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We report two solid solutions based on the magnetic ion doping of the double perovskite oxide
Sr,GaSbOg: Sr,Ga;.Cr,SbOg¢ (0.1 <x <0.4) and Sr,Ga,_Fe,SbOg¢ (0.1 <x <0.4). All compositions
crystallize in the same space group (/4/m) as their undoped parent phase Sr,GaSbOg, with the
trivalent magnetic cations Cr** or Fe3" partially substituting for non-magnetic Ga*" in one of the
B-cation sites. The Cr- and Fe-doped phases display dominant antiferromagnetic coupling among

the dopant magnetic moments, and exhibit decreasing band gaps with increasing substitution level.
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1. Introduction

Complex metal oxides have been of enduring interest to scientists in a wide range of disciplines
since they can exhibit intriguing physical properties, ranging from ‘simple’ magnetic and
electronic states to ‘complicated’ collective behavior such as ferroelectricity and
magnetoresistance.!> Magnetic semiconductors, as a classic example of collective behavior, are
materials that exhibit equally useful magnetic and semiconducting properties by utilizing the spin
and charge of electrons simultaneously.3~® These spintronic materials are one of the keen research
foci in materials science as they have the potential to significantly enhance the performance of
devices for next-generation information technology.'®!3 The perovskite family, as one of the
largest and most tolerant structural types in complex metal oxides, serves an important role in
material designing area.'4'¢ The ease of tuning the strength and sign of metal-oxygen coupling
interactions by modifying the unit cell contents and crystallographic structures makes perovskites
perfect candidates for future applications.

An A,BB’O¢ B-site-cation-ordered double perovskite in which magnetic transition metal cations
are absent, but which exhibits a band gap in the semiconducting regime, can be a perfect parent
phase for fabricating dilute magnetic semiconductors. Magnetic-cation doping can then be
achieved by partially replacing one of the non-magnetic B-site-cations with selected magnetic
transition metal centers, to introduce magnetism into the semiconducting system. The preparation
of cation ordered double perovskites is often not as straightforward as their cation disordered
analogs, because random mixtures are often preferred unless the cation ordering is driven by strong
chemical factors, such as distinguished ionic radii and/or formal oxidation states.!”!3

Sr,GaSbOg meets all the above-mentioned criteria. Although the ionic radius of Ga3* (0.76 A) is

almost identical to that of Sb3* (0.74 A), there are two units of charge difference between Ga®* and
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Sb>*, which yields a complete B-site cation ordered double perovskite with rock-salt type Ga’*-
Sb>* ordering. However, it is indicated in the literature that when the ionic radii of B-site cations
are similar and that for charge differences of two between the ions, there is invariably a small
degree of anti-site disorder present.!”'® Our double perovskite host material, Sr,GaSbQOg, is
reported to crystallize in a tetragonal space group /4/m (a’a®c)'. The reflections allowed by the
ordering of B-site cations have the same extinction as those resulting from tilting of octahedra
along the ¢ axis for this space group, making it difficult to quantify the degree of anti-site disorder,
but none is reported.?®?! To introduce magnetism into this magnetically silent system, trivalent
transition metal cations Cr3* and Fe** were selected to partially substitute for the non-magnetic B-
site-cation Ga3*, as Sr,CrSbOg?> 2> and Sr,FeSbO¢?*2® are well-established compounds. Thus, in
this study, we have fabricated the undoped double perovskite parent phase Sr,GaSbOg, plus two
series of doped double perovskite phases Sr,Ga;_,Cr,SbOg (0.1 <x <0.4) and Sr,Ga,_ Fe,SbOg (0.1
<x <0.4), and fully characterized them from the structural, magnetic, and optical points of view.
The Cr and Fe dopants, while tuning the band gap in the two series, both lead to dominant
antiferromagnetic coupling among the dopant magnetic moments.

2. Experimental

Polycrystalline powder samples of the undoped parent phase Sr,GaSbOg and its magnetic-ion
doped phases Sr,Ga;_,Cr,SbOg (0.1 <x <0.4) and Sr,Ga,_Fe,SbOg¢ (0.1 < x < 0.4) were prepared
by traditional high-temperature ceramic synthesis on a 0.5 g scale. Large-scale samples
(approximately 3 g) of Sr,GaSbOg and the two 10%-doped phases Sr,Gay oMy SbOg (M = Cr and
Fe) were also prepared via the same approach and employed for powder neutron diffraction
characterization. Suitable stoichiometric metal ratios of SrCO; (Alfa Aesar, 99.99%), La,05 (Alfa

Aesar, 99.99%, dried at 900 °C), Ga,O5 (Alfa Aesar, 99.999%), Sb,0Os (Alfa Aesar, 99.998%),
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Cr,05 (Alfa Aesar, 99.97%) and Fe;04 (Alfa Aesar, 99.997%) were thoroughly ground together
by using an agate mortar and pestle, and then transferred into an alumina crucible for calcination.
These reaction mixtures were first heated to 1000 °C in air at a heating rate of 1 °C/min and held
overnight to decompose the carbonate, and then were annealed in air at 1300 — 1400 °C (cooling
rate = 3 °C/min, reaction temperature varies slightly with the doping level) for 3 periods of 72
hours with intermittent grindings between heating periods. Routine inspections were carried out
by laboratory X-ray powder diffraction data collected at room temperature on a Bruker D8 FOCUS
diffractometer (Cu Ka) over a 20 range between 5° and 70° after each heating period. Once the
target product phases are pure and homogeneous, laboratory XRD data with much better statistical
significance, covering a 20 range between 5° and 110°, were collected from each sample. Room-
temperature time-of-flight (TOF) neutron powder diffraction data were collected at Oak Ridge
National Laboratory’s Spallation Neutron Source, POWGEN beamline, using neutron beam with
a center wavelength of 0.8 A. Detailed structural analysis was performed by the Rietveld method?
using the GSAS-II program. The particle morphology of selected compositions was examined by
using an FEI XL30 field-emission gun scanning electron microscope (SEM) equipped with an
Oxford X-Max 20 energy-dispersive X-ray spectroscope (EDX) running on AZtec software.

The magnetization data were collected using the Quantum Design Physical Property Measurement
System (PPMS) equipped with a vibrating sample magnetometer (VSM) accessory. Temperature-
dependent magnetization (M) data were collected from finely ground powders under an applied
external field (H) of 1000 Oe. The resulting magnetic susceptibility y (defined as M (in emu)/H (in
Oe)) was then plotted against temperature. Field-dependent isothermal magnetization data between

H =90000 Oe and —90000 Oe were collected at 7= 300 K and 2 K and plotted against field.
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The diffuse reflectance spectra were collected from the powder sample of each composition at
ambient temperature on a Cary 50001 UV-VIS-NIR spectrometer equipped with an internal DRA-
2500 integrating sphere. The data were converted from reflectance to pseudo absorbance via
applying the Kubelka—Munk function, and band gaps were calculated from Tauc plots by using
both direct and indirect equations.3?

The band structures for were calculated for Sr,GaSbOg, Sr,CrSbOg¢ and Sr,FeSbOg using the
WIEN2k program. The full-potential linearized augmented plane wave (FP-LAPW) method with
local orbitals was used.3!3> The generalized gradient approximation was used for dealing with
electron correlation.?® Reciprocal space integrations were completed over a 6x6x4 Monkhorst-
Pack k-point mesh.3* Spin-orbit coupling (SOC) effects were only applied for the Sb atom. Spin-
polarization was only employed for the Cr and Fe atoms. The structural and lattice parameters of
Sr,GaSbOg!?, Sr,CrSbO¢?? and Sr,FeSbO4*® were obtained from the literature. With these settings,
the calculated total energy converged to less than 0.1 meV per atom.

3. Results and Discussion

3.1 Structural Characterization

Sr,GaSbOg is a B-site cation ordered double perovskite consisting of alternating GaOg and SbOgq
octahedra in the rock-salt-type ordering scheme!®. The Rietveld co-refinement of standard
laboratory X-ray powder diffraction (XRD) data and TOF neutron powder diffraction data (NPD)
collected from the fine grey Sr,GaSbO¢ powder indicates that it can be indexed by a body centered
tetragonal unit cell, with lattice parameters a = 5.54042(4) A, ¢ = 7.90283(4) A (WR = 7.303%;
GOF = 3.01), which is consistent with the data found in the literature!. Observed, calculated and
difference plots from the Rietveld co-refinement of Sr,GaSbOg (space group [4/m) against the

neutron and X-ray powder diffraction data are shown in the Supporting Information (SI) Figure
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S1, with the detailed structural information listed in Table S1. The neutron scattering lengths of
the B site elements (Ga: 7.288 fm and Sb: 5.57 fm) are too close to quantify the site occupancies
the two elements to a precision beyond what is already known.

Since Sr,GaSbOg is a magnetically silent semiconductor, the substitution of the non-magnetic B-
site cation Ga3* by the trivalent magnetic cations Cr** and Fe?* should introduce magnetism into
the system. The success of the doping of the double perovskite host was illustrated not only by the
color changes of the doped samples (pink Cr-doped sample and pale-yellow Fe-doped sample)
compared to the grey color of the undoped parent Sr,GaSbOg phase, but also by the shift of peaks
in the lab XRD patterns. The detailed structural characterization of the two 10%-doped phases
Sr,Gay oMy 1SbOg (M = Cr /Fe) was performed by co-refining the time of flight (TOF) neutron and
lab X-ray powder diffraction data collected at 300 K against the reported structural model of their
parent phase Sr,GaSbOg¢'?, with the all-Ga’" site replaced by a mixture of 90% Ga** and 10%
Cr3*/Fe**. These two co-refinements both converged smoothly and provided satisfactory
agreement parameters (Cr-doped: wR = 8.398%, GOF = 3.43; Fe-doped: wR = 8.951%, GOF =
3.46). Observed, calculated and difference plots from the Rietveld refinements of
Sr,Gay oMy 1SbOg (M = Cr/Fe, space group /4/m) against neutron powder diffraction data collected
at 300 K are shown in Figure 1a & b (while those from the refinements against lab XRD data can
be found in Figure S2), with the detailed structural information presented in Table 1 & 2. The
structural model of Sr,GayoM,;SbO¢ (M = Cr/Fe), and the bonding environments within the
polyhedra are depicted in Figure 1c. Selected bond lengths for these polyhedra are listed in Table
S2. The neutron scattering lengths of the dopant elements are: Cr: 3.635 fm and Fe: 9.45 fm. These
are not sufficiently different from those of Ga and Sb to reliably refine the site fractions. The

nominal compositions were confirmed by EDX and no evidence for mixing the B-site cations was
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observed from lab XRD, or in the magnetization data (section 3.2). The extent of anti-site disorder
over the B-sites in the doped materials, if any is present, is too small to be quantified by our analysis.
It may be of interest in future studies to quantify whether a very small amount of anti-site disorder
is present in these materials.

The attempts of 10% Cr-for-Ga and Fe-for-Ga substitution while the B-site-cation-ordering is still
conserved indicates that Sr,GaSbOy is capable of forming a partial solid-solution with Sr,CrSbOg
and Sr,FeSbOg while maintaining the B-site cation ordering. Thus investigations of the remainder
of the phase diagrams of these two solid-solutions were carried out by the fabrication and testing
of materials with 10% increments in doping levels. The Ga-Cr and Ga-Fe systems both exhibit an
upper doping limit of around 40% M-for-Ga substitution in a tetragonal symmetry ordered double
perovskite phase. For higher levels of doping the materials become cation-disordered perovskite
solid solutions. The presence of the disordered phase is evidenced for example by the appearance
of a pseudo-cubic peak in the middle of the tetragonal doublet around the 260 position of 46° in the
laboratory XRD patterns for Sr,Gag¢M(4SbOg (M = Cr/Fe), marked by the asterisk in Figure 2a.
Thus, for compositions x > 0.4 in the Sr,Ga; ,M,SbOg series (M = Cr/Fe), the samples are not
single pure phase representatives of the B-site cation ordered double perovskite - but also contain
B-site cation disordered single perovskites. These disordered phases are not the subject of the
current work.

To further illustrate the successful synthesis of the doped phases, lattice parameters were
determined by Rietveld refinements of the laboratory XRD data, and the resulting lattice
parameters a, ¢ and cell volume V are plotted against the doping level x in Sr,Ga; .M, SbOg for
each dopant in Figure 2b. They exhibit significant curvature with respect to the doping level x for

both Cr and Fe series. In contrast to the fitted lines in the a and V plots, the change in lattice
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parameter ¢ appears to be discontinuous and the trendline is simply a visual guide rather than a fit
to the data. The data for the end-members Sr,CrSbO4?* and Sr,FeSbO¢?’ extracted from the
literature (data points plotted as closed circles) in general fall in line with the materials reported in
this study.

Finally, scanning electron microscope (SEM) images (Figure S3) were obtained from selected
compositions in the Sr,Ga; M,SbOg series (M = Cr/Fe) to observe particle morphologies and
sample homogeneity. Our doped materials are clearly homogeneous single phases with uniform
micron scale morphologies. Energy-dispersive X-ray spectroscopic (EDX) analysis provided
compositional results that coincide with the nominal ones within experimental uncertainties, again
proving that the doping was successful.

3.2 Magnetic Characterization

The temperature-dependent and field-dependent magnetization data collected for each
composition of the Sr,Ga; M, SbOgq series (M = Cr/Fe) are plotted as magnetic susceptibility y
(M/H) against temperature 7" and magnetic moment M against field H, respectively, in the
Supporting Information (SI) Figures S4 — S11. In Figure 3, in order to directly analyze the
influences on magnetic properties exerted by dopants within these two doped series, the magnetic
susceptibility y (M/H), corrected by a small temperature-independent term 7y, is plotted against
temperature 7, hence the first derivatives are summarized in the embedded plot to show the

deviation from typical Curie-Weiss behavior; and the magnetic moment M collected at 2 K is

plotted against field H as well for each composition of the Cr- and Fe-doped Sr,Ga;_,M,SbOg series.

The deviation from linear behavior in the first derivative plots and the 2 K isotherms clearly
indicate that magnetic couplings between spins get stronger and the systems become less

magnetically saturated at higher dopant contents. Zero field splitting does not apply here, since
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both high spin &® Cr** and d° Fe3* (see below) have an orbitally singlet ground state (*A,, and °A,
in spectroscopic language, in an octahedral crystal field) for isolated cations. The magnetic
susceptibility data, over the suitable temperature range (selected as the straight-line part of the 1/
x vs T curves) of these doped phases were then fitted to the Curie-Weiss law (y = C/(T - 0) + yp),
in which a set of values of Curie constant C and Weiss temperature 0 that are extracted and listed
in Table S3 and depicted in Figure 4a & b. The magnetization data for both end-members
Sr,CrSbOg** and Sr,FeSbOg? are extracted from the literature (data points in red circles). Those
data all fall in line with the materials reported in this study.

For all four Cr-doped double perovskite materials, Sr,Ga;_,Cr,SbOg (0.1 < x < 0.4), the magnetic
susceptibility data in the whole measured temperature range 1.8 < 7'/ K <300 can be fitted to the
Curie-Weiss law. The inverse of y exhibits a perfect linear relationship with temperature 7 and the
data extracted agrees with the frequently observed high-spin @ electronic configuration of Cr3*.
The Weiss temperature 0 progresses from an approximately-zero value to a small negative value,
which suggests that a weak antiferromagnetic coupling dominates upon elevating the doping level
of Cr3* (Figure 4). The isothermal magnetization data collected from the Cr-doped materials at
300 K as a function of applied field is linear and passes through the origin, with a small positive
slope, while the analogous data collected at 2 K exhibit some ‘S-shape’ features with positive
slopes as well, and does not exhibit any hysteresis, consistent with the temperature-dependent
magnetization data. The ‘S-shape’ features in the 2 K isotherms become less significant and
progressively approach a linear shape with increasing substitution level x (Figure 3).

The four Fe-doped double perovskites, Sr.Ga; Fe,SbOg (0.1 < x < 0.4) exhibit similar bulk
magnetic properties compared to their Cr analogs, but the inverse of y exhibits a perfect linear

relationship with temperature 7 within a smaller temperature range (30 < 7'/ K < 300). The data
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extracted are consistent with a high-spin d° electronic configuration for Fe**. The Weiss
temperatures 0 extracted are all negative and increase in magnitude upon increasing the doping
level of Fe¥*, which suggests that antiferromagnetic couplings become much stronger with
increasing x for Sr,Ga,_.Fe,SbOg¢ (Figure 4). The isothermal magnetization data collected from the
Fe-doped phases at 300 K is linear as a function of applied field and passes through the origin,
with a small positive slope; analogous data collected at 2 K have positive slopes as well and do
not exhibit any hysteresis. The much more prominent ‘S-shape’ features observed in the 2 K
isotherms of the Fe-doped phases compared to their Cr-doped analogs are consistent with the
temperature-dependent magnetization data.

In Figure 4c, the observed effective moment per formula unit . o 1S plotted against the calculated
effective moment per formula unit s, extracted based on the spin-only value of the transition
metal magnetic moment. The trend lines align perfectly along the diagonal of the quadrant for both
Cr and Fe cases, which means that the observed st obs and theoretical pegr o completely coincide.
This reflects the presence of neglectable orbital angular momentum contributions for magnetism
in these two series. In Figure 4d, the observed magnetization M per formula unit collected at 7=
2 K under an applied field of 9 T is plotted against the calculated saturation magnetization M; per
formula unit. For the Fe-doped double perovskite series, the observed magnetization M is almost
independent of the Fe-doping concentration, and thus the trend line is nearly parallel to the x-axis.
As a clear distinction from the Fe analogs, in the Cr-doped series the observed magnetization M
increases with elevated doping level x, but the increments gradually reduce with respect to the 10%
intervals in dopant concentrations.

3.3 Band Structures and Band Gaps

10
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The band structures of the undoped parent phase Sr,GaSbOg and two end-members Sr,CrSbOg and
Sr,FeSbOg are calculated by the method described in the experimental section. For the undoped
double perovskite Sr,GaSbOg (Figure 5a), a direct bandgap is exhibited at the I" point (~ 1 eV)
while a much larger indirect one (~3 eV) is observed between the I and N points. A nearly flat
band which sits almost on top of the Fermi level is calculated to exist between the I and X points.
For both end-members Sr,CrSbOg (Figure 5b) and Sr,FeSbOg (Figure 5c¢), the spin structures for
the calculations were set to be antiferromagnetic based on the data found in the literature3-26,
Firstly, both calculations suggest that both Sr,CrSbOg4 and Sr,FeSbOg4 have significantly smaller
bandgaps than non-magnetic Sr,GaSbOg. A direct small, calculated bandgap (~0.2 eV) emerges at
the S point for Sr,CrSbOg, while a flat continuous bandgap (~0.1 eV) is observed between the I"
and Z points for Sr,FeSbOg. Secondly, Sr,CrSbOg has a nearly flat band just below the Fermi level
through the Brillouin zone, while Sr,FeSbOg has one just above. Thus based on the calculation,
electron-doping of Sr,FeSbOg, to push the Fermi level closer to the energy of the flat band may be
of future interest.

To experimentally evaluate the bandgaps of the Sr,Ga;,M,SbOg series (M = Cr/Fe) prepared in
this study, the diffuse reflectance spectra were collected from powder samples at ambient
temperature. The pseudo-absorbance (transferred from the observed reflectance using the
Kubelka-Munk function) is plotted against photon energy (eV) in Figure 6a & b. The optical band
gaps of these phases were then analyzed by Tauc plots using both direct and indirect transition
equations (Table S4). The band gap of the undoped double perovskite Sr,GaSbOg host is calculated
to be 3.83 eV via the direct-transition approach, while it is found to be 3.52 eV via the indirect
one. Thus the pale grey appearance of the prepared Sr,GaSbOg¢ polycrystalline powders clearly

agrees more with the experimental bandgaps obtained from the diffuse reflectance spectra than the

11
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calculated ones obtained from the band structure calculations (from both the literature® and our
own). This is not surprising as DFT calculations are known to underestimate band gaps for
compounds containing main group elements.36-4

For consistency, the largest transition in each phase was taken to experimentally evaluate the
resulting bandgap. Using that data, we found that the size of band gap decreases with increasing
doping level x in both the Cr- and Fe-doped systems, and though generally similar, different-in-
detail behavior is observed in the optical data for each doped series (Figure 6). The Cr- and Fe-
doped phases have similar absorption behavior in the 3 to 4 eV range but are differentiated with
some additional absorption features in the lower energy regime. In general, the Cr-doped phases
have a more intense color than the Fe-doped ones, corresponding to more intense absorptions in
the visible-light region, since d-d transitions are allowed for Cr** but not for Fe3* in this case. The
Cr-doped phases (pink color) display absorptions at around 1.6 eV and 2.4 eV as a consequence
of a d-d transition, which gets stronger with more Cr*>* substitution (Figure 6a). This feature has
been observed in many minerals containing octahedrally coordinated Cr3', and it is reported that
there is a trend of increasing ligand field splitting energy A, with decreasing metal-oxygen bond
length R in approximate compliance with the relationship: A, o 1/R>.4! Thus, by comparing the
Cr-O bond length in our materials to reported minerals, a value of ligand field splitting energy A,
~ 2.3 eV can be estimated. In contrast, Fe** is confirmed by magnetization data to have a high-
spin d’ electronic configuration, and thus in the Fe-doped series, all the d-d bands are expected to
be spin forbidden and these transitions should therefore be weak. A small absorption does appear
at around 2.6 eV in Figure 6b, however, and this absorption becomes stronger with increasing
doping level x, consistent with the pale yellow appearance of the powder samples, for which the

color becomes more intense upon elevated Fe3* dopant concentration. This weak coloration can be

12
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rationalized as being due to the weak spin-forbidden transitions or localized energy states in the
band gap brought on as a consequence of doping. Similar absorption phenomena have been
previously observed in other polycrystalline semiconductor materials*>*3. The band gaps plotted
in Figure 6¢ are all calculated from Tauc plots by using an indirect transition equation; these values
will be larger if a direct transition equation is used instead (Table S4) although the trend remains
the same. The only anomaly that does not fall in line in either series is Sr,Gag ¢Cr( 4SbOg, it has a
larger bandgap than can be expected from a simple atomic substitution. Thus using either the direct
or indirect approach, the band gaps measured by diffuse reflectance spectroscopy serve as strong
evidence that the Cr- and Fe-doped Sr,Ga,..M,SbOg4 double perovskites are semiconductors with
tunable band gaps.

4. Conclusions

The B-site cation ordered double perovskite Sr,GaSbOg and its magnetic-cation doped phases
Sr,Ga,Cr,SbOg (0.1 < x < 0.4), Sr,Ga;Fe,SbO¢ (0.1 < x < 0.4) were synthesized by a
conventional solid state reaction method and studied from structural, magnetic and optical points
of view. The doped materials crystallize in the same space group (/4/m) as their undoped parent
phase Sr,GaSbOg, with the Ga’*/M3* cations completely ordered with Sb3*. The upper doping limit
was found to be 40% in both systems, as evidenced by the appearance of a pseudo-cubic peak in
the middle of the tetragonal doublet around the 20 position of 46° in the laboratory XRD patterns,
which represents the growth of B-site cation disordered perovskites. Magnetization data collected
from the doped phases show that the Cr- and Fe-doped materials exhibit antiferromagnetic
coupling among the dopant magnetic moments, which become stronger with increasing doping
levels. The diffuse reflectance spectra collected indicate that the bandgap of the undoped parent

phase Sr,GaSbOg has been reduced upon Cr- or Fe-doping, and in general the bandgap shows a

13
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decreasing trend with respect to the increasing doping level. It is not surprising, since according to
our band structure calculations, both end members Sr,CrSbOg and Sr,FeSbOg have significant
smaller bandgaps than Sr,GaSbOg. For comparison, as reported in one of our other studies, Mn
dopants can introduce tunable ferromagnetism and bandgaps into the magnetically silent oxide
double perovskite semiconductor as well.** Therefore, by selecting the appropriate magnetic
dopant and controlling the doping level, magnetic semiconductors with desired physical properties

can be fabricated.

14
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Table 1. Structural parameters and crystallographic positions from the co-refinement of neutron
and X-ray powder diffraction data collected from Sr,Gag oCr( ;SbOg at 300 K.

Atoms x/a /b z/c S.O.F. Uiso equiv. (A2)
Srl 0 0.5 0.25 1 0.00645
Gal 0 0 0 0.9 0.00002
Sbl 0.5 0.5 0 1 0.00604
o1 0 0 0.2518(4) 1 0.01029
02 0.2248(3)  0.2765(3) 0 | 0.00794
Crl 0 0 0 0.1 0.00002

Sr,Gag oCry.1SbOg space group [4/m (#87)

Formula weight: 460.95 g mol'!, Z =2
a=5.54463(4) A, c = 7.90344(4) A, Volume = 242.975(3) A3
Radiation source: time of flight neutrons and Cu K-a
Temperature: 300 K
wR = 8.398%; GOF = 3.43

Table 2. Structural parameters and crystallographic positions from the co-refinement of neutron
and X-ray powder diffraction data collected from Sr,GagoFe; ;SbOg at 300 K.

Atoms xla y/b zlc S.OF. Ui, equiv. (A2)
Srl 0 0.5 0.25 1 0.00643
Gal 0 0 0 0.9 0.00090
Sb1 0.5 0.5 0 1 0.00469
o1 0 0 0.2499(4) 1 0.00996
02 0.2240(3)  02771(3) 0 I 0.00784
Fel 0 0 0 0.1 0.00090

Sr,GagoFe( 1SbOg space group I4/m (#87)

Formula weight: 461.33 g mol!, Z =2
a=5.54627(3) A, ¢ =7.91029(3) A, Volume = 243.330(3) A3
Radiation source: time of flight neutrons and Cu K-a
Temperature: 300 K
wR =8.951%; GOF = 3.46

16
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Figure 1. Observed, calculated and difference plots from the Rietveld refinement of (a)
Sr,Gag Cry.1SbOg and (b) Sr,Gag oFe, 1 SbOg (space group /4/m) against neutron powder diffraction
data collected at 300 K; (c) The structural model of Sr,Gag 9M, ;SbOg (M = Cr/Fe), and the selected
bonding environment of the Gay9M, ;04 octahedron, SbOg4 octahedron and the SrO;, polyhedron.
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Figure 2. (a) Stacked lab X-ray diffraction patterns for all compositions of the Sr,Ga;.,M,SbOg
series (M = Cr/Fe); (b) lattice parameter a, ¢ and cell volume V (open circles) plotted for each
composition of Sr,Ga;.;M,SbOg series (M = Cr/Fe). (Data points plotted as closed circles are
extracted from literature for the end-members Sr,CrSbOg and Sr,FeSbOg.)
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Figure 3. The (xr — yo) plotted against temperature, with the first derivative plot embedded (top)
and the magnetic moment M collected at 2 K plotted against field H (bottom) for each composition
in the (a) Sr,Ga;_Cr,SbOg series and (b) Sr,Ga,.Fe,SbOg series.
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Figure 5. Calculated band structures of (a) Sr,GaSbOg, (b) Sr,CrSbOg¢ and (¢) Sr,FeSbO.
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Figure 6. The diffuse reflectance spectra accompanied by the color change for one composition
of the (a) Sr,Ga;.Cr,SbOg series and (b) Sr,Ga,;_Fe,SbOg series; and (c) the band gaps from Tauc
plots obtained by using an indirect transition equation plotted against the doping level x for both
Cr- and Fe-doped series.
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