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Abstract

®

CrossMark

Oxygen vacancies can be of utmost importance for improving or deteriorating physical
properties of oxide materials. Here, we studied from first-principles the electronic and
magnetic properties of oxygen vacancies in the double perovskite Sr,FeMoOg (SFMO). We
show that oxygen vacancies can increase the Curie temperature in SFMO, although the total
magnetic moment is reduced at the same time. We found also that the experimentally observed
valence change of the Fe ions from 3+ to 2+ in the x-ray magnetic circular dichroism
(XMCD) measurements is better explained by oxygen vacancies than by the assumed mixed
valence state. The agreement of the calculated x-ray absorption spectra and XMCD results
with experimental data is considerably improved by inclusion of oxygen vacancies.
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1. Introduction

Double perovskites AyBB'Og (A = alkaline earth or rare earth
metal atoms and BB’ = heterovalent transition metal atoms
such as B = Fe, Cr, Mn, Co, Ni; B’ = Mo, Re, W) often dem-
onstrate intrinsically complex magnetic structures and a wide
variety of physical properties (see [1] for a review article on
these materials). In order to understand the complex proper-
ties, experiments on SFMO included numerous methods like
photoemission spectroscopy (PES) [2—4], Mossbauer spectr-
oscopy [5, 6], neutron scattering [7-9], x-ray absorption
spectroscopy (XAS), and x-ray magnetic circular dichroism

1361-648X/18/305801+7$33.00

(XMCD) measurements [10-12]. Since the XAS and XMCD
spectroscopy is very sensitive to the electronic structure and
the local environment, comparing calculated spectra to the
available experimental results can provide important informa-
tion about the chemical composition, the ionic valency, and
the degree of electronic correlations in the system. Thus, we
simulated the XAS and XMCD spectra with our method and
found a better agreement than previous density functional
calculations [13]. Our results indicate as well a mixed valency
of the Fe ion (Fe?* or Fe3*) observed by experiments [6, 7,
10, 11], but we can also conclude from our study that the
mixed valency is mainly caused by oxygen vacancies.

© 2018 IOP Publishing Ltd  Printed in the UK
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In addition, several experimental and theoretical studies
have demonstrated that the double perovskite system
Sr,FeMoOg (SEMO) and other related materials exhibit a fer-
rimagnetic (FiM) half-metallic ground state with a high Curie
temperature of 324 K to 420 K [14-17]. The physical origin
of the magnetoresistance in SFMO is half-metallicity [18], i.e.
the material is an insulator in one of the spin channels, but a
metal in the other. This leads to a complete spin polarization
at the Fermi level, which immediately suggests their applica-
tion as a source of spin polarized charge carriers in spintronic
devices. Therein, SFMO will be used mainly as a thin film,
and many attempts were made to grown high quality films [16,
17, 19-21]. But all these films yield a reduced Curie temper-
ature, which is up to 80 K smaller than for bulk samples [16,
17]. Even for bulk SFMO the theoretical magnetic moment of
4 pup was rarely experimentally observed [8]. Such variations
were attributed to lattice defects like grain boundaries or point
defects. In particular, swapping of Fe and Mo ions, antisite
disorder (ASD) [22-28], and oxygen vacancies (Vo) [25, 26,
29, 30] were shown to reduce the magnetization of SFMO.

Nevertheless, no study addressed explicitly the variation of
the Curie temperature, T¢, with oxygen vacancies (Vo). We
deploy therefore the Korringa—Kohn—Rostoker Green’s func-
tion (KKR-GF) method with the coherent potential approx-
imation (CPA). We calculated magnetic coupling constants
with the magnetic force theorem [31] and used them in a
classical Heisenberg model in order to calculate the Curie
temperature similarly done as in [32, 33]. A similar approach
handling ASD from first-principles was beyond the scope of
this work, since the distribution of those antisite defects has to
be studied carefully. A simple random distribution might be
ruled out by [34] showing a tendency for antiphase patches,
which makes the study of the magnetic coupling of antisite
defects a work on its own.

In the following section, we describe the lattice structure
of SFMO used in our calculations and give details about the
calculation techniques. In section 3, we present the XAS and
XMCD calculations for the SFMO compound and demonstrate
that oxygen vacancies have to be present in SFMO samples.
The influence of oxygen vacancies on the electronic structure
and magnetic properties is then discussed in section 4.

2. Numerical details

For our calculations of SFMO, we adopted the experimentally
found double perovskite structure, where the oxygen atoms
provide an octahedral environment around the Fe and Mo
sites. The FeOg and MoOg octahedra alternate along the three
cubic axes, while the Sr atoms occupy the hollow site formed
by the corners of the FeOg and MoOg octahedra at the body-
centered positions (figure 1).

SFMO was found to be cubic (Fm3m) in the paramagnetic
phase, but changes into a tetragonal-type structure below a
critical temperature [9]. The Sr atoms occupy the 4d Wyckoff
positions (0, 1/2, 1/4). The Fe atoms occupy the 2a Wyckoff
pos. (0, 0, 0) and Mo the 4d Wyckoff pos. (0, 0, 1/2). There
are two types of oxygen atoms with O, at the 4e Wyckoff pos.

Figure 1. The double perovskite structure of SFMO (a = b = 5.573
and ¢ = 7.902 of [36]). The colored polyhedra visualize the
octahedral surroundings of the Fe and Mo atoms (orange and blue).
Following from the tetragonal symmetry, two different oxygen
positions appear (marked with O,, and O;). The tetragonal supercell
is shown by the black solid lines and the red arrows. It contains two
functional units with two Fe sites (Fel, Fe2). The black dashed lines
and the blue arrows indicate the primitive unit cell. The inset shows
the top view displaying the three most important magnetic coupling
pairs between Fe—Fe and Fe—-Mo. The figure was prepared with
VESTA [39].

(0, 0, z) and O,y at the 84 Wyckoff pos. (x, y, 0) (figure 1).
Their positions are not definite and vary between different
studies. They occupy either the site exactly between Mo and
Fe, which gives the body centered tetragonal structure type
(I4/mmm; No. 139 [35, 36]) or the oxygen octahedra are
slightly distorted (/4/m, No. 87 [37, 38]). We used for sim-
plicity the more symmetric body centered tetragonal structure
type and the lattice constant and internal parameters from [36]
as input for our study.

We note as well that the slight tetragonal distortion is
lifting the degeneracy of the d states. The crystal field at the
Fe (Mo) site (now Dy, point symmetry) splits the Fe (Mo) 3d
(4d) orbitals into three singlets A1y (ds2), Big (dy2_y2), and
By; (dyy) and a doublet e, (d,; and d,;). Since the deviation
from the ideal c/a ratio is only small, the states d, and d 2, as
well as the states d,>_, d,; and d,, form two groups of states,
which showed an almost similar density of states (DOS).
Those are considered as e, and f,, in accordance with other
publications.

For the microscopic understanding of the SFMO com-
pound, we combined the theoretical results of three computa-
tional methods, namely the multiple scattering KKR-Green’s
function method HUTSEPOT [40, 41], the spin-polarized
fully relativistic linear-muffin-tin-orbital (SPR-LMTO)
method [42-44] and the Vienna ab initio simulation package
(VASP) [45, 46]. The main investigation of the electronic
and magnetic properties was conducted with HUTSEPOT,
whereas the XAS and XMCD spectra were calculated within
the SPR-LMTO, and necessary structure relaxations were
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Figure 2. The x-ray absorption spectra ([10], open circles) at Fe

L, 3 edges as average of left and right circularly polarized light in
SFMO measured at 10 K with 5 T magnetic field compared with the
theoretically calculated ones for Fe3* (dashed blue line) and Fe>*
(solid red line). The linear combination of 60% Fe* and 40% Fe**
denoted as Sum (solid black line) resembles best the reference curve.

achieved with VASP. All relevant input parameters and the
discussion about the correct treatment of the electronic struc-
ture of SFMO are provided in the supporting information (SI)
(stacks.iop.org/JPhysCM/30/305801/mmedia).

3. X-ray absorption and XMCD spectra

The valency of the Fe ions is not finally resolved. Experimental
studies find a mixed valency state of Fe>* and Fe3* [6, 7, 10,
11] but theoretical calculations obtain a ground state with
Fe3t [23, 26, 47]. In order to solve this discrepancy, the x-ray
absorption and XMCD spectra at the L, 3 absorption edges can
be used in a complex transition metal ionic compound such as
SEMO as fingerprints of the ground state.

We used a supercell approximation with a cell of two
functional units of SFMO (see red arrows in figure 1). This
supercell was relaxed with VASP including a single oxygen
vacancy close to Fe2. The relaxation with VASP for a single
oxygen vacancy led to a distance of 1.9722 A between Fe2
and the vacancy—an increase by 1.5%. The correspondent
distance between the Fel ion and the oxygen vacancy was
reduced by 0.5% to 4.4054 A. In order to crosscheck effects of
ASD on the calculated spectra, we included also one antisite
defect into the supercell. We found, similarly as in [26], no
significant internal relaxations.

The experimentally measured Fe L, 3 absorption spectrum
of the SFMO single crystal ([10], average of left and right
circularly polarized light) displays at both absorption edges
a weak lower-energy shoulder together with a doublet struc-
ture at the white line position with almost the same magnitude
(figure 2). The complex fine structure of the Fe L, 3 XAS is not
compatible with a pure Fe** valency state, since we observed
only one peak—similar to [13]—instead of a double peak
structure. In order to provide a quantitative description of
the spectral features, we took into account both Fe valencies
3+ and 2+, separately, using a primitive unit cell. The theor-
etically calculated Fe L, 3 XAS agrees most closely with the
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Figure 3. The x-ray absorption spectra ([10], open circles) at Fe
L3 edges in SFMO measured with left (0T, top panel) and right
circularly polarized light (o, middle panel) measured at 10 K with
5 T magnetic field and XMCD experimental spectrum ([10], lower
panel) compared with the theoretically calculated spectra with an
oxygen vacancy far away (dashed blue line) and near to an Fe ion
(solid red line).

experimental data by using those results in a linear combina-
tion of 60% Fe** and 40% Fe?* (figure 2), which is opposite
to the calculated proportion found in [10] using the framework
of the ligand-field atomic formalism.

Considering that the correct Fe valency in the SFMO ground
state is 34 as concluded in many theoretical studies, the mixed
valency state might follow again from lattice defects as specu-
lated in [13]. We investigated the influence of the two types of
defects in the tetragonal supercell (figure 1). For the antisite
defects, we observed only the Fe3* solution. This can be con-
nected with the high defect concentration modeled within the
supercell. However, a single vacancy among twelve oxygen
atoms models a more realistic concentration. Self-consistent
calculations in the tetragonal supercell produce the valency
of the Fe ions being equal to 2.9+ and 2.4+ at the Fel and
Fe2 sites, respectively. Therefore, the existence of the vacancy
shifts the valency of the nearest Fe ion (Fe2) towards 2+.
This valency change could be also observed below in the CPA
calculation of the DOS including oxygen vacancies (figure 5).

Indeed, the full explanation of the experimental spectra is
only possible by taking into account these crystal imperfec-
tions. The Fe L3 x-ray absorption spectrum for left circularly
polarized light (o) possesses four major fine structures a, b,
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Figure 4. The experimental x-ray absorption spectra ([12], open
circles) at O K edge (top panel) in SFMO and experimental

XMCD spectra (lower panel) measured at 7 =20 K with B=1.1T
compared with the theoretical simulations carried out for the

ideal crystal structure (solid red line) and with an oxygen vacancy
(dashed blue line).

c and d (figure 3). We found that the calculations for the ideal
crystal structure with the Fe* ground state solution (dashed
blue line) provides the x-ray absorption intensity o only at the
major peaks b, ¢, and d and do not reproduce the low energy
shoulder (peak a) as well as the low energy peak e at the L,
edge. The calculations with the Fe’* solution produce only
one high energy peak structure in the L3 0~ spectrum (middle
panel). However, the experimental measurements exhibit a
double-peak structure. The x-ray absorption from the Fe2 atoms
with the oxygen vacancy nearby (solid red line) contributes to
the low energy peak of o~ absorption (figure 3). The relative
intensity of the peaks depends on the relative concentration of
the Fel and Fe2 ions in SFMO, in other words, the concentra-
tion of defects such as oxygen vacancies. It is similar for the
oxygen K edge. The calculations including an oxygen vacancy
are in better agreement with the experimental measurements in
the x-ray absorption as well as in the XMCD (figure 4).

The XAS and XMCD spectra at the Mo L, 3 and M, 3 edges
are less sensitive for the crystal defects. For both edges, the
agreement with the experimental measurements [13] is quite
good and independent from the concentration of oxygen
vacancies (see SI, figures S4 and S5).

4. Electronic and magnetic properties
with randomly distributed oxygen vacancies

We saw above that oxygen vacancies are certainly present in
most samples of SFMO. Hence, their impact on electronic and
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Figure 5. The upper panel shows the experimental and simulated
PES of SFMO taken as a copy of figure (a) of [2] (some labels
were removed). The lower panel represents the DOS for SFMO
calculated with the KKR-GF method and UES = 2 eV. The gray
area shows the total DOS for defect-free SFMO. The colored
regions indicate the LDOS for the d states of Fe (reddish) and

Mo (bluish). The green dotted DOS includes 8 at.% of randomly
distributed oxygen vacancies. Both plots are scaled with respect to

the same energy scale and the Fermi energy at zero (black vertical
line). The dashed line indicates the position of the Fe eg state in the
experimental PES.

magnetic properties should be studied in detail. The KKR-GF
method combined with the coherent potential approx-
imation (CPA) allows the study of arbitrary concentrations
of randomly distributed oxygen vacancies as done before for
SrCoOs3_s [33]. The oxygen vacancies were simulated inside
the primitive unit cell with one functional unit of SFMO (see
blue arrows in figure 1). The internal lattice positions had to be
kept static [36]. We introduced a certain percentage of empty
spheres at the lattice sites of the oxygen ions, which are mod-
eled as randomly distributed via CPA. The typical oxygen-
deficiency ¢ ranges between 0.006 to 0.36 [24, 29, 48]. This
represents 0.1 at.% to 6 at.% of the total oxygen amount in
defect-free SFMO.

We obtained for defect-free SFMO the half-metallic
ground state by applying correlation corrections following
[26, 47, 49] (figure 5). Although the half-metallic ground state
would be well represented within the self-interaction correc-
tion (SIC) [47], the Fe d states localize too much. Hence, we
applied an U parameter on the d states of Fe with UeFff =2eV
as a compromise, because we are aware that the correct
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Table 1. The calculated spin mg and orbital m, magnetic moments (in pg) of Fe and Mo in defect-free SFMO compared with the measured

magnetic moments. Experimental uncertainties are given as well.

Fe Mo
Method mg my mg mey
SPR-LMTO 4.104 0.041 —0.504 0.047
KKR-GF 3.921 —0.525
Besse er al [10]* 3.05 +0.20 0.02 +0.02 —0.32 + 0.05 —0.05 + 0.05
Koide er al [12]* 2.80 + 0.30 0.093 +£0.010 —0.36 +0.03 —0.037 £ 0.015
Garcia-Landa et al [8]° 4.1 £0.1 0.0 £ 0.1
Kanchana et al [13]° 3.72 0.042 —0.29 0.020
Fang et al [53]° 3.97 -0.39

* XMCD measurement.
Y Neutron diffraction experiment.
¢ Theory.

treatment of the electronic structure is very sensitive to the
structural [23] and methodological differences [18, 28, 50]
(see SI). Following optical [51] and photoemission spectr-
oscopy (PES) [2—4] measurements, the band gap should be

0.5eV to 1.3eV, and should open between the Mo tgg states

and the Fe eg states.

Of course, a direct comparison of calculated DOS and
experimental spectra is very complicated, since thermal
broadening and defect levels can easily reduce the ideal band
gap. Saitoh [2] noticed for example possible ASD in their
samples (up to 10 at.%) but could not account for defects in
their theoretical interpretation. ASD inside SFMO deteriorate
the DOS at the Fermi energy Er because new states appear in
the majority spin channel [23, 25, 26, 28] and reduce the spin
polarization, which was indeed observed experimentally [52].
In contrast, a low concentration of oxygen vacancies does not
alter the half-metallic character of SFMO [25, 26, 30], but
additional Fe ¢+ and Mo d* states become occupied [26]. This
indicates a lower valency of the Fe and Mo ions. Electrons of
the removed oxygen atoms occupy states of Fe and Mo ions.
A similar qualitative behavior was observed within our calcul-
ations of oxygen-deficient SFMO with CPA (green dashed
line in figure 5). The averaging within the CPA broadens all
states.

Even more interesting is the effect of oxygen vacancies
on the magnetic properties of SFMO. As a starting point, we
compare briefly the numerically obtained magnetic properties
for defect-free SFMO with measured results and introduce
then oxygen vacancies again. The expected ferrimagnetic
(FiM) ground state of defect-free SFMO was always energeti-
cally favorable when comparing possible magnetic configura-
tions. The Fe spin and orbital moments in FiM are parallel,
whereas the spin and orbital Mo moments are antiparallel to
each other, in accordance with Hund’s third rule (table 1).
We obtain a good agreement for the orbital Fe magnetic
moment (0.041 pg) with the FPLMTO result of Jeng and
Guo [54] (0.043 pp) and the LMTO results of Kanchana [13]
(0.042 pp). The calculated spin and orbital moments of the
Mo atom are always larger in comparison with earlier calcul-
ations [13, 18, 53-55]. Also, the Fe spin moment of ~4 pup is
in a good agreement with the experimental neutron diffraction

measurements [8] and the theoretical ideal value for the
Fe’™ /Mot or Fe** /Mo®" valency configuration (table 1).
However, typical values for the magnetization reported in
experimental studies are smaller than ~4 pp. This reduction
was always attributed to point defects [10, 22, 29, 56].

We used the CPA to simulate randomly distributed defects
and indeed an almost linear decrease of the total magnetic
moment agreeing qualitatively with an experimental study by
Kircheisen [29] was observed (figure 6(b)). The offset of the
measurement at § = 0 will result from other point defects like
ASD [22]. Surprisingly, the Curie temperature is increasing
with more oxygen vacancies, while the total magnetic moment
is reduced at the same time (figure 6(b)). We obtained the
Curie temperature 7¢ by calculation of the magnetic exchange
interactions J;; and consider them up to a distance of 12.49 A
in a Monte Carlo simulation with a classical Heisenberg model
[32]. Those results agree also with the mean-field approx-
imation (MFA) or the random-phase approximation (RPA)
considering that MFA usually overestimates 7¢.

Although T¢ for defect-free SFMO is below the range of
experimental values 324 K to 420 K, we are interested in the
relative variation of 7T with the amount of oxygen vacan-
cies, which is roughly +15 K per at.% of oxygen vacancies.
Experimental results might therefore be enhanced by tens of
kelvin due to oxygen vacancies.

The reasons for this increase in 7¢ can be understood from
the magnetic exchange interactions. The most prominent cou-
pling constants of the order of several meV have only a very
restricted range up to 7.9 A (figure 6(a)). This includes only the
interactions up to the next nearest neighbor Fe ions J§§ ~Fe (see
inset in figure 1). Due to the tetragonal structure, all magnetic
exchange interactions show a small asymmetry with respect
to those with a component in z direction. For clarity, only the
coupling constants in the x-y-plane are shown (figure 6(a)).

The calculations of J; were performed in the FiM refer-
ence state. We observe for defect-free SFMO a strong anti-
ferromagnetic (AFM) coupling between Fe and Mo ions and
a ferromagnetic coupling between nearest neighbor Fe—Fe,
Jor . The next nearest Fe-Fe coupling constants, Jgs ',
have also an AFM character but are not enough to destabilize
the FiM ground state of SFMO (see figure 6(a) for § = 0).
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Figure 6. Calculated magnetic properties depending on the

oxygen deficiency ¢ obtained with the KKR-GF method. (a)
Magnetic exchange coupling constants for the strongest interactions
(displayed in the inset in figure 1). (b) Total magnetic moment

myo obtained within the self-consistent calculations and Curie
temperatures from the Monte Carlo simulation. Experimental
results [29] are given for the saturation magnetization (in pg).

Introducing now the oxygen vacancies in a random fashion
reduces the oxygen mediated exchange between the Fe ions
but favors the AFM exchange between Fe and Mo ions (figure
6(a)). This behavior resembles a stronger orbital localization
as observed with an increase of electron correlation parameter
UEE (see SI). The stronger localization of the orbitals leads to
a decrease of the electron hopping and, thereby, to a decrease
in the magnetic coupling strength. Together, the total magnetic
moment will indeed be reduced but the stronger AFM cou-
pling between Fe and Mo sites will at the same time mediate
an additional FM coupling and increases T¢.

5. Conclusions

We focused our study on the impact of oxygen defects on the
magnetic properties of SFMO and made two crucial findings:

Our simulated x-ray absorption spectra (XAS) and x-ray
magnetic circular dichroism spectra (XMCD) show a better
agreement with experimental spectra [6, 7, 10, 11] than pre-
vious density functional calculations [13]. This indicates that
the experimentally observed mixed valency of the Fe ion
(Fe’* or Fe’*) is mainly caused by oxygen vacancies.

Second, we could explain the experimentally observed
reduction of the total magnetic moment of SFMO by an
increasing amount of oxygen vacancies following from a
variation of the FM and AFM magnetic coupling between
the Fe and Mo ions. At the same time, the Curie temperature
shows a strong increase of roughly +15 K per at.% of oxygen
vacancies.

Since the growing conditions of SFMO samples could be
influenced by the oxygen partial pressure, oxygen vacancies
could be a tool to improve the magnetic properties of SFMO,
in particular, because the half-metallic band gap is not influ-
enced by oxygen vacancies.
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