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By means of ab initio calculations, we study the effect of charge transfer and symmetry mismatch on the magnetic and
electronic properties of CaMnO3 ultrathin films, epitaxially grown on SrTiO3 (001). We find that the interplay of these
degrees of freedom, together with the low dimensionality and the strain imposed by the substrate, changes the bulk
occupancy of the Mn eg orbitals, which determines the magnetic configuration of the ultrathin CMO films. A transition
from an insulating G-type to a metallic A-type antiferromagnetic configuration is stabilized.

I. INTRODUCTION

The last decades were characterized by the finding of emer-
gent phenomena in oxide heterostructures, such as two dimen-
sional electron gases at the interface of two insulators1 or fer-
romagnetism between two non-magnetic materials2. These
interesting phenomena are a consequence of the strong cou-
pling between spin, orbital, charge and lattice degrees of
freedom in this kind of heterostructures. Due to the strong
electron-lattice correlations, the electronic and magnetic prop-
erties of thin oxide films grown on top of substrates are highly
influenced by strain effects, as the substrate imposes its in-
plane lattice constant and symmetry, by charge transfer at the
interface and by low dimensionality effects, as at the surface
some of the interactions are missing due to the spatial confine-
ment. Another factor that surely influences the film’s proper-
ties is the symmetry mismatch, which can be tuned by the
interfacial oxygen octahedral coupling present at the inter-
face discontinuity. The thinner the nanostructure, the more
important the surface and interface effects due to the increas-
ing surface/volume ratio, opening, in this way, the possibil-
ity of an interface engineering. For instance, it was shown
in Ref. 3, that the magnetic and electronic properties of a
La2/3Sr1/3MnO3 (LSMO) film grown on a NdGaO3 (NGO)
substrate could be manipulated by engineering the oxygen
network at the unit-cell level. The strong oxygen octahedral
coupling was found to transfer the octahedral rotation of the
substrate in the interface region. The first two unit cell lay-
ers of LSMO have almost the same tilt angle as NGO and the
impact of the octahedral coupling decays rapidly away from
the interface and disappears above 4 unit cell layers. Similar
effects have been found in LaNiO3/SrTiO3, LaAlO3/SrTiO3
heterostructures4 and in La2/3Sr1/3MnO3 grown on SrTiO3

5.
In the search after new heterostructured materials suitable

for spintronic devices, consideration of transition metal per-
ovskites is mandatory. Within these perovskites, CaMnO3
(CMO), which shows a competition between ferromagnetic
double-exchange6,7 and antiferromagnetic superexchange in-
teractions8, deserves special attention. The magnetic coupling
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among Mn ions is very sensitive to the local atomic environ-
ment and, therefore, lattice distortions imposed by epitaxial
strain or low dimensionality could lead to strong changes in
the properties of the thin-films.

In a previous work9 we computationally analyzed the effect
of high tensile strain and low dimensionality on the magnetic
and electronic properties of CaMnO3 ultrathin films imposing
the in-plane lattice constants of SrTiO3 (STO), to simulate an
epitaxial growth. We found that the combination of both ef-
fects yields a change in the magnetic order, from the G-type
antiferromagnetic (GAF) structure present in bulk CMO to
the A-type antiferromagnetic (AAF) configuration. The GAF
structure is characterized by an antiferromagnetic (AFM) cou-
pling between all first neighbors while the AAF one exhibits
a ferromagnetic (FM) coupling within the (001) planes and an
AFM coupling between adjacent (001) planes. In this case,
the FM component of the stabilized magnetic structure is a
consequence of self-doping because of charge redistribution
originated in the absence of apical oxygens and strain, and
not of direct electron doping due to divalent-trivalent chemical
substitution or due to the presence of O vacancies, as reported
in the past10–12.

In the present work, we analyze the chemical influence as
well as the interface structural rearrangement of the octahedral
environment due to the substrate, by performing ab initio cal-
culations on CaMnO3 ultrathin films grown on SrTiO3 (001).
The oxygen octahedral distortion is not only a consequence of
the strain imposed by the substrate, but also of the disconti-
nuity present at the interface which changes from a0a0a0 (in
Glazer’s notation) in STO to a−a−c+ in CMO, similar to what
was found in other heterointerfaces 3,4,13–15. We, thus, con-
sider not only the symmetry mismatch but also evaluate the
charge transfer at the interface of the heterostructure.

II. COMPUTATIONAL DETAILS

We perform ab initio calculations within the framework
of Density Functional Theory (DFT) and the projector aug-
mented wave (PAW) method,16 as implemented in the Vi-
enna ab initio package (VASP)17,18. We explicitly treat 10
valence electrons for Ca (3s23p64s2), 13 for Mn (3p63d54s2),
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10 for Sr (3s23p64s2), 12 for Ti (3s23p64s23d2) and 6 for O
(2s22p4). The local spin density approximation (LSDA) in
the parametrization of Ceperley and Alder is used19,20. All the
DFT calculations are performed using a 500 eV energy cutoff
in the plane waves basis. As already shown, for manganese
perovskites the local spin density approximation successfully
predicts the observed stable magnetic phase and the structural
parameters21–23. We include a Hubbard term with U = 5 eV
and J = 1 eV within the Lichtenstein implementation24, for
a better treatment of the Mn and Ti 3d-electrons. The under-
estimation of the band gap is usual within the local density
approximation and, therefore, we set the Hubbard U parame-
ter to the one which better reproduces the experimental band
gaps. With these parameters, the relation between the gaps
of both materials and the CaMnO3 magnetic ground state are
well reproduced23,25. We approximate the magnetic configu-
ration of the Mn magnetic moments with collinear structures,
as noncollinearity is known to be quite minimal, giving rise to
a small magnetic moment of 0.04µB

26,27. Therefore, we con-
sider the three relevant antiferromagnetic orders that might be
shown by the Mn atoms, being the already defined GAF and
AAF as well as the CAF (AFM within the (001) planes and
FM between adjacent planes). We also consider the FM struc-
ture, for comparison.

For the slab calculations we use a supercell that contains
eight layers of CaO alternating with nine layers of MnO2
grown on top of seven unit cells of SrTiO3 along the (001)
direction and a vacuum space of 15Å to avoid the fictitious
interaction between slabs due to the periodic boundary con-
ditions. We also consider the TiO2 and the MnO2 terminated
surfaces, as it was found that they are the most energetically
stable ones28. Therefore, the interface between both insulators
corresponds to SrO/MnO2. To evaluate the integrals within
the BZ a 6×6×1 Monkhorst-Pack k-point grid is employed
and structural relaxations are performed until the forces on
each ion are less than 0.01 eV/Å.

We constrain the first four layers of STO to the LDA opti-
mized bulk structure, and allow the other three layers as well
as the CMO slab to relax their internal coordinates.

III. RESULTS AND DISCUSSION

In a first step, we calculate bulk SrTiO3 and CaMnO3 sepa-
rately. Bulk computations for STO lead to an optimized lattice
constant aSTO = 3.867 Å, 1% smaller than the experimental
value (aexp

STO = 3.905 Å), and a band gap ∆STO
g ∼ 2.4 eV. The

experimentally determined indirect band gap energy in STO is
3.25 eV, while the direct one is 3.75 eV. The conduction bands
are mainly composed of Ti 3d t2g and eg states29. Thin films’
band gaps are usually narrower than their bulk counterparts
due to confinement effects and we obtain a ∆

′STO
g ∼ 1.45 eV,

for a slab of 7 unit cells. It is worth to mention that these
results are robust for values of the U parameter in the range 0-
5 eV assigned to the Ti 3d-orbitals. Regarding CMO, the cal-
culated band gap for the bulk stable magnetic configuration,
GAF, is ∆CMO

g ∼ 1.6 eV, and it is reduced to ∆
′CMO
g ∼ 0.3 eV

for the free standing slab of 8.5 unit cells. As already shown,

when the CMO film is tensile strained using the lattice param-
eters of STO, the system becomes metallic9.

FIG. 1. (Color online) Top (left) and perpendicular (right) view of a
MnO2 surface layer. The defined distances di are shown in Table I.

TABLE I. For the AAF magnetic configuration, Mn-O bond lengths
(in Å) and Mn-O-Mn bond angles (in deg) defined in Fig. 1, mea-
sured at the different zones of the heterostructure. That is, MnO2
located at the vacuum interface, in the middle layer and at the
CMO/STO interface. We also include, for comparison purposes, the
corresponding values obtained for the vacumm interface and the mid-
dle layer of a free-standing CMO strained-slab.

Free-standing CMO CMO/STO
strained-slab heterostructure

vacuum middle vacuum middle STO
interface layer interface layer interface

d1 1.79 1.97 1.79 1.97 1.92
d2 1.80 1.97 1.81 1.97 1.94
d3 2.00 1.98 2.00 1.98 1.96
d4 2.29 1.98 2.28 1.98 1.99
d5 1.78 1.85 1.77 1.84 1.86
d6 - 1.85 - 1.85 1.84

∠Mna−O1,4−Mnb 151.03 156.64 151.33 156.61 162.53
∠Mna−O2,3−Mnb 170.49 156.66 170.89 156.49 163.30
∠Mna−O5−Mnc 149.43 151.32 149.37 151.34 153.41

∠Mna−O6−Mnd(Ti) - 151.41 - 151.34 166.55

In the left panel of Figure 1 we show a schematic top view
of a MnO2 surface layer and in the right panel a perpendic-
ular view of a MnO6 octahedron is displayed, where the de-
fined distances di and angles are indicated. Both, the tensile
strain and the presence of different interfaces induce changes
in the Mn-O bond-lengths and in the Mn-O-Mn bond angles,
the values of all the defined parameters can be found in Ta-
ble I. We separate three zones in the CMO layers of the het-
erostructure: the MnO2-vacuum interface (named vacuum in-
terface), a MnO2 layer located at the middle of the CMO film
and a MnO2 layer in contact with the STO substrate (STO in-
terface). We also include, for comparison, the corresponding
values for the free standing CMO strained slab9. As it can
be seen, the di values and Mna-Oi-Mnb angles in the middle
layer are very similar to the ones present in the middle layer
of the free standing strained slab and to those appearing in the
strained bulk within the AAF magnetic structure9. This fact
indicates that our slab is wide enough to separate the effects
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of both interfaces. In this middle zone, CaMnO3 adapts its
MnO6 octahedral network to the epitaxial strain due to the
substrate and the bond-angles increase in the ab-plane and
decrease along the c-axis, while the bond-lengths are larger
within the plane and shorter along the perpendicular axis.

As the film thickness is large enough to decouple the two
CMO slab surfaces, the structural reconstruction at the vac-
uum interface is the same already found for the free standing
strained slab, as it can be seen in Table I. The absence of the
apical oxygens triggers structural distortions around the tran-
sition metal atom. The in-plane Mn-Mn bond-lengths equiva-
lency, present in the bulk geometry, is lifted due to the octahe-
dral tilting. Therefore, two distinct bond-lengths appear and
the same happens with the in-plane Mn-O-Mn angles.

Comparing the distortions at the vacuum interface with
the ones induced by the STO interface, we see that the first
ones are more important. The bonding distances are, namely,
slightly modified by the presence of the STO interface while
the bonding angles are changed but not as much as in the vac-
uum interface. The smaller distortions induced by the STO
interface are probably due to the fact that the oxygen atoms
located at the interface do not suffer a strong oxygen octahe-
dral rotation when going from the a0a0c0 STO to the a−a−c+

CMO in the c-direction. Clearly, the oxygen octahedral rota-
tion is much greater at interfaces that have a discontinuity in
the octahedral ordering of the type in-phase to out-of-phase,
as it happens in La2/3Sr1/3MnO3/NdGaO3

3.
It is worth mentioning that the distortions induced by the

presence of both interfaces extend within two unit cells away
from the discontinuities, before the Mn environment of the
strained bulk CMO is recovered.

In Figure 2 we show the total and partial densities of states
(PDOS) projected onto the dz2 and dx2−y2 orbitals, for the
MnO2 planes lying in the different regions introduced in Ta-
ble I. As expected, tensile strain lifts the degeneracy of the
3d eg orbitals, lowering in energy the dx2−y2 orbital. From
the total density of states projected onto the vacuum layer, we
can see that the oxygens located at the surface loose part of
their charge, and this charge is redistributed among the Mn
atoms located in inner layers, starting to occupy the previ-
ously empty dx2−y2 orbitals. On the other hand, charge is also
transferred to the dx2−y2 orbitals of the Mn atoms located at
the STO interface. The electrons self-doping of the eg states
that was already present at the vacuum interface is enhanced
by the charge transfer stemming from the STO substrate.

Both, charge transfer and self-doping allow the presence
of the FM double exchange leading to the stabilization of
the AAF magnetic structure, which has more FM pairs
than the GAF magnetic configuration of the bulk. The
magnetic interaction between the Mn atoms is determined
by the competition between AFM superexchange via the
Mn t2g electrons and FM double exchange via the Mn eg
electrons. When the dx2−y2 orbitals are partially occupied
the double exchange in the MnO2 planes strengthens the
FM ordering while superexchange stabilizes the AFM one
between the planes. Within the AAF magnetic structure the
CMO film becomes, then, metallic, as it can be also seen
from Fig. 2. Summarizing, the interplay of epitaxial strain,

low dimensionality and charge transfer through the interface
changes the occupancy of the eg orbitals determining the
magnetic interactions of the ultrathin CMO films grown on
STO substrates.

FIG. 2. (Color online) Spin up partial densities of states (PDOS)
of MnO2 layers located at the vacuum interface (top), middle layer
(middle) and at the interface with the STO substrate (bottom). Black
lines: total DOS of each layer, blue lines: PDOS of each layer pro-
jected onto the dz2 -symmetry and red lines: PDOS of each layer pro-
jected onto the dx2−y2 -symmetry . The occupied t2g-orbitals are lo-
calized in an energy range between -6.5 and -3.5 eV.

IV. CONCLUSIONS

In this work we analyze, by means of DFT+U calculations,
the chemical effects at the interface of CaMnO3 ultrathin films
epitaxially grown on top of SrTiO3 (001) substrates. We ad-
dress the role of lattice mismatch and charge transfer on the
magnetic and electronic properties of these thin films.

From the structural analysis we find that in this heterostruc-
ture, the octahedral rotation pattern of strained CMO bulk is
preserved along the film and that the octahedral distortions
are important mainly in the vicinity of the vacuum and STO
interfaces, characterized by a MnO6 octahedral discontinuity.

Concerning the magnetic properties, we obtain that the
AAF magnetic configuration with in-plane FM pairs is
more stable than the GAF configuration present in bulk
CMO. This magnetic transition is driven by the presence
of self-doping electrons at the vacuum surface, as already
found in a previous work (Ref. 9), which is strengthened by
the charge transferred by the STO substrate to the interface.
This charge transfer amplifies the charge redistribution
driven by tensile strain and quantum confinement. Inter-
estingly, coupled by the magnetic transition from GAF to
AAF, we find an insulator to metal transition in the CMO film.



4

ACKNOWLEDGMENTS

This work was partially supported by PICT-2016-0867 of
the ANPCyT, Argentina, and by H2020-MSCA-RISE-2016
SPICOLOST Project Nº 734187.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
1A. Ohtomo and H. Y. Hwang, Nature 427, 423 (2004).
2A. Brinkman, M. Huijben, M. van Zalk, J. Huijben, U. Zeitler, J. C. Maan,
W. G. van der Wiel, G. Rijnders, D. H. A. Blank, and H. Hilgenkamp,
“Magnetic effects at the interface between non-magnetic oxides,” Nature
Materials 6, 493–496 (2007).

3Z. Liao, M. Huijben, Z. Zhong, N. Gauquelin, S. Macke, R. J. Green,
S. Van Aert, J. Verbeeck, G. Van Tendeloo, K. Held, G. A. Sawatzky,
G. Koster, and G. Rjnders, Nature Materials 15, 425 (2016).

4J. Fowlie, C. Lichtenteiger, M. Gibert, H. Meley, P. Willmott, and
J. Triscone, Nano Letters 19, 4188–4194 (2019).

5A. Vailionis, H. Boschker, Z. Liao, J. R. A. Smit, G. Rijnders, M. Huijben,
and G. Koster, “Symmetry and lattice mismatch induced strain accommoda-
tion near and away from correlated perovskite interfaces,” Applied Physics
Letters 105, 131906 (2014), https://doi.org/10.1063/1.4896969.

6C. Zener, “Interaction between the d-shells in the transition metals. ii. ferro-
magnetic compounds of manganese with perovskite structure,” Phys. Rev.
82, 403–405 (1951).

7P. G. de Gennes, “Effects of double exchange in magnetic crystals,” Phys.
Rev. 118, 141–154 (1960).

8J. B. Goodenough, “Theory of the role of covalence in the perovskite-type
manganites [La,m(II)]MnO3,” Phys. Rev. 100, 564–573 (1955).

9A. L. Pedroso, M. A. Barral, M. E. Graf, A. M. Llois, M. H. Aguirre, L. B.
Steren, and S. Di Napoli, “Strain-induced magnetic transition in CaMnO3
ultrathin films,” Phys. Rev. B 102, 085432 (2020).

10C. D. Ling, E. Granado, J. J. Neumeier, J. W. Lynn, and D. N. Argyriou,
“Inhomogeneous magnetism in la-doped camno3. i. mesoscopic phase sep-

aration due to lattice-coupled ferromagnetic interactions,” Phys. Rev. B 68,
134439 (2003).

11A. L. Cornelius, B. E. Light, and J. J. Neumeier, “Evolution of the magnetic
ground state in the electron-doped antiferromagnet CaMnO3,” Phys. Rev. B
68, 014403 (2003).

12M. Molinari, D. A. Tompsett, S. C. Parker, F. Azough, and R. Freer,
“Structural, electronic and thermoelectric behaviour of CaMnO3 and
CaMnO3−δ ,” J. Mater. Chem. A 2, 14109–14117 (2014).

13X. J. Chen, S. Soltan, H. Zhang, and H. U. Habermeier, Phys. Rew. B 65,
174402 (2002).

14S. Jin, T. H. Tiefel, M. McCormack, H. M. OB́ryan, L. H. Chen, R. Ramesh,
and D. Schurig, Appl. Phys. Lett. 67, 557 (1995).

15L. Abad, V. Laukhin, S. Valencia, A. Gaup, W. Gudat, L. Balcells, and
B. Martínez, Adv. Funct. Mater. 17, 3918–3925 (2007).

16P. Blöchl, Phys. Rev. B 50, 17953 (1994).
17G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
18G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
19B. J. Ceperley, D. M.;Alder, Phys. Rev. Lett. 45, 466 (1980).
20J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).
21A. Filippetti and W. Pickett, Phys. Rev. Lett. 83, 4184 (1999).
22A. Filippetti and W. Pickett, Phys. Rev. B 62, 11571 (2000).
23S. Keshavarz, Y. O. Kvashnin, D. C. M. Rodrigues, M. Pereiro, I. Di Marco,

C. Autieri, L. Nordström, I. V. Solovyev, B. Sanyal, and O. Eriksson, Phys.
Rev. B 95, 115120 (2017).

24A. I. Liechtenstein, V. I. Anisimov, and J. Zaanen, “Density-functional the-
ory and strong interactions: Orbital ordering in mott-hubbard insulators,”
Phys. Rev. B 52, R5467–R5470 (1995).

25I. I. Piyanzina, T. Kopp, Y. V. Lysogorskiy, D. A. Tayurskii, and V. Eyert,
Journal of Physics: Condensed Matter 29, 095501 (2017).

26E. Bousquet and N. Spaldin, “Induced magnetoelectric response in pnma
perovskites,” Phys. Rev. Lett. 107, 197603 (2011).

27L. Vistoli, W. Wang, A. Sander, Q. Zhu, B. Casals, R. Cichelero,
A. Barthélémy, S. Fusil, G. Herranz, S. Valencia, R. Abrudan, E. Weschke,
K. Nakazawa, H. Kohno, J. Santamaria, W. Wu, V. Garcia, and M. Bibes,
Nature Phys. 15, 67 (2019).

28D. Imbrenda, D. Yang, H. Wang, A. R. Akbashev, L. Kasaei, B. A. David-
son, X. Wu, X. Xi, and J. E. Spanier, Appl. Phys. Lett. 108, 082902 (2016).

29K. van Benthem, C. Elsässer, and R. H. French, “Bulk electronic structure
of SrTiO3: Experiment and theory,” Journal of Applied Physics 90, 6156–
6164 (2001).

http://dx.doi.org/DO - 10.1038/nmat1931
http://dx.doi.org/DO - 10.1038/nmat1931
http://dx.doi.org/ 10.1063/1.4896969
http://dx.doi.org/ 10.1063/1.4896969
http://arxiv.org/abs/https://doi.org/10.1063/1.4896969
http://dx.doi.org/ 10.1103/PhysRev.82.403
http://dx.doi.org/ 10.1103/PhysRev.82.403
http://dx.doi.org/ 10.1103/PhysRev.118.141
http://dx.doi.org/ 10.1103/PhysRev.118.141
http://dx.doi.org/ 10.1103/PhysRev.100.564
http://dx.doi.org/ 10.1103/PhysRevB.102.085432
http://dx.doi.org/10.1103/PhysRevB.68.134439
http://dx.doi.org/10.1103/PhysRevB.68.134439
http://dx.doi.org/ 10.1103/PhysRevB.68.014403
http://dx.doi.org/ 10.1103/PhysRevB.68.014403
http://dx.doi.org/ 10.1039/C4TA01514B
http://dx.doi.org/10.1103/PhysRevB.52.R5467
http://dx.doi.org/10.1088/1361-648x/aa57ac
http://dx.doi.org/ 10.1103/PhysRevLett.107.197603
http://dx.doi.org/10.1063/1.1415766
http://dx.doi.org/10.1063/1.1415766

	Role of symmetry mismatch, charge transfer and low dimensionality in the magnetic order of CaMnO3/SrTiO3 ultrathin heterostructures
	Abstract
	I  Introduction
	II  Computational details
	III  Results and discussion
	IV  Conclusions
	 Acknowledgments
	 Data Availability


