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Strain-driven oxygen deficiency in multiferroic SrMnQj thin films
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The structural and electronic properties of a series of SrMnOs; thin films grown on different substrates
leading to different biaxial strains are examined by means of aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy and electron energy-loss spectroscopy (EELS). Here, we report a
comprehensive theoretical investigation on the impact of oxygen nonstoichiometry and strain on the O-K and
Mn-L, ; electron energy-loss near-edge structures of StMnOs with the aid of the all-electron density functional
theory code WIEN2K. Our experimental and theoretical EELS data reveal pronounced peak-height changes and
energy shifts as a function of strain, which are ascribed to differences in the oxygen vacancy density rather than
to a direct effect of lattice distortions. In addition, we find that the formation of oxygen vacancies in StMnO;
is likely to be enhanced by tensile strain. Compared to the unstrained material, the vacancy formation energy is

reduced by 0.25 eV under 3.78% tensile strain.
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I. INTRODUCTION

In the past decade, there has been a flurry of research
activities aimed at discovering new multiferroic materials
exhibiting simultaneous magnetic and ferroelectric order with
strong magnetoelectric coupling above room temperature. The
tremendous interest in this class of multiferroics is motivated
by the expectation of integrating them into low-power spin-
tronic nanodevices, where the magnetic order is controlled
by low energy consuming electric fields instead of magnetic
fields. However, the conventional mechanism for the transition
metal cation off-centering in ferroelectrics requires formally
empty d orbitals to be available for hybridization with the p
orbitals of the surrounding oxygen anions, whereas the forma-
tion of magnetic moments usually results from partially filled
d shells [1]. This limitation has boosted an intense research on
alternative routes to combine ferroelectricity and magnetism
in a single phase [2]. In particular, alternative mechanisms
for ferroelectricity are most intensively pursued [3]. Thus, in
magnetic perovskite-type materials, multiferroism has been
achieved by making use of the stereochemical activity of the
lone pair electrons of the large A-site cations (like Bi** and
Pb?*), charge ordering, geometrical ferroelectricity, as well
as unconventional spin order. Unfortunately, a rather weak
ferroic coupling is common to multiferroic materials in which
ferroelectricity and magnetic order are associated with two
chemically different cations (known as type-I multiferroics).
Conversely, the coupling is very strong in materials in which
ferroelectricity is magnetically induced (type-II multiferroics),
but the polarization in these materials is usually fairly small,
typically ~10~2 uC/cm?.

Recently, however, a new route to ferroelectric ferromag-
nets using strain was proposed by first-principles calculations.
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Fennie and Rabe [4] predicted that by applying tensile strain
to EuTiOs, normally an antiferromagnetic-paraelectric (AFM-
PE) material [5], a ferromagnetic-ferroelectric (FM-FE) phase
could be produced as a result of a strong interaction between
the spin ordering and the lattice phonons, i.e., by the so-called
“spin-phonon coupling” [6]. Yet, a very weak magnetoelectric
coupling was experimentally confirmed [6]. The origin of the
weak ferroic coupling in EuTiO3 was ascribed to magnetism
and ferroelectricity originating from different lattice sites [7].

More recently, theoretical calculations suggested that, sim-
ilarly to EuTiOs, strain-driven multiferroicity associated with
spin-phonon coupling should also arise in strained SrMnO3
(SMO) [8]. In bulk form, SMO is observed to have a PE cubic
perovskite structure with G-type AFM ordering arising from
linear Mn-O-Mn superexchange interactions. Under epitaxial
strain a polar instability in the FM phase leads to a substantial
energy lowering, which stabilizes the FM-FE multiferroic
phase over the bulk AFM-PE phase [8]. But most interesting
is the fact that the polar distortion is found to be dominated by
the off-centering of the magnetic Mn** cations from the MnOg
octahedra along one of the pseudocubic (110) axes [8—10].
Thus the same Mn** (d°) cation is responsible to drive both
the magnetic and the ferroelectric order. Consequently, a strong
magnetoelectric coupling with similar ordering temperatures
is foreseen.

However, one aspect that was overlooked in the theoretical
predictions is the tendency of the SMO structure to incor-
porate oxygen vacancies, which makes it very difficult to
synthesize fully stoichiometric SMO samples [10,11]. Thus,
for example, the large dispersion reported in literature for
the Néel temperature of unstrained SMO (between 233 and
260 K) [12-15] is ascribed to differences in the oxygen
stoichiometry of the samples used. Similarly, the electronic
properties of SMO are largely affected by stoichiometry [15].
Moreover, epitaxial strain is known to critically affect the
oxygen vacancy concentration in conventional perovskites.
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Hence the activation energies of these vacancies can be tuned
by tenths of an eV under modest strains of a few percent [16—
19]. In particular, for SMO thin films, it was predicted that a
small biaxial tensile strain of 2% should increase the oxygen
vacancy concentration by one order of magnitude at room
temperature [9]. Characterization of the oxygen deficiency of
these samples is essential because it might have enormous
implications for their potential multiferroic applications as
perfectly stoichiometric highly resistive SMO thin films are
required [11]. For example, Becher et al. [9] suggested
that oxygen vacancy order in strained SMO takes place at
(100)- or (010)-oriented domain walls, which act as insulating
barriers separating different polar domains. On the other hand,
Maurel et al. [20] speculated that, with increasing tensile
strain, accumulation of oxygen vacancies at the SMO/substrate
interface frustrate the magnetic interactions and induce a spin-
glass effect on the material. Later, Guzman et al. [10] probed
by electron energy-loss spectroscopy the oxygen deficiency in
a SMO film grown on (Lag 3Sr¢ 7)(Alg ¢5Tag 35)O3 and detected
a gradual change in the distribution of oxygen vacancies with
an increased population near the substrate interface, where the
in-plane tensile strain is largest.

In this work, we have examined the structural and electronic
properties of several SMO thin films grown under different
strains by using aberration-corrected high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) and electron energy-loss spectroscopy (EELS). The
experimental EELS results are interpreted with the aid of the
all-electron density functional theory (DFT) code WIEN2K.
Thus we present a detailed theoretical investigation on the
effect of oxygen vacancies on the O-K and Mn-L, 3 electron
energy-loss near-edge structures (ELNES) of SMO.

II. METHODS
A. Experimental details

The present study was performed on five SMO thin
films with thicknesses in the range of 10-13 nm grown by
reflection high-energy electron diffraction (RHEED) assisted
pulsed laser deposition on LaSrAlO4(001),, LaAlO3(001),,.,
(Lag 3Srg.7)(Alg 65Tag.35)03(001) e, SrTiO3(001),,  and
DsScO3(110), substrates, where ¢, pc, ¢, and o denote
tetragonal, pseudocubic, cubic, and orthorhombic indices,
respectively. For simplicity, from now on we will refer to them
as LSAO, LAO, LSAT, STO, and DSO. These substrates were
used to induce nominal epitaxial strain values of —1.30%,
—0.32%, 1.63%, 2.56%, and 3.78%, respectively. In all cases,
the SMO films were capped with a DSO layer in order to
protect them from deoxidation. All DSO capping layers
are crystalline except for the SMO/LAO system, which is
protected with an amorphous DSO layer. The SMO films and
the DSO capping layers were grown at a substrate temperature
of 850°C using an oxygen pressure of 0.15 mbar. After
growth, all films were annealed at 600 mbar of oxygen and
850 °C during 30 min. Subsequently, the samples were cooled
down to room temperature at a rate of 10°C/min. Epitaxial
growth was confirmed by x-ray diffraction (XRD) performed
on a four-circle Rigaku SmartLab diffractometer with Cu K«
radiation [21].
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Samples for transmission electron microscopy were pre-
pared in cross section by means of a FEI Helios Nanolab
450S focused ion beam (FIB) instrument. High resolution Z-
contrast images were acquired in STEM mode with a HAADF
detector using a double spherical aberration-corrected JEOL
JEM-ARM?200F microscope operated at 200 kV, and equipped
with a Gatan Enfinium EELS spectrometer. The annular
semidetection range of the annular dark-field detector was
calibrated at 90-370 mrad. For the EELS data acquisition, the
convergence and collection semiangles were set to 25.3 and
33 mrad, respectively. A dispersion of 0.1 eV per channel
was selected in order to cover an energy range of about
200 eV including both the oxygen K and manganese L3
edges. EELS data were acquired in DualEELS mode in order
to have both the low- and core-loss regions. All spectra
were deconvoluted using the Fourier-log method to ensure
single-scattering distribution, and background subtracted by
fitting a decaying power-law function to an energy window
just in front of the O and Mn core-loss edge onsets.

The strain in the SMO films was determined by geometric
phase analysis (GPA) using the GPA software by HREM
Research Inc., which is a plug-in for the image processing
package DigitalMicrograph. To minimize errors due to scan
instabilities that occur in the slow-scan (y) direction, two
HAADF-STEM images rotated by 90° were acquired for each
field of view: one with the fast-scan (x) direction aligned
along the in-plane (IP) direction, and the second one along
the out-of-plane (OOP) direction. For each SMO film, the
magnification of the images was calibrated using the substrate
lattice spacing aligned parallel to the fast-scan direction.
Special care was taken in selecting the SMO reflections in
the Fourier transform to avoid artifacts [22]. Thus circular
Gaussian masks with a full width at half maximum of ig,,,,
(where g, is the smallest g vector) were placed around
the (101)-type reflections. The GPA software was selected
to output strain maps along the IP or OOP directions. The
change in strain (measured in %) perpendicular and parallel to
the growth axis was determined relative to an internal reference
lattice chosen in the substrate area. Subsequently, d spacing
maps were obtained by referencing the calculated strain to the
substrate spacings.

B. Computational details

The electronic structure of SrMnO3; grown on different
substrates was calculated by the full-potential linearized
augmented plane-wave [23] (FP-LAPW) method within the
density functional theory as implemented in the WIEN2K pack-
age [24]. First-principles calculations were performed using
the generalized gradient approximation GGA+U method [25].
The Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA) was employed for the exchange-
correlation function. A Coulomb interaction U = 2.7 eV and
on-site exchange interaction Jy = 1.0 eV were used to treat
the Mn d electrons [8]. The same U values were adopted to
perform all calculations with WIEN2K. All calculations were
carried out using 2 x 2 x 2 or 2 x 2 x 1 supercell structural
models based on an orthorhombic unit cell [8] composed of
five atoms, unless otherwise stated (see below for details).
A shifted 4 x 4 x 4 special k-point mesh with a modified
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tetrahedron integration scheme [26] for the sampling of the
Brillouin zone was employed. Convergence was tested on bulk
SMO using k-mesh distributions of 4 x 4 x 4,6 x 6 x 6, and
10 x 10 x 10, which showed that the 4 x 4 x 4 sampling was
sufficient for the present system. The valence and core states
were separated by 6.5 Ry of energy and the plane-wave cutoff
parameter Ry, X kmax Was set to 7.00. The EELS spectra were
computed using the TELNES 3.0 module [27,28] of WIEN2K
using an electron beam energy of 200 kV, semicollection angle
of 5 mrad, and semiconvergence angle of 2 mrad. A broadening
of 1.0 eV was used to account for the instrumental energy
resolution. The module allows one to compute spectra with
and without removal of a core-hole electron (see below).

III. RESULTS AND DISCUSSION

A. Quantification of the epitaxial strain from
HAADF-STEM images

HAADF-STEM images of all five SMO films are shown
in Fig. 1. High-quality single-crystalline epitaxial thin films
with atomically sharp film/substrate interfaces were obtained
in all cases. Representative lattice parameter maps showing the
variation in lattice parameter along the OOP and IP directions
are shown in the central and right panels of Fig. 1, respectively.
Overall, the IP parameters of the SMO films and the substrate
materials show negligible differences indicating that the SMO
films are fully strained. Although, misfit dislocations are
occasionally observed at the top SMO/DSO interface [see,
e.g., Figs. 1(c) and 1(d)]. Besides, the OOP parameters are
homogeneously strained over the whole thickness of the thin
films. Thus no strain gradients from the substrate interface
towards the upper layers of the films were detected, as reported
in Ref. [10]. Subsequently, the IP and OOP lattice parameters
for each film were determined from each image by averaging
over a rectangular area containing the whole SMO film. The
obtained values as well as the c/a ratio (where c/a is the ratio
between the OOP and IP pseudocubic lattice), and the unit-cell
volume are plotted against the epitaxial strain in Fig. 2. One can
see that the first two quantities change linearly as a function
of the imposed strain between —1.30% and 2.56%, that is,
excluding the SMO/DSO film. Nevertheless, it is found that
the IP lattice parameters of the SMO films grown on LSAT,
STO, and DSO are larger than the OOP parameters, while this
is reversed for the SMO films grown on LSAO and LAO. The
maximum tetragonality, measured by GPA, is achieved for the
compressed SMO/LSAO thin film, where c¢/a = 1.045, a =
3.76 A, and ¢ = 3.93 A. However, from purely geometrical
considerations, one would expect the ¢/a ratio to be largest for
the SMO/DSO film. The presence of occasional cracks in the
SMO/DSO film helps to explain the partial stress relief in this
film. Figure 3 shows a cross-section view of a typical crack in
the SMO film grown on DSO. Indeed, cracks were previously
observed in SMO films grown on LSAT substrates [9], and we
believe they are most likely formed due to stress relaxation
during the TEM specimen preparation, i.e., when the FIB
lamellae are thinned below 100 nm. This assumption is based
on x-ray diffraction measurements showing that the SMO
thin film grows coherently on DSO with an OOP parameter
of 3.76 A [21], distinctly shorter than the one extracted

PHYSICAL REVIEW B 94, 104101 (2016)
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FIG. 1. Strain analysis of SMO films grown on (a) LSAO, (b)
LAO, (c) LSAT, (d) STO, and (e) DSO. Maps of out-of-plane (middle
panels) and in-plane (right panels) lattice parameters determined from
GPA of HAADF-STEM images (left panels). The color scale is the
same for all panels.

by GPA of the atomic-resolution HAADF-STEM images.
Moreover, additional evidence is obtained by inspecting the
HAADF-STEM images of the cracks; see Fig. 3. It is apparent
that no crack propagation takes place into the DSO capping
layer, meaning that the capping layer was deposited on a
perfectly coherent and uncracked SMO/DSO film.
Interestingly, in all films, the volume of the SMO unit cell is
larger than the bulk cubic SMO structure (¢ = 3.80 Aand V =

54.87 A3) [12]. Besides, the unit-cell volume is not preserved
but expands under increasing tensile strain. In order to evaluate
whether the monotonic volume increase with tensile strain can
be simply understood through a Poisson-type expansion we
evaluated the Poisson coefficient of the films. The Poisson’s
ratio can be calculated from v = 1/(1 — 2&,,/¢,;), where
&xx and g, are the in-plane and out-of-plane lattice strains,
respectively [29,30]. For our system we estimated a &, /¢;,
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FIG. 2. Structural parameters obtained by GPA of HAADF-
STEM images as function of nominal strain. (a) Out-of-plane and
in-plane lattice parameters of the SMO pseudocubic unit cell; (b)
c/a lattice parameter ratio; (c) unit-cell volume. Insets: schematic
illustrations of the epitaxial strain accommodation assuming bond-
length changes only.
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FIG. 3. HAADF-STEM image of the DSO/SMO/DSO film show-
ing the presence of a crack. Note that the crack does not propagate
into the top DSO capping layer.
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ratio of —1.59, from which a Poisson’s ratio v = 0.24 is
obtained. This value is noticeably smaller than the v values
associated to perovskite manganites, typically between 0.35
and 0.41 [30-32] (note that the unit cell volume is preserved
only for v = 0.5). Thus the large lattice expansion associated
with biaxial tensile strain is most likely due to an increase of
the oxygen vacancy concentration as the film deviates from
the stoichiometric § = 0 in StMnOj_;. This prediction is in
good agreement with previous calculations showing that the
CaMnOs structure can accommodate in-plane tensile strain by
increasing its concentration of oxygen vacancies [17].

B. EEL spectroscopy studies

To confirm that the observed volume increase with increas-
ing tensile strain is coupled to the oxygen-vacancy formation,
EELS data were acquired for all the samples. Figure 4 shows
a comparison of the manganese L,3; and oxygen K edges
among the series of SMO films. Clearly, the obtained spectra
show pronounced peak-height changes and energy shifts as a
function of strain.

The Mn-L, 3 edge corresponds to excitations of the Mn 2p
electrons into empty Mn 3d states. These transitions produce
two main characteristic features, or white lines, due to the
spin-orbit splitting of the Mn 2p core hole into 2p3,, and
2p1,2 states. They are indicated as L3 and L, in Fig. 4(a),
respectively. To facilitate visual comparison of the data, all
spectra were normalized to the intensity maxima of the L3
edge and an energy shift of a few eV was applied to align
the L, edges. Clearly, the L3 peaks corresponding to the
SMO films under tensile strain appear at a lower energy
(~1.4 eV) than those corresponding to the compressed SMO
films. Additionally, the relative intensity of the L, line with
respect to the L3 line progressively decreases from LSAO
(black curve) to DSO (red curve). Both these observations,
the increase in the spin-orbit splitting and of the L3 /L ratio,
indicate an increase of the electron doping of the Mn 3d e,
band with tensile strain.

Complementary information can be obtained from the O-K
edge, resulting from excitations of O 1s electrons into available
O 2p empty states. The O-K near-edge structure of the SMO
strained series in Fig. 4(b) exhibits three major peaks, a, b, and
¢, caused by hybridizations of unoccupied O 2 p orbitals with
Mn 3d, Sr 4d, and Mn 4sp orbitals, respectively [33-35]. For
clarity, all spectra were normalized to the intensity maxima of
the main peak b, and the same energy shift used to align the
Mn-L, edges was applied to the O-K spectra. By doing so,
the O-K}, peak in all spectra is aligned at 537 eV, while the
positions and intensity of the adjacent O-K, and O-K, peaks
change steadily with strain as indicated with dashed lines.
According to previous reports, since the O-K, prepeak has a
very strong contribution from the Mn 3d e, band occupancy,
it can be used to extract information on the Mn oxidation
state [36,37].

Several approaches can be employed to quantitatively
determine the Mn oxidation state from the energy-loss near-
edge structures (ELNES) of the O-K and Mn-L,3; edges.
Specifically, changes in the Mn-L, 3 white-line intensity ratio,
the Mn-L3 linewidth, the normalized O-K, intensity, and the
energy separation between the O-K, and O-K; edges, the
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FIG. 4. Comparison of Mn-L and O-K edges among the SMO
films grown on different substrates. (a) The energy scales have been
shifted so the L, lines match. The intensity is normalized to the L;
line. Dashed lines are used to show the shift in energy of the L;
peak. (b) The energy scales have been shifted so the main peaks at
537 eV are aligned, and the intensity normalized. Dashed lines are
used to show the shift in energy of the adjacent peaks. The energy
difference between the oxygen O- K, main peak and the O- K, prepeak
is quantitatively shown in the inset. All spectra are displaced vertically
for clarity.

Mn-L3 and Mn-L, edges, and the O-K, and Mn-L3; edges
have been thoroughly addressed [36-39]. Nevertheless, the
determination of the energy difference between the oxygen
O-K}, main peak and the O-K, prepeak appears to be the most
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accurate method and less dependent on spectral noise [36,38],
and has been successfully applied to StMnO3 thin films [9,17].
Here, we estimated the local oxidation state of the SMO films
by applying this procedure as reported by Varela er al. [36].
Thus, by fitting Gaussian peaks to the O-K, and O-K), peaks,
the peak positions were determined and the energy difference
[see inset in Fig. 4(b)] was used to obtain an average oxidation
state of +4.04, 4+ 3.98, + 3.70, 4+ 3.65, and +3.53 for the
SMO films grown on LSAO, LAO, LSAT, STO, and DSO,
respectively. Clearly, the increment in the tensile strain leads
to a reduction in the manganese oxidation state.

C. Interpretation of the EEL spectra

We compared our experimental spectra with theoretical
ELNES to get a better insight into the effect of oxygen
vacancies on the O-K and Mn-L; 3 edge fine structures. For
this purpose, three systems out of five were selected for the
EELS calculations, namely LSAO, LSAT, and DSO. They
correspond to the maximum compression (LSAO) and tensile
(DSO) strains, and an additional intermediate point (LSAT) in
the tensile regime.

The epitaxial constraint was set by fixing the IP parameters
to match those of the experimental substrates. Thus the
OOP lattice parameters and internal atomic coordinates were
optimized for all the structures. The experimental substrate
parameters, and the measured and optimized OOP parameters,
are tabulated in Table 1. Note that for LSAO the optimized ¢
parameter is in very good agreement with the experimental
value, while for the films under tensile strain (LSAT, DSO) the
optimized parameters are about 5% smaller than the experi-
mental ones, suggesting the presence of oxygen vacancies in
the experimental tensile-strained SMO films.

To clarify the influence of strain and oxygen vacancies
on the electronic structure of SMO, each effect was addressed
separately. Three sets of calculations were performed: one with
strained SMO structures without oxygen vacancies, another
with unstrained SMO structures containing oxygen vacancies,
and a last one with strained SMO structures containing oxygen
vacancies.

Strained + no vacancies. For all three structures, a 2x2x2
supercell and optimized lattice parameters were used in the
calculations.

Unstrained + vacancies. For this set of calculations all
supercell structural models were based on a cubic unit cell with
lattice parameter ¢ = 3.80 A[12l.A2x2x2 supercell was
modeled for LSAT by removing one oxygen out of SrsMngO»4,
and a2 x 2 x 1 supercell was used for DSO by removing one
oxygen out of Sry;Mn4O, to get a Mn oxidation state of +3.75
and +3.50, respectively. These values are very close to the

TABLE I. Experimental lattice parameters and optimized out-
of-plane parameters calculated for strained SMO structures without
oxygen vacancies.

Substrate a=b (.&) c (1&) Optimized ¢ parameter (A)
LSAO 3.756 3.927 3.935
LSAT 3.868 3.803 3.624
DSO 3.955 3.826 3.626
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FIG. 5. O-K edge EEL spectra of SMO structures on LSAO, LSAT, and DSO. (a) The O-K edge spectra are calculated assuming strained
lattice parameters and no oxygen vacancies. (b) The O-K edge spectra are calculated assuming unstrained lattice parameters and the presence
of oxygen vacancies. (¢) The O-K edge spectra are calculated assuming strained lattice parameters and the presence of oxygen vacancies.
(d) Experimental O-K edge spectra. (e) Energy difference between the O-K, prepeak and the O- K, main peak as a function of epitaxial strain

for all four cases.

ones observed experimentally, i.e., Mn(LSAT) = +3.70 and
Mn(DSO) = +3.53. Subsequently, the lattice parameters of the
cells were kept unaltered and the internal atomic coordinates
were optimized.

Strained + vacancies. A 2 x 2 x 2 supercell (based on
an orthorhombic cubic unit cell) was modeled for LSAT by
removing one oxygen out of SrgMngOy4, and a 2 x 2 x 1
supercell was used for DSO by removing one oxygen out
of Sr4Mn4O1;. The optimized lattice parameters were used for
the calculations, and then the internal atomic positions were
relaxed.

The O-K edge EELS spectra were calculated for all
three cases. Matrix elements of the dipole operator were
computed between the ls state of the excited oxygen and
the unoccupied states. The calculations were repeated for all
nonequivalent oxygen atoms and appropriately averaged. For
the fully stoichiometric strained SMO structure on LSAO, we
performed calculations introducing half a core hole (i.e., the
core level half occupied with an electron in the excited state),
and assuming the core hole to be completely screened in order
to assess the validity of the two methods. In the limit of large
supercell sizes, with the holes sufficiently diluted, calculations
done with half a core hole should reproduce the experiment
more faithfully and the screening should come out as a result
of the electronic structure relaxation induced by the core hole.
Taking half a core hole is called the Slater’s transition potential

approach [40,41] and is shown to include relaxation effects to
the second order. We compared calculations using a larger
supercell and half a core hole with a corresponding smaller
one with no core hole, and we found that both approximations
are in very good agreement with the experiment, although the
details of the peaks in the calculated ELNES fit slightly better
with the experiment when running calculations using a partial
core hole. Nevertheless, due to the good match between the
two approaches and in order to reduce computation time, we
performed the complete set of calculations without core hole.

The calculated oxygen K edge spectra of the strained and
unstrained SMO structures with and without oxygen vacancies
are shown in Fig. 5. Similar to the experimental data, all
obtained spectra are normalized to the intensity maxima
of the O-K,, peak, and an energy shift of a few eV was
applied to align the peak at 537 eV. The calculated O-K edge
spectra assuming the presence of oxygen vacancies [Figs. 5(b)
and 5(c)] compare very well with the experimentally obtained
O-K edge spectra [Fig. 5(d)]. The good agreement concerns
the trend in energy difference between the O-K, prepeak and
the O-K}, main peak, as well as the intensity ratio between the
two peaks which decreases with increasing tensile strain. On
the other hand, if no vacancies are included in the structural
models, neither the experimentally observed depletion of the
0O-K, peak with respect to the O-K; peak nor the peak
energy difference decrease upon increasing tensile strain is
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FIG. 6. Projected electron density of the Mn 3d and O 2p states in strained SMO structures on different substrates (LSAO, LSAT, and

DSO) with and without oxygen vacancies.

reproduced [Fig. 5(a)]. These findings are summarized in
Fig. 5(e), which shows the energy difference between the
O-K, and O-K, peaks for all different cases. Note that
the calculations show underestimated values compared to
the experimental results. This is because calculations were
performed without the inclusion of the core-hole corrections;
when running the calculations using a partial core hole we
observed a better agreement with the EELS data. Nevertheless,
the theoretical calculations shown here reproduce well the
trend in the experimental data. The simulations assuming the
presence of oxygen vacancies in the strained SMO structures
give the best match to the experimental results, whereas
for the strained SMO structures without oxygen vacancies
the energy difference is almost constant across the different
substrates. Besides, we find that the SMO structures that
incorporate oxygen vacancies are energetically more favorable
in the presence of tensile strain (by 0.29 eV for LSAT and
0.30 eV for DSO). The origin of this energy reduction is
mainly electrostatic, as tensile strain reduces the electron-
electron repulsion along the broken Mn-O-Mn bond axis (see
below) [17].

Shown in Fig. 6 is the projected electron density of states
(pDOS) of the O 2p and Mn 3d states in the strained SMO
structures on LSAO, LSAT, and DSO with and without oxygen
vacancies. We notice the following

(1) One sharp peak around 2 eV is observed in the pDOS for
both O 2 p and Mn 3d for all SMO structures without vacancies
(see top panels in Fig. 6).

(2) When comparing the pDOS for the structures with
vacancies, it is evident that the O 2p and Mn 3d peaks at

~2 eV markedly vary in the three models; they are split in two
components for the SMO structures on LSAT and DSO, and
are shifted to lower energies (bottom panels in Fig. 6).

(3) The O 2p peaks at ~9 eV are further shifted toward the
Fermi level in the SMO structures with vacancies.

Additionally, to provide a basis for the interpretation of
the EELS spectra, we decomposed the total pDOS of the O
2 p states into contributions originating from different oxygen
atoms. Thus we separated the contributions arising from the
oxygen atoms surrounding the Mn ion sitting next to the

TABLE II. Calculated Mn-O interatomic distances in SMO on
LSAO, LSAT, and DSO.

Mn-O distances (/o\)
Without vacancy

Substrate o1 02 03 04 05 06
LSAO 1.88 1.88 1.88 1.88 1.97 1.97
LSAT 1.93 1.93 1.93 1.93 1.81 1.81
DSO 1.98 1.98 1.98 1.98 1.81 1.81
With vacancy

Substrate 01 02 03 04 05 06
LSAT

Close 1.92 1.92 1.80 1.80 1.80
Far 1.97 1.97 1.91 1.95 1.81 1.81
DSO

Close 1.96 1.96 1.80 1.85 1.85
Far 2.02 2.02 1.99 1.97 1.81 1.81
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oxygen vacancy from those far away from the oxygen vacancy.
These oxygen atoms are henceforth denoted as close and far,
respectively. The Mn—O interatomic distances for all oxygen
atoms are tabulated in Table II. In both LSAT and DSO
cases, the results show that the formation of oxygen vacancies
results in a decrease in the average Mn—O,,, interatomic
distances. To see the effect of these two different sets of oxygen
atoms (close and far) on the EELS spectra, the calculated
EELS spectra are plotted together with the corresponding
decomposed O 2p states in Fig. 7. In the left panel, we show
the results for the less strained SMO structure on LSAT, where
8 O close and 15 O far atoms are present. Focusing on the peak
at ~2 eV, we note that the DOS of the O 2 p states arising from
the O close atoms are peaked at a higher energy. However,
the largest contribution to the O 2p states arises from the O
far atoms and is found at lower energies. The EELS spectrum
reflects the relative concentration of O far and O close atoms.
On the other hand, for the more strained SMO structure on
DSO with a larger density of oxygen vacancies (see right panel
of Fig. 7), 7 O close and 4 O far atoms are present. Also in
this case the splitting at ~2 eV is evident, but the largest peak
is found at higher energies due to the increased concentration
of O close atoms. This results in a shift of the O-K, EELS
peak to higher energies. Overall, the net effect in the O-K
EELS spectra is that the distance between the O-K, and O-K,
peaks is reduced due to the presence of vacancies in the SMO
structure, in agreement with the experimental EELS data [see
Fig. 5(d)].

Lastly, the vacancy formation energy was also calculated
based on the study from Aschauer ef al. [17]. We compared
the total energies of the stoichiometric SrMnO; unit cell
and the strained supercells containing oxygen vacancies. The
oxygen vacancy formation energy is tabulated in Table III for
both SMO structures on LSAT and DSO under tensile strain.
Compared to the unstrained material, the formation energy
of the oxygen vacancies is reduced by 0.25 eV under 3.78%

DOS vs. EELS
06 —— LSAT EELS L ——DSO EELS
——far O 2p DOS far O 2p DOS
——close O 2p DOS ——close O 2p DOS

Intensity (a.u.)

FIG. 7. Comparison of the calculated O-K edge EEL spectra with
corresponding DOS of the O 2 p states decomposed into contributions
from the close and far oxygen atoms for SMO on LSAT (left) and on
DSO (right).
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TABLE III. Oxygen vacancy formation energy in strained SMO
structures on LSAT and DSO substrates.

Substrate Strain (%) AE o (€V)
LSAT 1.63 —0.08
DSO 3.78 —-0.25

tensile strain. Thus we conclude that tensile strain favors the
formation of oxygen vacancies.

IV. CONCLUSIONS

In the present work, we have thoroughly investigated the
structural and electronic properties of epitaxial SMO films
deposited on different substrates leading to different strains. In
particular, we have examined how the oxygen vacancy density
is modified by biaxial strain by means of aberration-corrected
HAADF-STEM and EELS. Our experimental EELS data
reveal pronounced peak-height changes and energy shifts
as a function of strain, which were previously ascribed to
differences in the oxygen vacancy density [9,10,36]. Thus our
results suggest that the observed energy difference decrease
between the O-K, prepeak and the O-K;, main peak with
increasing tensile strain is concomitant with an increase of
oxygen vacancies. The formation of oxygen vacancies is
charge compensated by reducing the formal oxidation state
of the Mn cations, as inferred from the changes observed in
the Mn-L, 3 edges.

The experimental findings are complemented with all-
electron density functional theory based WIEN2K calculations
of the density of electron states and of the electron energy-
loss near-edge structure. For this, systematic simulations
with different oxygen vacancy concentrations and strains are
compared with the EELS experimental results. We show
that the O-K and Mn-L; 3 electron energy-loss near-edge
structures are strongly modified by oxygen nonstoichiometry
and, to a lesser extent, by strain (only when combined with the
presence of oxygen vacancies). Remarkably, our calculations
also show that strain solely does not change the intensity
nor the distance between the O-K, and O-K, peaks. By
decomposing the total projected electron density of states of
the O 2p states into contributions originating from different
oxygen atoms we observe that the DOS of the O 2p states
arising from the oxygen atoms sitting close to the oxygen
vacancies are peaked at a higher energy than those far away
from the vacancies. The net effect in the O-K EELS spectra is
that the distance between the O-K, and O-K, peaks is reduced
due to the presence of vacancies in the SMO structure. Thus the
results presented clarify the origin of the peak-height changes
and energy shifts of the O-K and Mn-L, 3 edge-fine structures
in SMO.

Additionally, we show that compared to the unstrained
material the formation energy of oxygen vacancies is reduced
by 0.25 eV under 3.78% tensile strain. It thus follows that
the formation of oxygen vacancies in the StMnOj structure
is likely to be enhanced by tensile strain. However, no
tensile-strain-induced oxygen vacancy ordering was observed
for our SMO films, as suggested by Becher et al. [9].
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Finally, we anticipate that the presence of oxygen vacancies
might hinder the potential multiferroic applications of SMO
as highly resistive thin films are required.
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