe the anti-ferromagnetic Mn mo-
ments in CMO. An extra layer of electrically neutral CaO
was added as shown in Fig. 1, so that the metal-oxygen
octahedra MO6 is complete on both surfaces. Test calcu-
lations using larger number of layers did not substantially
change the results. We used the same in-plane lattice
constant as the bulk CMO (a = 3.73 Å),

while the out-of-plane lattice constant was adjusted
to conserve the bulk volume of each constituent mate-
rial and a vacuum region of 14 Å was added on each
side of the slab. Starting from this structure, we relaxed
the interlayer distances between all layers. A sawtooth
shaped electrostatic potential was added, as indicated by
the dashed line in Fig. 1, which was the supercell we used
in the DFT calculations. Dipole correction was included
following the work of Bengtsson.12

The atomic positions were relaxed using the Projec-
tor Augmented Wave method (PAW)13,14 in the gener-
alized gradient approximation (GGA) for the exchange-
correlation functional as implemented in the Vienna
Simulation Package (VASP).15 The Quantum Espresso
code16 was used to study the effect of the external elec-
tric field on the electronic and magnetic properties, where
a norm-conserving ultrasoft pseudo-potential was used
together with the GGA exchange-correlation functional
with the Hubbard parameters U = 5 eV and J = 0 for
the Mn atoms. We used the value of U = 5 eV both for
the total energy needed for the structural relaxation as
well as for the electronic structure including the charge
transfer across the interface, while for the magnetic en-
ergies listed in Table III, we found U = 2 eV to describe
the magnetic interactions better.

We note that in order to obtain good quality results, in

the DFT calculations we have used a larger field, E = 0.1
V/Å, than typical experiments. Our results nevertheless
establish the two main points of the paper: A quanti-
tative description of the dielectric screening and a semi-
quantitative description of the enhancement of the inter-
facial magnetism due to the charge transfer and double
exchange.

III. DIELECTRIC SCREENING CHARGES:
MODEL AND DFT RESULTS

The results of our DFT calculations, both with and
without an electric field, are shown in Figs. 2 and 3,
where we have shown the planar averaged Kohn-Sham
potential V (z) and the charge density ρ(z), respectively.
The planar-averaged quantities are given by the expres-
sion V (z) = A−1cell

∫
cell

V (~r)d2r and similarly for ρ(z),
where the integration is along the plane, normal to the
interface, and Acell is the surface cell area. The positions
of the individual atomic layers such as MnO2 can be iden-
tified in both figures from the δ-function like peaks. As
seen from Fig. 2, the planar-averaged quantities for with
and without the electric field nearly overlap with one
another, since the differences are very small. The differ-
ences, ∆V (z) and ∆ρ(z), induced by the electric field are
shown as blue lines in Figs. 2 and 3, respectively, on an
exaggerated scale.

The DFT results reveal a remarkable text-book like
behavior for the dielectric screening. Points to note are:
(a) Piecewise linear potentials in all regions of the slab
(Fig. 2), corresponding to the screened electric fields
predicted by elementary electrostatics theory (Fig. 4)
and (b) Accumulation of the screening charges at the
two surfaces and the interface layer.

A somewhat surprising result is that the screening
charges at the two surfaces with the vacuum do not occur
on the surface atomic layers as might have been antici-
pated, but they rather occur well inside the vacuum re-
gion. As seen from Fig. 3, where the polarization charges
at the two surfaces have been indicated by colored areas,
the polarization charges occur outside the surface CaO
layers, at a distance of ∼1.3 Å away from the atomic
planes.

The screened potential from the DFT calculations
(Fig. 2) compares very well with the results of the di-
electric screening from elementary electrostatics theory,
shown in Fig. 4. The heterostructure is placed between
two capacitor plates that produce the electric field E.
In the dielectric model, the polarization charges at vari-
ous boundaries are determined from the Gauss’ Law, and
these are indicated in Fig. 4. Taking κ to be the dielec-
tric constant of the insulator (CMO), the surface charge
densities are: σ0 = −ε0E at the metal surface, where ε0 is
the vacuum permittivity, σ1 = −σ0/κ is the charge den-
sity at the interface between the metal and the dielectric,
and σ2 = −σ0(1−1/κ) is the charge density at the surface
dielectric surface. Taking the value κ ≈ 5 to fit with our
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FIG. 2: Planar averaged potential V (z) seen by the elec-
tron both with (red line) and without the electric field (black
dashed line). The difference between them ∆V , shown as the
blue line, follows a text-book like linear behavior in each di-
electric region as predicted from the dielectric model. The
dashed line next to the blue line is a guide to the eye indicat-
ing the piece-wise linear behavior, the slope of which yields
the screened electric field.
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FIG. 3: Planar averaged electron density for E = 0 (red line)
and the extra electrons accumulated (polarization charge)
(blue line) when the electric field E = 0.1 V/ Å is applied.
The colored areas under the blue line indicate the net accu-
mulation of charges (positive or negative) at the two surfaces,
which are listed in Table I from direct integration.
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FIG. 4: Polarization charge accumulated at the boundaries
for the metal/dielectric slab from elementary electrostatics,
relevant for the CMO/CRO film. The slab is placed between
two capacitor plates, κ is the relative permittivity of the in-
sulator, and σi’s indicate the surface charge densities that
accumulate at the three boundaries.

TABLE I: Surface polarization charge densities induced by
the applied electric field at the interface (σ1) and the two
surfaces (σ0 and σ2), computed from the DFT as well as from
the electrostatics theory. The applied electric field is E = 0.1
V/Å, the relative permittivity κ = 5 is used in the dielectric
model, and the surface charge densities are expressed in units
of 10−4|e|/Å2.

σ0 σ1 σ2

DFT 5.4 -1.1 -4.3
Dielectric model 5.53 -1.11 -4.42

DFT results for the screening charges and the vacuum
permittivity ε0 = 8.85 × 10−12F/m = 5.53 × 10−3|e|/
(V· Å), for the case E = 0.1 eV/Å, we get the numer-
ical values: σ0 = 5.53, σ1 = −1.11, and σ2 = −4.42,
in units of 10−4 |e|/Å2. These values together with the
corresponding DFT results have been listed in Table I.

The DFT values were computed by integrating the pla-
nar averaged charge difference ∆ρ near the CRO and
CMO surfaces indicated by the colored areas in Fig. 3.
The computed values are σDFT

0 = 5.4× 10−4 |e|/Å2 and
σDFT
2 = −4.3 × 10−4 |e|/Å2. Since the interface charge
σ1 is relatively smaller and charges fluctuate quite a bit
near the CMO/CRO interface, we were not able to get
the value of σ1 reliably by direct integration. Instead, we
obtained σ1 from the charge neutrality condition, viz.,∑3
i=1 σi = 0, using the integrated values for σ0 and σ2,

with the result σDFT
1 = −1.1 × 10−4 |e|/Å2. All these

values agreed quite well with the polarization charges
obtained from the dielectric model (Table I), assuming
the dielectric constant to be κ ≈ 5. In comparison to
this, the corresponding experimental value κ ≈ 7, in-
ferred from the optical conductivity data17, is somewhat
larger. The reason for this difference could be due to the
approximate nature of the functionals used in the DFT
calculations or due to the small number of layers in the
supercell used, so that the bulk dielectric screening limit
has not been reached.

As seen from Figs. 2 and 4 and Table I, the DFT re-
sults agree quite well with the text-book like screening
profile including the screened electric fields and the po-
larization charges at the boundaries. Fig. 2 shows that
the final screened electric fields in various regions are
uniform (linear ∆V) as expected from the electrostatics
model. While in the vacuum region, the applied electric
field is unchanged, it is completely screened in the metal-
lic region (CRO) as expected (κ =∞) and is reduced by
the dielectric constant κ in the insulating region (CMO).
Taking the ratio of the screened electric field in the CMO
region to the applied electric field (Fig. 2), we get a sec-
ond estimate κ ≈ 4.4, which is similar to the value κ ≈ 5
obtained from the surface polarization charges discussed
above.

As already mentioned, we find that the polarization
charges do not necessarily reside on the atomic layers.
For our purpose, it is important to study the electronic
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charges on the individual atomic layers, especially the
Mn layers, as the itinerant Mn-eg electrons mediate the
DEX between the core t2g spins leading to spin canting.
For this purpose, we have computed the layer-resolved
partial density of states (PDOS) on the individual MnO2

and RuO2 layers, which are shown in Fig. 5. In the CMO
bulk, the material is an insulator with filled majority-spin
t2g bands and empty eg bands, as indicated in the bottom
panel of Fig. 5. There is some charge transfer across the
interface from the RuO side to the two neighboring MnO2

layers as indicated in the figure. By directly integrating
the area of the occupied Mn-eg states (marked in red in
Fig. 5), we can compute the charge transfer into various
MnO2 layers in the structure. There is significant charge
transfer only to the first two MnO2 layers at the interface
as indicated in Fig. 5.

The charge transfer to the various MnO2 layers from
the RuO side are also listed in Table II. Without the elec-
tric field, there is already a charge transfer from the CRO
side to the CMO side5. This leads to a net dipole moment
with a positive charge on the CRO side and a negative
charge on the CMO side, but there is no net monopole
charge. As seen from Table II, for E = 0, the charge ac-
cumulated on the first MnO2 layer is 0.117 e−/Mn atom
≈ 8.4 ×10−3 e−/Å2. The accumulated electrons occupy
the Mn eg states, serving as the itinerant electrons that
mediate the double exchange between the Mn t2g core
spins, which we discuss in more detail in Section IV.

When the electric field is applied, there are monopole
charges σi that accumulate at various boundaries in or-
der to screen out the applied field. These add to the layer
charges already existing for E = 0. Table II shows that
with E = 0.1 V/Å, the first MnO2 layer gains a small ad-
ditional charge making the total in that layer to be 0.121
e−/Mn atom, which translates into an additional charge
of 0.004 e−/Mn atom ( -2.9 ×10−4 |e|/Å2). Note that
although it is of the same order of magnitude as the inter-
face polarization charge σ1 seen from Table II, they are
not necessarily the same, as σ1 is not necessarily located
entirely on the interfacial MnO2 layer. For the DEX in-
teraction on the interfacial MnO layer, it is only the net
charge (itinerant eg electrons) on that layer that matters,
not the total polarization charge that accumulates in the
interface region due to the dielectric screening. As seen
from Fig. 3, the polarization charge σ1 is spread over
several monolayers at the interface region, both on the
CMO and the CRO sides.

As we move away from the interface, the accumulated
charge in the MnO2 layers quickly reverts to the bulk
value as seen from Table II. The bulk limit is already
reached as quickly as the third layer and beyond. An
interesting point to note regarding the surface charges at
the vacuum interface is that even though there is a con-
siderable polarization charge (σ2 = −4.3× 10−4|e|/Å2 at
the CMO/vacuum interface from Table I), only a small
fraction of it appears on the surface MnO2 layer (layer-5
in Table II). Indeed as observed already, much of the
charge of both σ2 and σ0 at the two surfaces appear

TABLE II: Extra electrons per Mn atom, as compared to the
bulk, accumulated at various MnO2 layers near the interface.
The electrons occupy the Mn eg states as indicated from Fig.
5. Electric field E is in units of (V/Å). These numbers are to
be multiplied with the factor 7.2 × 10−2 to get the electron
numbers in units of e−/Å2 for the corresponding MnO layer
for comparison with the polarization charges shown in Table
I.

E layer-1 layer-2 layer-3 layer-4 layer-5
0 0.117 0.044 0.002 0.000 0.000

0.1 0.121 0.045 0.002 0.001 0.002
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FIG. 5: Partial densities of states (PDOS) for Mn and Ru
layers in units of states/eV/ formula unit (MnO2 or RuO2)
including both spins. Charge transfer across the interface to
the CMO side (primarily Mn-eg states) are indicated by two
arrows in the middle two panels. Here, the electric field is
E = 0. With the applied electric field, the figure remains
more or less the same except that the charge transfer to the
CMO side is a bit larger as listed in Table II.

well inside the vacuum region, with the peaks appear-
ing about 1.3 Å outside of the terminal CaO surface.
Thus, the surface MnO2 layer being more or less similar
to the bulk, with very little additional charge transfer
due to the electric field, the magnetism continues to re-
main anti-ferromagnetic, i. e., the same as in the bulk.
This is also confirmed from the total energy calculations
within the DFT, which shows the MnO2 surface layer to
remain anti-ferromagnetic.
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IV. SPIN CANTING AND INTERFACIAL
FERROMAGNETISM

A. Ferromagnetism at the interface

To study the stability of the interfacial magnetism, we
computed the total energy of the two magnetic struc-
tures, one where all Mn atoms are anti-ferromagnetic
(AFM) as in the bulk and a second structure, where
only the interfacial MnO2 layer is ferromagnetic (FM),
while the remaining layers retain the AFM structure of
the bulk. We find that even though the energy difference
between the FM and AFM configurations for the Mn-Mn
bond at the interface is somewhat sensitive to the magni-
tude of the Coulomb repulsion parameter U used in the
DFT calculations, the FM state is always more stable.
In Table III, we have listed the results for U = 2 eV,
for which the computed ∆E ≡ E↑↓ − E↑↑ = 16.1 meV
value for E = 0 is comparable to the experimental value
of 13.1 meV for the bulk CMO.18,19 As seen from Table
III, the FM state is further stabilized under the applied
electric field by about 3 meV for U = 2 eV. If we use the
value U = 5 eV, this extra stabilization energy is about
2 meV. The other quantities such as the charge transfer
and the density-of-states are not sensitive to the value of
U , and were calculated with U = 5 eV.

Table III shows that the FM state of the interfacial
MnO2 layer is more stable both with and without the
external electric field. As discussed later, the spin canted
state, which has a reduced net FM moment, has actually
even lower energy than the FM state, which has been
confirmed earlier for the intrinsic sample (E = 0) both
from experiment and theory.4,5 With the application of
the electric field, the total energy of the FM state is fur-
ther reduced by about 3 meV, making the FM state even
more stable in the presence of an electric field. As already
mentioned, we have also computed the same energy dif-
ference for the surface MnO2 layer and find that, in con-
trast to the interfacial MnO2 layer, the AFM state at the
surface continues to remain energetically favorable, both
with and without the electric field.

These results are consistent with the Anderson-
Hasegawa DEX result, that the FM state becomes pro-
gressively more energetically favored over the AFM state
as the itinerant carrier concentration is increased, in our
case by the application of the electric field. However, the
lowest energy state is neither FM nor AFM, but a spin
canted state, and we discuss this by considering a sim-
ple DEX model on a square lattice, that describes the
magnetism of the interfacial MnO2 layer.

B. Double-exchange model and spin canting

We consider the well known Anderson-Hasegawa dou-
ble exchange model9–11,20 and apply it to a square lattice

TABLE III: Calculated total energy, where the CMO layer at
the interface is either FM or AFM, with the remaining layers
being AFM, i.e., the same as in the bulk. Energies are per
interfacial bond and in units of meV for the electric fields
E = 0 and E = 0.1 V/Å.

E FM AFM
0 -16.1 0

0.1 -19.2 0

appropriate for the MnO2 layer. The Hamiltonian is

H = t
∑
〈ij〉σ

c†iσcjσ+h.c.+
∑
〈ij〉

JŜi.Ŝj−2JH
∑
i

~Si.~si, (1)

which describes the motion of the itinerant Mn (eg)

electrons (the corresponding field operators are c†iσ, cjσ
with i and σ being the site and the spin indices) mov-
ing in a lattice of Mn t2g core spins (S = 3/2). Here
t is the tight binding nearest neighbor hopping, si =

1/2
∑
µν c
†
jµτµνcjν is the spin of the itinerant electron,

with the Pauli matrices τ , J is the superexchange, JH is
the Hund’s coupling, and the angular brackets indicate
sum over distinct pairs of bonds in the lattice. Typical
parameters for CMO are5,21: t = −0.15 eV, J = 7 meV,
and JH = 0.85 eV.

It is instructive to consider the de Gennes result9

for the limiting case JH = ∞, which suggests a spin-
canted state in the presence of the itinerant carriers.
In this limit, since only one spin channel parallel to
the core spins is available for the itinerant electrons,
Eq. (1) is equivalent to the spinless Hamiltonian H =∑
〈ij〉 t cos(θij/2) c†i cj + h.c. +

∑
〈ij〉 JŜi.Ŝj , where the

hopping has been modified by the well known Ander-
son cosine factor10, with θij being the polar angle dif-
ference between the neighboring core spins. Taking a
bipartite square lattice, with the spins in the two sub-
lattices (A and B) canted by the angle θ with respect
to one another, and considering a small concentration x
of the itinerant carriers, the electrons occupy the band
bottom Eb = −z|t| cos(θ/2), where z = 4 is the number
of nearest neighbors. The canting angle θc is obtained by
minimizing the total energy

E = Ebx+ (z/2)J cos θ, (2)

which yields the result

θc = 2 cos−1
( |t|x

2J

)
. (3)

For the JH = finite case, no such analytical result is
possible, and we must solve for the band structure ener-
gies εnk by keeping both spin channels in the Hamiltonian
(1) and sum over the occupied states. The canting an-
gle θc is obtained by numerical minimization of the total
energy

E = (z/2)J cos θ +

occ∑
nk

εnk. (4)
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The computed total energy is shown in Fig. 6 (a) as a
function of the canting angle θ for various electron con-
centration x. As seen from the figure, when the electron
concentration x = 0, the minimum energy occurs at the
canting angle θc = π resulting in an AFM state, obvi-
ously due to the super exchange interaction J , which is
the only interaction without any itinerant carriers. With
increasing x, the strength of the DEX interaction slowly
increases, producing a spin canted state, and eventually,
beyond a critical value x > xc, the DEX dominates re-
sulting in an FM state (θc = 0).

The critical concentration in the JH =∞ limit is given
by Eq. (3) and has the value xc = 2J/|t| ≈ 0.09 |e|/ in-
terfacial Mn atom, which is also seen from Fig. 6 (b),
where we have presented the concentration dependence
of the canting angle for several values of JH . It is clear
that for JH = 0, the itinerant and the core spins are not
coupled and therefore the system remains AFM for all x,
due to the super exchange interaction of the core spins,
up to the full occupation of the bands. As JH is increased
from zero, the critical concentration xc monotonically
decreases, eventually approaching the de Gennes result
xc = 2J/|t| for JH =∞. The critical values of xc shown
in Fig. 6 (b) for the three values of JH are consistent
with this expectation.

We now discuss the effect of the electric field on the
charge transfer across the interface into the MnO2 layer,
which in turn affects the spin canting and therefore the
net ferromagnetism. As seen from Table II, there is
already a significant charge leakage to the interfacial
MnO2 layer even for E = 0, which leads to a canted
AFM state. The magnitude of the canting angle θc can
be estimated from Fig. 6 (b). With the applied elec-
tric field, the charge transfer increases due to the build
up of the dielectric screening charges. As a result, the
canting angle decreases, thereby leading to the enhance-
ment of the net FM moment. The net FM moment per
Mn atom in the MnO2 layer is given by the expression
m = ms(1 + cos θc)/2, where ms ≈ 3 µB is the Mn core
spin moment. If we take JH ≈ 0.85 eV for CMO21, the
cant angle θc decreases from 66.4◦ to 57.8◦, the predicted
increase obtained from Fig. 6 (b) is from m = 2.1 µB
(E = 0) to 2.3 µB (E = 0.1 V/Å), corresponding to the
change in the electron concentration of x = 0.117 to 0.12
electron/ Mn atom, as seen from Table II.

Indeed, such an enhancement of the net FM mo-
ment has been observed in the neutron reflectivity
experiments8. However, the experiment shows a much
larger increase in the FM moment, viz., from 1 µB to 2.5
- 3.0 µB , corresponding to the transition from a canted
AFM state to a fully FM state of the Mn+4 ion at the in-
terface. However, notice from Fig. 6 (b) that the canting
angle is quite sensitive to the itinerant carrier concentra-
tion x in the interfacial MnO2 layer, and a critical value
of xc ≈ 0.14 (for JH = 0.85 eV) would turn the system
completely ferromagnetic. This reflects an increase of the
itinerant carriers by just 0.02 |e|/ Mn atom by the elec-
tric field on top of the ∼ 0.12|e|/ Mn atom that already
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FIG. 6: Energetics of the spin canted state. (a) Energy from
Eq. (4) as a function of the angle θ between spins in the
two sublattices, A and B, for several values of the electron
concentration x. The minimum yields the canting angle θc
(indicated by an arrow for the x = 0.04 case). Starting from
the AFM state (θc = π) for x = 0, the system turns into
an FM state (θc = 0) beyond the critical concentration xc ≈
0.135, so that one obtains an FM state for the case x = 0.16.
The parameters are: J = 7 meV, t = −0.15 eV, and JH =
0.85 eV. (b) The spin canting angle θc as a function x for three
cases: JH = 0.5 eV, 0.85 eV, and ∞, with the parameters J
and t being the same as in Fig. (a). The critical concentration
xc, beyond which an FM state is obtained (θc = 0), is where
the curves meet the x axis. With increasing x, θc decreases,
leading to an enhancement of the net ferromagnetic moment.

exists in the intrinsic interface for E = 0.
Even though the theory and experiments agree qual-

itatively on the increase of the FM moment with the
electric field, a quantitative comparison is difficult owing
to several factors. One, it is difficult to experimentally
determine the exact magnitude of the electric field that
is applied to the CRO/CMO heterostructure, since the
structure is capped by several other layers of materials
in the actual sample.22 Second, transition-metal oxide
samples are notorious for the oxygen stoichiometry is-
sues and it is quite conceivable that the applied electric
field leads to a migration of the oxygen atoms to the
interface, leading to an extra mechanism of charge ac-
cumulation at the interface. Since the double exchange
mechanism becomes stronger with an increase of the car-
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rier concentration x, this would increase the tendency to-
wards ferro-magnetism, and as already pointed out just
an extra 0.02 |e|/ Mn atom at the interface is needed
to drive the system completely ferro-magnetic. Finally,
there may be substrate-induced strain in the interface,
which was not studied in the experiment, nor was it con-
sidered in our theory. Test calculations for a strained
structure corresponding to the in-plane lattice constant
of the SrTiO3 substrate (≈ 4.8% tensile strain for CMO)
indicated a slight increase on the charge transfer to the
first interfacial CMO layer, from 0.117 to 0.120 e− per Mn
atom, which would somewhat increase the ferromagnetic
moment due to a reduction in the spin-canting angle. It
would be desirable to study these effects further.

V. SUMMARY

In summary, we studied the effect of an external elec-
tric field on the CRO/CMO (001) interface using density
functional methods in order to understand the field tun-
ing of the magnetism at the interface. This system was
chosen due to the existing experiments, but the conclu-
sions should be valid for a variety of interfaces.

We found several interesting results. (1) The polar-
ization charges induced at the interface and the surfaces
with the vacuum to screen the applied electric field fol-
lowed a text-book like profile. (2) Interestingly, the sur-
face polarization charges occurred well inside the vacuum
(at a distance of about 1.3 Å from the surface atomic
planes). Similarly, the interface polarization charge is
spread over several atomic planes in the interface region,

which means that not necessarily all of it participate in
the interface phenomena such as the double exchange in
our case. (3) The surface MnO2 layer is predicted to re-
main AFM as in the bulk, so that the enhancement in
the ferromagnetism seen in the experiments is unlikely
to come from the surface, as has been suggested in the
experiments.8 (4) Our theoretical work supports the ex-
perimental observation that the interfacial magnetism is
enhanced by the applied field and identifies the extra
charge accumulation at the interface MnO2 layer and the
double exchange mechanism to be responsible for the en-
hancement. However, the effect is much stronger exper-
imentally than the theory predicts. The difficulty of a
quantitative comparison with the experiment is due to
several factors, viz., (i) The possibility of electric-field
driven oxygen migration to the interface, (ii) Unknown
magnitude of the electric field at the interface due to the
presence of the substrate and the cap layers in the exper-
iments, and (iii) Possible strain in the structure due to
the substrate. Nevertheless, both theory and experiment
indicate a strong electric field tuning of the interfacial
magnetism, with potential for application in magneto-
electric devices.
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