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ABSTRACT: To actualize the high spintronic application potential of complex magnetic oxides, it is essential to fabricate these
materials as thin films with the best possible magnetic and electrical properties. Sr,FeMoOy is an outstanding candidate for such
applications, but presently no thin film synthesis route, which would preserve the magnetic properties of bulk Sr,FeMoOj, is
currently known. In order to address this problem, we present a comprehensive experimental and theoretical study where we link
the magnetic and half metallic properties of Sr,FeMoOy thin films to lattice strain, Fe—Mo antisite disorder and oxygen
vacancies. We find the intrinsic effect of strain on the magnetic properties to be very small, but also that an increased strain will
significantly stabilize the Sr,FeMoOg lattice against the formation of antisite disorder and oxygen vacancies. These defects, on the
other hand, are recognized to drastically influence the magnetism of Sr,FeMoOy in a nonlinear manner. On the basis of the
findings, we propose strain manipulation and reductive annealing as optimization pathways for improving the spintronic

functionality of Sr,FeMoOj.
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1. INTRODUCTION

Complex magnetic oxides have drawn great scientific interest
due to their high potential for novel spintronics. Especially, the
magnetic and resistive properties of the double perovskite
Sr,FeMoOg4 (SFMO) are excellent for spintronic and magneto-
resitive applications. With the Curie temperature, T, of around
450 K, SEMO possesses a high spin polarization and a large
intrinsic magnetoresistance even at room temperature.1 These
characteristics make SFMO a potentially better candidate than
widely used half-metallic Lay¢;Sry33MnO5.” However, in order
to use SFMO in multilayer devices, it is essential to avoid
deterioration of the magnetic and electrical properties of films
in comparison with the bulk material, which is extremely
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challenging. The literature has so far identified that substrate
induced strain, antisite disorder (ASD), and the appearance of
oxygen vacancies (Vo) are the most prominent mechanisms
whose interplay determines the degradation of the film
properties.”~" Nevertheless, a comprehensive understanding
of their individual and collective role is challenging and still
missing. The current investigation provides significant exper-
imental data and a theoretical analysis to clarify the role of
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different mechanisms behind the weakened magnetic properties
of Sr,FeMoOy thin films compared to polycrystalline samples.

Several properties in thin films might be influenced by the
substrate induced strain, which can be varied by changing the
film thickness or by using substrates with different lattice
mismatches. In Manganite thin films, the strain induces
magnetic anisotropy and changes both resistivity and magnetic
properties.”'? Strain has also been seen to affect the surface
morphology by increasing the surface roughness and to weaken
the magnetic properties of the SEMO thin films.”'"'*

In the perfect SFMO structure (Figure 1a), the Mo and Fe
ions are in alternating rock salt type order. The magnetic
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Figure 1. (a) Schematic picture of the cubic crystal structure of
SFMO. (b) The HAADF-STEM image of the SFMO/STO interface,
where the dashed line indicates the topmost TiO, layer.

ground state is usually considered as a ferrimagnetic collinear
state with parallel Fe moments, which are antiparallel to Mo
moments. The perfect structure is easily varied by ASD, which
causes the exchange of positions of the Fe and Mo ions. The
ASD is already known to reduce the saturation magnetization,
since the observed antiferromagnetic (AFM) superexchange of
the antisite Fe—O—Fe,;, bonds leads to a lar%er component
of antiparallel aligned magnetic moments.">~"’ At concen-
trations below 15% of ASD, a decrease in T with increasing
amount of ASD has been reported.”'*~'® However, at higher
degrees of disorder, the AFM character of the Fe—O—Fe
bonds dominates the magnetic order and AFM ground state is
observed."

Oxygen vacancies, V,, are rather common defects in SEMO,
since the fabrication of SFMO is very sensitive to the applied
atmosphere. For example, extra oxygen in the fabrication
process often leads to impurity phases.”'® The literature about
the polycrystalline SFMO at hand has so far presented strong
evidence, also supported by several theoretical studies, that an
increasing number of oxygen vacancies reduces the saturation
magnetization, M, of SFMO.**'%19=22 However, the number
of reports about the effect of oxygen vacancies on the Curie
temperature of SFMO is more limited. Our previous theoretical
study suggests higher T¢ in oxygen deficient SEMO.'® On the
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contrary, a decreased T has been experimentally observed in
oxygen deficient polycrystalline SFMO, in which the effects of
other structural defects like ASD were not completely ruled
out.”” Thus, the role of oxygen vacancies in SEMO thin films is
still not clear, despite the various experimental and theoretical
studies about the polycrystalline SFMO.

In this work, we compare two sample types of SEMO, thin
films made with pulsed laser deposition (PLD) on SrTiO,
(001) (STO) single crystal substrates and the polycrystalline
bulk, i.e,, the target used in the film deposition. The fabrication
and the structural quality of the films and polycrystalline
material have been reported earlier.””~>° These previous results
show that no impurity phases have been observed in our
samples within the detection limit of X-ray diffraction (XRD).
The high and uniform quality of the films used in these
investigations were confirmed with the X-ray diffraction (XRD)
and transmission electron microscopy (TEM) measurements,
the details of which are given in the Supporting Information
(SI). The experimental results are complemented by the first-
principles calculations.

2. RESULTS AND DISCUSSION

The temperature and the field dependences of the magnet-
ization were measured from both sample types to determine
the T as a minimum of the temperature derivative and M,. The
T¢ of the standard 160 nm thick SEFMO film was found to be
around 320 K, whereas the T of the polycrystalline bulk
material is 23% higher, around 400 K. However, the M; of the
film is around 2.6 pip/f.u., which is 33% higher than in the bulk
sample (M, = 2 p/fu.) and clearly lower than the theoretical
ideal value of 4 pup/fu. The reduction of M, from the
theoretical value and the lowering of the T in the thin film are
significant. Especially, the decreased T is less favorable for
possible applications. Hence, the systematic experiments to
separately investigate the deteriorating mechanisms will pave
the way to improve T¢ of the thin films.

The effect of strain was studied by varying the film thickness
from 50 to 160 nm. Films with different thicknesses were used
instead of growing films on different substrates to avoid the
effect of substrate induced interface defects. This is especially
important in SFMO thin films, because previous investigations
have shown that the interface defects dominate their magnetic
properties and that the formation of these defects is highly
dependent on the substrate material’® A coherent film/
substrate interface and a low amount of interface defects
were also confirmed with TEM studies (Figure 1b). Therefore,
it is not expected that interface defects contribute notably to
the observed differences in the physical properties of the films
used in this work.

The substrate induced in-plane, ¢, and out-of-plane, &,
strains were determined from the a4 and ¢ parameters obtained
from the XRD measurements with respect to the lattice
parameters of bulk SEMO (a, = 5. 575 A, ¢, = 7. 893 A) 2% A
compressive in-plane strain was observed in all the films as
expected from the lattice mismatch of —1.05% between the
STO substrate and SEMO. Such an in-plane compression often
results in an increase of the out-of-plane lattice constant. A
tensile strain & was indeed observed experimentally. The
magnitude of both strain values reduces monotonously with
increasing film thickness. Up to 120 nm, the in-plane strain
decreased from —0.79% to —0.31% and remained almost
constant in the two thickest films. This implies that the SEMO
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Figure 2. (a) M, of the SFMO films versus in-plane and out-of-plane strain. (b) The experimental T and (right-hand scale) the theoretical AT
with respect to the theoretical value corresponding to the least strained film versus in-plane and out-of-plane strain. (c) AT in a contour plot in a
range near to the experiment. The crossed circles mark the four experimental data points. (d) Theoretical variation of the majority spin band gap
versus in-plane and out-of-plane strain. The ¢ direction was always relaxed.

Figure 3. Lattice structure of SFMO in a supercell of 8 f.u. used for the bulk defect calculations. The atoms are shown as colored balls (S, green; Fe,
orange; Mo, red; O, blue): (a) Sideview. The gray plane indicates the plane where defects were included. (b) Topview. (c)—(f) Sketch of the
simulated defect configurations in the supercell. The black arrows visualize a swap of Fe and Mo (ASD). The black ball shows a vacancy. The gray
arrows symbolize the relative orientation and the size of the magnetic moments. They are not particularly in the x—y plane.

films are relaxed at a thickness between 80 and 120 nm, which
agrees with the results of Fix et al.”®

A monotonic increase of M of 1 pg/fu. was observed with
decreasing in-plane strain, i.e., increasing layer thickness (Figure
2a). The calculated magnetic moments were almost independ-
ent of the variations in the lattice parameters, and the changes
were smaller than 1%. The experimental values of the Curie
temperature increase monotonously with decreasing in-plane
strain €, in good qualitative agreement with calculated Curie
temperatures (Figure 2b). However, the increase of T in the
experimentally accessible range remained in the range of few
kelvin. When the experimental curves are extrapolated toward
zero strain, an additional estimated increase of 1-2 K in T and
around 0.4 in M is achieved. However, this is still insignificant
when compared to the 80 K larger T of the polycrystalline
bulk material.
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Calculations for a larger range of strain show that the Curie
temperature varies only by few kelvin and depends mainly on
the in-plane strain (Figure 2c). We predict that also the
majority spin-band determining the half-metallic character of
SFMO is preserved for these strains (Figure 2d). Thus, the
theoretical and experimental results clearly prove that the
experimentally observed strain alone cannot explain the
deteriorated properties in thin films.

Nevertheless, the strain might have a stronger indirect
influence on the magnetic properties of the film via altered
formation probabilities of the possible defects. Previous
investigations have suggested that the changes in the magnetic
properties of SFMO are likely connected to the amount of ASD
and oxygen vacancies,”'***~*' but no information about their
appearance probability in different types of samples have been

provided. A conclusive step toward the estimation of the
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likelihood of such defects by theoretical means is the calculation
of formation energies, Eg., as a function of the oxygen
chemical potential, s, for different defects (Figure 3). When
we compared Eg = of several defect combinations calculated
either at the relaxed SFMO lattice constant or compressed to
the experimental lattice constant of STO, the latter always
yielded a higher Eg,, i.e., 40% and 13% higher for ASD or V,
respectively (Table 1). This indicates a reduced probability of
forming a defect in strained thin films.

Table 1. Formation Energies, Eg,,, at O-Rich Conditions
and the Majority Spin Band Gaps, A, of the Defect
Configurations Shown in Figure 3 for SEFMO Bulk with
Respect to the Defect-Free Sample”

Eform [€V] Al [eV]
configurations AsEMO asto AsEMo
(a),(b) defect-free 0.0000 0.61144 1.20
(c) Vo 46539 5.16068 1.10
() ASD 07712 137307  0.00
(e) ASD + Vo (Fe—O—Fey,) 45922 529722 0.00
) ASD + Vo(Mo—O—Mog,) 60269 679441  0.00

“The formation energies are compared for two different in-plane
lattice constants (see text).

The same tendency was experimentally observed when
comparing the films and the polycrystalline bulk samples. The
ASD of the films were obtained from the intensity ratio of the
(101) and (404) peaks and for the bulk material with the
Rietveld refinement using the Maud program.”®*” These
disorder values for the film and bulk are independent of each
other, because the material transferred from the target to the
film is fully vaporized in the PLD process before recrystalliza-
tion. The ASD of the polycrystalline material was found to be
around 28%, which is at least twice as large as the 12 + 3% of
ASD in the films. Thus, the higher amount of ASD in the
polycrystalline material is in good agreement with the Eg.,
analysis and could also explain the reduced M of the bulk
sample.

Alternatively, according to the earlier theoretical results and
previous experiments,*~'® T, and M, have a decreasing
tendency at least up to 15% of ASD. However, the observed
ASD level in the target is far above this range. For larger
amounts of ASD, Sanchez et al."® have found indications of an
ordered antiferrromagnetic structure with higher ordering
temperature of 770 K. This fact allows us to expect that the
critical temperature might increase for an ASD concentration
larger than 15%. This assumption is supported by the strong
AFM coupling that we observed between the original Fe sites
and the antisite Fe at Mo site (see the SI). This might dominate
the magnetic ground state for higher amounts of ASD.
However, it was not possible to reliably determine the
transition temperature for more than 15% of ASD in the
theoretical calculations including the effective medium
description.'® Therefore, we modeled a periodical arrangement
of 25% of ASD (one inverted Fe—O—DMo bond per 4 fu. of
SFMO) in a supercell approach. The calculation yielded a high
magnetic transition temperature of 740 K due to the strong
AFM coupling between Fe—O—Fe (see the SI). These results
suggest that the decreasing tendency of T in the low
concentration limit of ASD turns to an increasing one for
higher disorder concentration. This corresponds well with the

measured T values, which were lower in the film with 12 + 3%
of ASD and higher in the polycrystalline bulk material with 28%
of ASD. Even though our findings would imply that the T¢
could be increased more with high ASD concentrations, the
magnetic ground state, the saturation magnetization, and the
half metallicity of the films deteriorate. The latter could be
observed from previous experiments®” and in our density of
states (DOS) calculations including ASD, where an additional
state from Mo at the Fe site arises at the Fermi energy.
Therefore, even higher B-site ordering is still desired when
these films are considered for applications, although we already
observed a strong 50% reduction of ASD by growing the films
with PLD.

In addition to the ASD, a lower amount of oxygen vacancies,
Vo, is expected in the films compared to the polycrystalline
bulk from the Eg, calculations. According to our previous
theoretical investigations,' a greater number of oxygen
vacancies increases T and decreases M,. This explains the
large difference in Tc between the target and the film. In order
to experimentally investigate the effect of oxygen vacancies in
SEMO, a thin film corresponding to the one used in the ASD
studies (pristine) was annealed in ultra high vacuum conditions
(annealed). The carefully implemented ex situ post annealing
was used to vary the oxygen stoichiometry in the sample,
because smaller amount of structural modifications is observed
when compared to the films grown with different deposition
atmospheres (see the SI).”> Hence, the vacuum annealing
enables one to minimize the contribution of other structural
defects better than varying the deposition atmosphere. The
optimization of the vacuum annealing parameters is presented
in the SL

A change in the lattice parameters was experimentally
observed after the vacuum annealing. The a parameter was
increased by 0.3%, while the ¢ parameter was decreased by
0.1%. An increase in the a parameter has also been observed in
oxygen deficient polycrystalline SFMO, while the results for the
¢ parameter has been inconsistent.”””> On the contrary, a
previous theoretical study has suggested a decrease in both a
and ¢ parameters with the increasing amount of oxygen
The increasing unit cell volume is generally
associated with the formation of oxygen vacancies in complex
metal oxides, since the cation—cation bond is longer than the
cation—oxygen—cation bond. Due to the charge compensation,
the oxidation state of the cation is reduced, which also increases
the ionic radii of the cations. Moreover, the changes in the
number of ASD before and after vacuum annealing are within
the normal variation of around 3 percentage points. Within the
observed ASD range of the films, the changes in T due to the
normal variation cannot explain the differences between the
pristine and annealed films. Thus, we expect that the observed
20 K increase in T and a 0.2 pgp/fu. decrease in M were
caused mainly by oxygen vacancies (Figure 4a). These
variations correspond already to a 6% change in both quantities
in regard to the pristine sample.

In order to further investigate the changes in the oxygen
vacancy concentration caused by the vacuum annealing, bulk
sensitive hard X-ray photoelectron spectroscopy (HAXPES)
measurements were carried out. The experimental valence band
spectra, which provide information about the total DOS
distribution, were compared qualitatively with the calculated
density of states for defect-free SFMO, SFMO including ASD
and SFMO with V (Figure 4b,c). The structures at small
binding energies (between 0 and 2 eV) are attributed to the Fe

P
vacancies.
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Figure 4. (a) Magnetization curves in 100 mT field for the pristine and
vacuum annealed SFMO films. (b) Valence band photoemission
spectra of the pristine (black) and annealed (red) samples. The inset
shows a larger energy range. (c) Theoretical DOS for defect-free
SFMO, 10 at. % ASD or 8 at. % V. The dashed line indicates the
Fermi energy, Eg. (d) The partial DOS for the relevant Fe e; and Mo
tl, states are compared with the bulk (black patterns) and Vi
calculations (red patterns).

3d and Mo 4d states. The experimental results at low binding
energies yield a shift of these features toward higher binding
energies when the valence band spectrum of the annealed film
is compared with the one of the pristine film (compare red with
black line in Figure 4b). The increasing binding energies
correspond to a downward shift of the electronic states in the
DOS or an increase of the Fermi energy, Eg. Such a shift is only
observed for the DOS of oxygen-deficient SEMO, whereas ASD
does not change the DOS significantly with respect to bulk
SFMO (Figure 4c). The oxygen vacancies and the additional
electrons change the oxidation states of the Fe and Mo ions and
increase Ep. In particular, the position of the Fe 3d and Mo 4d
states close to Ey is changed (Figure 4d).

In addition to the changes observed in the valence band
spectra, the binding energies of Fe 2p, Mo 3d, Sr 3d, and O 1s
states are also increased (approximately +0.2 eV). Similar shifts

in the Sr 3d and O 1s spectra of the SrTiO; and SrFeO, have
been observed with increasing amount of oxygen vacancies.” >
Hence, the HAXPES results support the assumption that the
vacuum annealing leads to a higher oxygen deficiency in SEMO
thin films. These experimental results are in good agreement
with our previous theoretical results'® and confirm that the T
of SFMO can be improved by increasing the amount of oxygen
vacancies. Unlike the ASD, the increasing amount of oxygen
vacancies do not even deteriorate the spin polarization essential
for applications. This preserved half metallicity of oxygen
deficient SFMO is also supported by other theoretical
studies.**?”*

To summarize our theoretical and experimental approaches,
the change of the magnetic properties of SFMO is a complex
issue, which is caused by a combination of nanoscale
mechanisms. The three most probable factors are strain,
ASD, and oxygen vacancies, which are schematically crystallized
in Figure S. Even though the effect of increasing compressive
strain itself is insignificant, the formation energy calculations
suggest that the formation of oxygen vacancies and ASD is less
probable in compressively strained films. Thus, the substrate
induced strain cannot be ignored in the context of defect
variation. The result that an increasing strain could stabilize the
SEMO lattice against the formation of ASD and oxygen
vacancies is significant and could also be extrapolated for other
perovskite materials.

As summarized in Figure S, the small compression from the
substrate decreases the in-plane a/b parameter, which leads to
an elongation of the out-of-plane ¢ parameter. Alternatively, the
transposed Fe/Mo ions have small enough difference in their
ionic radii that no changes can be observed in the lattice
parameters, whereas the absence of oxygen ions causes an
increase in the a/b parameter. Even though the magnetic
properties of SEMO are only slightly influenced by the strain,
the role of ASD and oxygen vacancies is extremely significant.
The Fe ions are AFM coupled with a large coupling constant to
the Fe ion in the antisite position, which reduces the saturation
magnetization and the Curie temperature, until at higher ASD
concentrations, the strong AFM coupling leads to an increase in
Tc. In addition, the half metallic character is deteriorated due
the additional states of antisite Mo at the Fermi energy. The
formation of the oxygen vacancy results in enhanced
antiferromagnetic coupling between Fe and Mo. This

Compressive
strain

Anti-site
disorder

Oxygen
vacancies

TeM MY alb M c-y.

Theory - Experiments

Figure S. A schematic picture of the changes in SFMO thin films caused by compressive strain, antisite disorder, and oxygen vacancies. The
structural modifications due to these defects are illustrated at the top and the changes in the main magnetic and structural properties from the
experiments (red) and theoretical calculations (blue) at the bottom. The arrows imply the direction of change in the defect concentration range of

the films and the lines represent constancy.
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strengthens the ferromagnetic coupling between the Fe ions
and leads to the observed increase in the Curie temperature.'®
This also leads to a slightly reduced saturation magnetization,
but the half metallic feature remains preserved. Altogether, the
ASD concentrations larger than 15% and the increasing amount
of oxygen vacancies both increase the T and decrease the M
of SFMO. Therefore, the 80 K higher T¢ and the 0.6 pg/fu.
smaller M; of the polycrystalline bulk SFMO can be explained
as a combined effect of large ASD concentration and higher
amount of oxygen vacancies.

3. CONCLUSIONS

Our results show that the first priority toward SEMO films for
applications is to further reduce the amount of ASD, which
would improve all important properties. In addition, we
conclusively show that the Curie temperature of SFMO can
be increased without deteriorating the half metallicity by
increasing the number of oxygen vacancies. Therefore, the role
of oxygen vacancy engineering is extremely important and
should not be underestimated in the future optimization
processes. Since the ASD and oxygen vacancies are important
factors in other perovskite materials that have been suggested
for spintronic applications, it is expected that the strain
engineering and vacuum annealing will be important concepts
to improve the properties of these materials in general.

4. EXPERIMENTAL SECTION

4.1. Thin Film Fabrication. The films were grown with pulsed
laser deposition (PLD) using a XeCl excimer laser at 4 = 308 nm. The
deposition temperature, T4, was 1050 °C and the films were made in 9
Pa pressure Ar atmosphere. The laser repetition rate was S Hz. The
details of the target preparation with the sol—gel method are reported
in refs 39 and 40 and the film deposition in refs 23 and 25. Also, ex situ
vacuum annealing at 650 °C in 10~°mbar for 120 min was carried out
with a standard 160 nm thick film.

4.2. Structural Characterization. X-ray diffraction (XRD)
measurements were made with a Philips X’pert Pro MPD
diffractometer in the Bragg—Brentano 6—26 configuration with Cu
K, radiation, incident beam X-ray mirror, and Schulz texture
goniometer. Transmission electron microscopy (TEM) studies were
made with TITAN 80—300 at the voltage of 300 kV. A probe-
corrected scanning TEM using high-angle annular dark field imaging
(HAADF) were carried out for a focused ion beam (FIB) lamella
prepared from the 160 nm thick sample. The X-ray photoelectron
spectroscopy spectra were obtained by synchrotron radiation excited
hard X-ray photoelectron spectroscopy (HAXPES). The measure-
ments were carried out at HIKE end-station of the KMC-1 beamline in
BESSY II (Helmholz-Zentrum Berlin). The HAXPES spectra were
measured with photon energy of 5000 eV at room temperature. The
binding energy scale was calibrated using Au 4f,/, core levels of a
calibration sample.

4.3. Magnetic Measurements. A Quantum design MPMS
SQUID magnetometer was used in the magnetic measurements.
The zero field cooled (ZFC) and field cooled (FC) magnetization
curves were measured in 100 mT and 500 mT for all the samples. The
Curie temperatures of the SFMO films were defined from the 500 mT
FC magnetization curves as a minimum of the temperature derivative.
The hysteresis loops were measured between —0.5 and 0.5 T at 10,
100, 300, and 400 K. In all these measurements, the plane of the film
was parallel to the external magnetic field. The dia- and paramagnetic
effects from the substrate and the sample holder were subtracted from
the measured data.

4.4, First-Principles Calculations. We used two methods based
on density functional theory, the Green’s function (GF) method
HUTSEPOT*""* to obtain the magnetic properties, and the Vienna ab
initio simulation package (VASP)*™™ to determine the structural

relaxations and the corresponding formation energies. To treat
electron exchange and correlation, we chose in both methods the
Perdew—Burke—Ernzerhof formulation of the generalized gradient
approximation (GGA).* The k points were sampled according to the
Monkhorst—Pack automatic generation scheme with special k point
meshs large enough to ensure the proper convergence of the desired
physical quantities. Both methods agreed well with the electronic
structure obtained in the primitive unit cell.'® The volume variation or
the strain is simulated by changing stepwise the a and ¢ lattice
parameters of the defect-free primitive unit cell. Then, we determined
the Curie temperature by means of the random-phase approximation
(RPA).* The defect configurations were considered with VASP within
a supercell consisting of 2 X 2 X 2 tetragonal unit cells, in total with 80
atoms (Figure 3). More computational details are provided in the
Supporting Information (SI).

4.5. Formation Energy. The method to calculate the charge free
defect formation energy, E, ., for a particular defect type with VASP is
the same as that used for BaTiO;."” Therein, the total energy and the
chemical potentials of possible vacancies are needed. We calculated the
total energy of V5, ASD, and possible combinations of both defects in
the supercell. The necessary chemical potentials of oxygen, o, which
represents the O-rich limit, was derived from the half of the total
energy of an oxygen molecule alone in the volume of the supercell.
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