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Magnetic transition and spin-polarized two-dimensional electron gas controlled by polarization
switching in strained CaMnO3/BaTiO3 slabs
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Ab init io calculations show the presence of a strong magnetoelectric interfacial coupling in a CaMnO3 ultrathin
film grown on a strained BaTiO3 ferroelectric film. This heterostructure presents a polarization driven magnetic
transition from a G-type to an A-type antiferromagnetic structure. Together with this magnetic transition we find
a metallic behavior at the interface between these two insulators, where the charge character of the carriers can
be tuned from electrons to holes by switching the electric polarization direction of the ferroelectric film. Besides,
the electron gas is spin polarized while the hole gas is not.
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I. INTRODUCTION

During the last decades, a lot of effort has been made to
design heterostructures consisting of a ferroelectric (FE) and
a magnetic material, with a large interfacial magnetoelectric
coupling, in order to be technologically used to control mag-
netism through electric fields [1–3]. In the quest for functional
materials, perovskites have emerged as prominent candidates
due to their robust coupling among structural, orbital, charge,
and spin degrees of freedom. With remarkable advancements
in thin film growth techniques for perovskite oxides, precise
atomic control over surfaces and interfaces has been achieved,
amplifying the appeal of this material class for applications in
energy, information storage, and spintronics.

Antiferromagnetic materials produce no demagnetization
fields, are robust against magnetic field perturbations, and
show ultrafast dynamics with large magnetotransport re-
sponses [4]. Therefore, particular attention should be given
to antiferromagnetic manganites within magnetic perovskites.
Additionally, in manganites, the exchange interactions can
be regarded as a competition between ferromagnetic double-
exchange (DE) [5,6] and antiferromagnetic superexchange
interactions (SE) [7,8]. Consequently, the magnetic interac-
tion among Mn ions is highly sensitive to lattice distortions
and the local electronic and chemical environment, resulting
in a diverse array of magnetic structures.

It is also technologically important and by now already
well established that when putting together certain insulat-
ing oxides, high mobility carriers, i.e., a two-dimensional
electron gas (2DEG), can emerge as a consequence of the
interfacial electronic reconstruction. The most widely studied

2DEG is the one originated at SrTiO3 (001) surface [9] and
interfaces, such as LaAlO3/SrTiO3 (LAO/STO) [10–13] and
γ -Al2O3/STO [14]. In almost all the cases, the electronic re-
construction is a consequence of either the presence of oxygen
vacancies at the surface or is due to the polar discontinu-
ity at interfaces [15]. But there might be other mechanisms
yielding to the formation of a 2DEG, like the discontinuity
of the charge ordering that takes place at the (001) surface
of the Peierls-like semiconductor BaBiO3 [16], or at the
BaBiO3/BaPbO3 interface [17,18]. Furthermore, in the last
few years a lot of work has been done in order to control
the interfacial electronic reconstruction with the concomitant
generation of the 2DEG [19,20]. For instance, it was re-
cently predicted that a 2DEG developed at the polar/nonpolar
LaInO3/BaSnO3 interface or at the ferroelectric/nonpolar
PbTiO3/SrTiO3 interface can be tuned [21–23].

In a previous work, we have analyzed the effect of
high tensile strain and low dimensionality on the magnetic
and electronic properties of CaMnO3 (CMO) ultrathin films
epitaxially grown on SrTiO3 (STO) substrates, both, compu-
tationally and experimentally [24]. From the computational
simulations, we have found that the combination of both
effects yields a change in the magnetic order of CaMnO3

ultrathin films, from the G-type antiferromagnetic (GAF)
structure present in the bulk compound to an A-type antifer-
romagnetic (AAF) one. This magnetic change is also coupled
to an insulator-metal transition.

In the present work, we explore if the magnetic and
the insulator-metal transitions, together with the concomitant
generation of a 2DEG, can be triggered and controlled by
reversing the electric polarization of a ferroelectric layer in
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FIG. 1. (a) Unit cell of (CaMnO3)4/(BaTiO3)5 heterostructure. In this sketch, the polarization is pointing to the CMO film (P ↑).
(b) CaMnO3)4/(BaTiO3)8.5/(CaMnO3)4 trilayer. The figures were generated using the VESTA software package [49].

contact with the CaMnO3 ultrathin film, yielding to an in-
terfacial magnetoelectric coupling (IMEC) characterized by
a magnetic reconstruction. Our goal is twofold: on one hand,
the pursued IMEC effect would be different and larger than
the usual one [25–27] since the change in the magnetiza-
tion would be due to a change in the magnetic coupling
between the Mn’s moments of the ultrathin CMO film in-
stead of coming from a variation in the magnitude of local
magnetic moments [28,29]. On the other hand, the tunable
2DEG could be spin polarized due to the magnetic nature of
the heterostructure.

The ferroelectric material under consideration is the tetrag-
onal BaTiO3 (BTO), which shows an electric remanent
polarization in the (001) direction [30]. It is worth mentioning
that we choose these materials motivated by the experimen-
tal findings that show the possibility of epitaxial growth of
high quality BaTiO3 and CaMnO3 ultrathin films on SrTiO3

substrates. In our previous work, we show that CMO can be
coherently grown on a (001)-SrTiO3 substrate, presenting a
sharp interface with negligible atomic disorder [24]. Images
of epitaxial BTO/STO taken by high resolution scanning
transmission electron microscopy with high angular annular
dark field detector (HRSTEM-HAADF) can be found in the
Supplemental Material of the present work [31].

II. COMPUTATIONAL DETAILS

We perform first-principles calculations within the frame-
work of density functional theory and the projector augmented
wave (PAW) method [32], as implemented in the Vienna
ab initio simulation package (VASP) [33,34]. We explicitly
treat 10 valence electrons for Ca (3s23p64s2), 13 for Mn
(3p63d54s2), 10 for Ba (5s25p66s2), 12 for Ti (3s23p63d24s2),
and 6 for O (2s22p4). The local spin density approximation
(LSDA) in the parametrization of Ceperley and Alder is used
[35,36]. As is already shown, for manganese perovskites this
approximation successfully predicts the observed stable mag-
netic phase and the structural parameters [37–39]. Moreover,
for BaTiO3, the ferroelectric lattice distortion, spontaneous
polarization, and lattice dynamics predicted by LSDA agree

well with experimental results [40–42]. We include a Hubbard
term with U = 5 eV and J = 1 eV within the Lichtenstein im-
plementation [43] for a better treatment of the Mn 3d electrons
in CaMnO3. We have checked the robustness of our results
with respect to the U and J parameters, finding that the stable
magnetic structure of bulk Pnma CaMnO3 corresponds to
a G-type antiferromagnetic configuration, in agreement with
experimental results. Moreover, the used parameters lead to
a band gap of 1.60 eV, close to the experimental value of
1.55 eV [44].

The CaMnO3/BaTiO3 grown on SrTiO3 slabs are modeled
by a 2 × 2 in-plane supercell of the pseudocubic perovskite
structure, with a five unit cells thick layer (∼1.8 nm) of
BaTiO3 and a four unit cells thick layer of CaMnO3. The
MnO2 termination of CMO in contact with the BaTiO3 layer
and the CaO termination facing the vacuum region, are con-
sidered, as depicted in Fig. 1(a). The SrTiO3 substrate is not
explicitly treated, but is implicitly included by constraining
the in-plane lattice constant of the whole structure to the
optimized bulk cell parameter of STO (aSTO = 3.87 Å). The
considered BTO thickness was demonstrated to be sufficient
for the ferroelectric instability to develop. [25,45–47] At the
same time, it is thin enough to be fully strained when grown
on the substrate (see the SM).

We relax the internal coordinates of all atoms within the
CMO film and the two BTO layers adjacent to the CMO. The
remaining atoms in the BTO film are fixed at their bulklike
and previously optimized positions in the strained bulk cal-
culations, in order to fix its ferroelectric polarization, which
was determined from first principles using the Berry-phase
formalism [48]. A vacuum spacer of 17.5 Å along the z axis
was used in order to avoid the self-interaction through the pe-
riodic boundary conditions. In addition, since the BTO layer
has a net dipole moment oriented along the (001) direction, the
dipole correction, as implemented in VASP, was used. We call
the ferroelectric polarization P “up” (P ↑) when it is pointing
to the interface and “down” (P ↓) when it is pointing away
from the CMO/BTO interface.

Similar to our previous work [24], we consider the most
relevant antiferromagnetic (AF) orders that might be shown
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by the Mn atoms, namely AAF (ferromagnetic (FM) ordered
(001) planes that align antiparallel with neighboring planes
along the [001] direction), CAF [AF alignment within the
(001) planes and FM between adjacent planes] and GAF (AF
coupling between first nearest neighbors). It is worth mention-
ing that the noncollinearity of the Mn magnetic structure is
known to be quite minimal and gives rise to a small magnetic
moment of 0.04µB [50,51], and therefore we approximate the
magnetic configuration with a collinear model.

All the DFT calculations are performed using a 500 eV
energy cutoff in the plane waves basis. We use a 6 × 6 × 1
Monkhorst-Pack k-point grid centered at the � point to eval-
uate integrals within the Brillouin zone (BZ). The structural
relaxations are performed until the forces on each ion are less
than 0.01 eV/Å.

We also address the electronic and magnetic prop-
erties of the interface between strained CaMnO3 and
BaTiO3 using an alternative structural model consisting of a
(CaMnO3)4/(BaTiO3)8.5/(CaMnO3)4 (CMO1/BTO/CMO2)
trilayer. The nonstoichiometry of the BTO film is necessary
in order to obtain the BaO termination of both interfaces.
The in plane unit cell is a

√
2 × √

2 supercell of the pseu-
docubic perovskite structure containing two transition metals
(Mn/Ti) per plane and a vacuum spacer along the z axis
of 18.8 Å, as depicted in Fig. 1(b). All the computation
parameters (plane wave’s energy cutoff, k-points grid, ionic
relaxation, and dipole correction) are set to guarantee the
convergence of our results. Within this structural model, the
CMO1/BTO interface represents the previous P ↑ regime
while the BTO/CMO2 corresponds to the P ↓ one and,
therefore, we can simulate both polarization regimes simul-
taneously.

III. RESULTS AND DISCUSSION

As was already known for more than three decades, bulk
crystalline BTO shows a cubic symmetry and is paraelec-
tric above Tc = 393 K, becomes tetragonal and ferroelectric
below Tc, and goes through additional transitions to or-
thorhombic at 278 K and rhombohedral at 183 K. [52] In its
tetragonal phase, BaTiO3 shows an electric remanent polar-
ization PBTO � 26µC/cm2 in the (001) direction [30].

As a first step, we calculate the polarization value of tetrag-
onal BaTiO3 when it is epitaxially grown on top of a cubic
(001) SrTiO3 substrate, whose lattice constant was previ-
ously optimized within the LDA. Under compressive epitaxial
strain, its polarization increases with increasing tetragonal-
ity and was predicted to be enhanced for large compressive
misfit, as the one imposed by a coherent epitaxial growth on
perovskite substrates having a smaller lattice constant, such
as SrTiO3 [40]. Under this compressive misfit strain of �
−2.2% imposed by the substrate, the spontaneous polarization
is enhanced by 34% (PBTO/STO = 37.4 µC/cm2) compared to
its value in the unconstrained bulk tetragonal phase (PBTO =
27.9 µC/cm2). In Table I we show the computed P values
for different in-plane (a) parameters, corresponding to the
experimental value, the LDA relaxed BaTiO3 and SrTiO3

in-plane lattice constants. In all the cases, the out-of-plane
(c) lattice parameters were optimized. As expected, we find
an enhancement of the ferroelectric polarization due to the

TABLE I. BTO polarization values along the (001) direction,
calculated for different in-plane (a) and out-of-plane (c) lattice
parameters.

a (Å) c (Å) Pz (µC/cm2)

Experimental BTO [52] 3.991 4.035 26.0
Bulk BTO 3.942 4.004 27.9
Strained bulk BTO 3.867 4.100 37.4

compressive strain, with the corresponding elongation of the
c parameter, in agreement with previous reported calculations
[40,41].

To study the influence of the FE polarization switching
in the magnetic properties of the CMO film, we consider a
(CaMnO3)4/(BaTiO3)5 bilayer, such as the one depicted in
Fig. 1(a). We take into account three polarization regimes,
that is P ↑, P ↓, and P = 0, where the last one corresponds
to the centrosymmetric structure of BaTiO3. In Table II, the
total energies referred to the GAF-magnetic structure within
each P regime are informed. As it can be seen, the GAF
type is the most stable magnetic structure for P = 0 and P ↓
polarizations, while the AAF type is the ground state in the
case of P ↑.

To understand the origin of this ferroelectric-driven mag-
netic transition, we analyze the layer-resolved partial density
of states (PDOS) for the ground states of the P ↑ and P ↓
regimes and compare them to the P = 0 case (see Figs. 2–4).
For the nonpolarized centrosymmetric BTO structure, we find
that the whole heterostructure remains insulating. It is inter-
esting to note for our future analysis that, due to the tensile
strain in the CMO film, the degeneracy of the two empty Mn’s
eg orbitals is lifted and the bottom of the conduction band has
a dx2−y2 character, as can be seen in the left panel of Fig. 2.

When the polarization points to the CMO film, an elec-
tronic reconstruction emerges in order to screen the positive
polarization charge, as shown in the left upper panel of Fig. 3.
It can be seen from this figure that charge transferred from
the BTO to the CMO film begins to fill the empty Mn-d
conduction bands and this effect continues through all four
CMO layers. Due to the broken degeneracy of the eg orbitals,
the ones which begin to be partially occupied are the dx2−y2

ones. As known, the magnetic interaction between the Mn
atoms is determined by the competition between AFM su-
perexchange via the Mn t2g electrons and FM double exchange
via the Mn eg electrons. When the dx2−y2 orbitals are partially

TABLE II. Energy with respect to the corresponding GAF-
magnetic configuration (in meV/f.u.) for the different orientations
of the BaTiO3 polarization in the (CMO)4/(BTO)5 heterostructure.
The energies corresponding to zero polarization is also shown, for
comparison.

Mag.Conf. P ↑ P ↓ P = 0

GAF 0.0 0.0 0.0
AAF −18.0 8.3 10.7
CAF 11.6 9.8 12.1
FM −0.9 22.4 27.5
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FIG. 2. Layer resolved PDOS of CMO (left) and BTO (right) layers (excluding the BTO-vacuum interface), corresponding to P=0. In blue
(red) the Mn dx2−y2 (dz2 ) character is shown.

FIG. 3. Upper panels: layer resolved PDOS of CMO (left) and BTO (right) layers (excluding the BTO-vacuum interface) for the case of
polarization pointing to the CMO interface (P ↑). Lower panels: spin up (left) and spin down (right) bandstructure of the heterostructure. The
different character of the Mn’s eg orbitals coming from each CMO layer is highlighted.
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FIG. 4. Upper panels: layer resolved PDOS of CMO (left) and BTO (right) layers (excluding the BTO-vacuum interface) for the case of
polarization pointing away from the CMO interface (P ↓). Lower panels: spin (up+down) bandstructure of the heterostructure. Projections
onto the Mn-eg and interfacial O(CMO) orbitals (left) and onto interfacial O px + py (BTO) (right) are highlighted. Ti bands are above 2.5 eV.

occupied, the double exchange in the MnO2 planes strength-
ens the FM ordering while superexchange stabilizes the AFM
one between the planes, leading to the AAF magnetic ground
state. Coupled to this polarization driven magnetic transition,
we find an insulator to metal transition characterized by an ex-
tended two dimensional electron gas (2DEG) which is mainly
localized at the interface. A rough estimation of this charge
transfer can be calculated from the computed polarization
value of 37.4 µC/cm2, which gives a net charge of around
1.4 e− when taking into account our surface unit cell. This
value is consistent with the one obtained when integrating the
density of states corresponding to the CMO conduction bands,
namely � 1.03 e−, which is the charge inside the atomic
spheres given by the used pseudopotentials. This charge is
spin polarized, with a net magnetic moment of 0.2 µB, due
to the uncompensated magnetic moments between the CMO
layers (see Table III). This feature can also be observed in
the bottom panels of Fig. 3, where we show the spin up (left)
and spin down (right) bandstructure projected onto the Mn-
dx2−y2 bands of all the layers. For the interfacial Mn atoms
we also plot the dz2 character of the bands, which are slightly
occupied. It can be noted that the spin-down Mn-dx2−y2 band

corresponding to the interfacial 1-CMO layer is shifted with
respect to the spin-up Mn dx2−y2 of the 2-CMO one, which
gives rise to the uncompensated magnetic moment of the
whole CMO film. As expected, the electronic reconstruction
induced by the FE polarization decreases when going far
from the interface. The interfacial band that crosses the Fermi
level (highlighted in blue in the right bottom panel of Fig. 3)
presents a slightly anisotropic dispersion around the � point
with estimated effective masses of 0.48me and 0.37me, for the
�-X and the �-M directions, respectively. These values are of
the same order as the ones reported for the 2DEG generated
at the SrTiO3/LaAlO3 interfaces [15].

TABLE III. Mn magnetic moments (in µB ) within each MnO2

layer, from one to four, as labeled in Fig. 1(a).

1 2 3 4

P = 0 GAF ± 2.74 ∓ 2.78 ± 2.78 ∓ 2.79
P ↑ AAF −3.05 2.85 −2.85 2.85
P ↓ GAF ± 2.74 ∓ 2.78 ± 2.78 ∓ 2.79
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TABLE IV. Energy with respect to the equilibrium magnetic
configuration, �E , in meV/f.u., for both CMO1 and CMO2 layers
[see Fig. 1(b)].

CMO1-CMO2 magnetic configuration �E

AAF - AAF 4.4
AAF - GAF 0.0
GAF - AAF 13.1
GAF - GAF 9.4

When the polarization is pointing away from the CMO-film
(P ↓) we find a slight electron’s depletion at the first two
layers of the BTO film (i.e., −1 BTO and −2 BTO), which
gives rise to a two dimensional hole gas (2DHG) located
within these two layers (see upper panels of Fig. 4). For this
polarization direction, the CMO film remains insulating with
the three electrons of each Mn occupying the t2g orbitals, thus
leading to the GAF magnetic ordering. The local magnetic
moments of each MnO2 plane are shown in Table III, where it
can be seen that the layer by layer magnetic moments coincide
with the ones obtained in the P=0 regime. In the lower-left
panel of Fig. 4 the character projected bandstructure onto the
Mn-eg orbitals (red) and onto the O orbitals of the interfacial
CMO layer (blue) are depicted, confirming the insulating be-
havior of the CMO film. From the lower-right panel of the
same figure, it can be seen that the generated 2DHG comes
from the interfacial oxygens of the BTO film, and it presents
a non-spin-polarized px + py character. As the magnetic order
of this P regime corresponds to the G-AFM type, the total
magnetic moment within each layer vanishes and, therefore,
we plot only one spin projection of the bandstructure.

It is important to note that in the bandstructures of Figs. 3
and 4 there are other gray-colored bands that are crossing the
Fermi level (not highlighted) which are spatially localized at
the BTO-vacuum interface. This fact is obviously a conse-
quence of the charge neutrality of the whole system.

To strengthen the robustness of our findings at the
CMO/BTO interface we also analyze the electronic proper-
ties of a (CMO)4/(BTO)8.5/(CMO)4 trilayer, where the two
nonzero polarization regimes can be simultaneously simulated
[see Fig. 1(b)]. Taking into account our previous results, the
CAF and the FM magnetic configurations of both the CMO1
and the CMO2 films are not considered. Therefore, we calcu-
late only two different magnetic structures of the two films,
obtaining the following four combinations: AAF-AAF, AAF-
GAF, GAF-AAF, and GAF-GAF. As already mentioned in
Sec. II, within this structural model, the CMO1/BTO interface
represents the previous P ↑ regime while the BTO/CMO2
corresponds to the P ↓ one. It is straightforward to infer,
from our total energy results presented in Table IV, that the
ground state magnetic configuration is the AAF-GAF one, in
agreement with the bilayer’s results.

Further analysis can be obtained from the electronic prop-
erties of the system close to the Fermi level. In Fig. 5 we show
the corresponding bandstructure highlighting the projection of
the bands onto the dxy orbitals of the Mn atoms of the CMO1
film (a) and onto the oxygen atoms located close to the BTO-
CMO2 interface (b). From these two figures, the existence
of the two dimensional electron and hole gases at the two
interfaces is confirmed. In the case of negative carriers, this
2DEG is located at the CMO1-BTO interface that corresponds
to the P ↑ regime and it is generated when the dxy orbitals
of the Mn atoms begin to be partially filled. It is important
to note that the unit cell of the trilayer is rotated 45º with

FIG. 5. Spin up + spin down bandstructure of the trilayer corresponding to its ground state AAF-GAF. (a) Projections onto the Mn-dxy

orbitals for the different MnO2 layers within the CMO1-film are highlighted [see Fig. 1(b)]. (b) Projections onto the px + py orbitals of O
atoms within both CMO2 and BTO interfacial layers. Mn-d orbitals are above 0.5 eV, as shown in the red-highlighted curve. (c) Calculated
CB and VB profiles for the [001] direction of the trilayer. Note that layer No. 1 in this figure corresponds to layer named L4 in Fig. 1(b).
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respect to the bilayer one and, therefore, the dxy orbitals of
the first correspond to the dx2−y2 orbitals of the second system.
At the BTO-CMO2 interface (P ↓ regime) the charge carriers
have positive character and come from the px + py orbitals of
the interfacial oxygen atoms that start to be partially empty.
The effective mass of the 2DHG is isotropic and its value is
0.96me, which is also of the same order as the ones reported
for the 2DHG generated at the SrTiO3/LaAlO3 interfaces
[15]. To summarize our results for the trilayer system, in
Fig. 5(c) we show the band bending of the heterostructure. As
it can be observed from this figure, where we plot both the top
of the valence band and the bottom of the conduction band
along the growth direction of the film, the 2DEG is spread
within the whole CMO1 film, while the 2DHG is localized at
the BTO side of the BTO/CMO2 interface.

IV. CONCLUSIONS

In this work we study, by means of ab init io calcu-
lations within the density functional theory, the electronic
and magnetic properties of a CaMnO3 ultrathin film grown
on a strained BaTiO3 ferroelectric film. We claim that this
heterostructure presents a strong magnetoelectric interfacial
coupling, characterized by a polarization driven magnetic
transition from a G-type to an A-type antiferromagnetic con-
figuration. Furthermore, coupled to this MEC we find a
metallic behavior at the interface between these two insula-
tors, where the charge character of the carriers can be tuned
from electrons to holes by switching the electric polarization
direction of the FE film. When this polarization points toward
the CMO film, we find a spin-polarized 2DEG hosted by
the Mn-3dx2−y2 bands spatially localized within all the CMO
layers, with a slight anisotropic dispersion around the � point
with estimated effective masses of 0.48me and 0.37me, for the

�-X and the �-M directions, respectively. On the other hand,
when the FE polarization points away from the CMO inter-
face, the charge carriers are of the hole type, and this 2DHG
is non-spin-polarized with an O-px + py character, spatially
localized within the first interfacial BTO layer.

Summarizing, our results show that the magnetic ordering
of the CMO and, consequently, the exchange interactions of
the Mn atoms can be controlled by the ferroelectric polar-
ization direction of BTO in this strained heterostructure. The
polarization of FE film can be reversed using an external
electric field, allowing us to manipulate the charge transfer at
the interface and change the occupancy of the Mn eg orbitals,
thereby modifying the magnetic ordering of the ultrathin
CMO film.

Overall, the proposed heterostructure offers unique poten-
tial opportunities to be considered as a fundamental part of
future technological applications in spintronic devices. We
hope that our findings stimulate further experimental studies
toward miniaturization and interface engineering where the
interfacial magnetoelectric coupling triggers and controls the
physical properties.
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