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ABSTRACT: Magnetoelectric materials couple both magnetic
and electronic properties, making them attractive for use in
multifunctional devices. The magnetoelectric AFeO; com-
pounds (Pna2;; A = Al, Ga) have received attention as the
properties of the system depend on composition as well as the
synthetic method used. Al,_,Ga,FeO; (0 < x < 1) was
synthesized by the sol—gel and coprecipitation methods and
studied by X-ray absorption near-edge spectroscopy (XANES).
Al L,3-, Ga K-, and Fe K-edge XANES spectra were collected
to examine how the average metal coordination number (CN)
changes with the synthetic method. Al and Fe were found to
prefer octahedral sites, while Ga prefers the tetrahedral site. It
was found that composition played a larger role in determining
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site occupancies than synthetic method. Samples made by the sol—gel or ceramic methods (reported previously; Walker, J. D. S.;
Grosvenor, A. P. . Solid State Chem. 2013, 197, 147—153) showed smaller spectral changes than samples made via the
coprecipitation method. This is attributed to greater ion mobility in samples synthesized via coprecipitation as the reactants do
not have a long-range polymeric or oxide network during synthesis like samples synthesized via the sol—gel or ceramic method.
Increasing annealing temperature increases the average coordination number of Al, and to a lesser extent Ga, while the average
coordination number of Fe decreases. This study indicates that greater disorder is observed when the Al,_,Ga,FeO; compounds
have high Al content, and when annealed at higher temperatures.

1. INTRODUCTION

Magnetoelectric compounds have received significant attention
due to the complex coupling of the magnetic and electronic
properties found in these materials.' This coupling has led to
effects such as magnetically controlled second harmonic
generation and optical frequency conversion in magnetoelectric
photonic crystals being observed.*® Unfortunately, these
materials are rare due to the structural restrictions required for
the coupling of magnetic and electronic properties.">

AFeQ; compounds (A = Al, Ga) are magnetoelectric, in that
they are ferrimagnetic and piezoelectric.”” While it has been
suggested that these materials are also ferroelectric, this property
has not been decisively observed.® The Al,_,Ga,FeO; system (0
< x < 1) adopts a noncentrosymmetric orthorhombic crystal
structure (Pna2,; equivalent to Pc2,n) with 4 distinct cation sites,
and 6 distinct oxygen sites.”'® In the perfectly ordered structure
(Figure 1), Fe occupies two highly distorted octahedral sites (Fe,
and Fe,) while Al and/or Ga occupy a nearly regular tetrahedral
site and a third, less distorted octahedral site (A; and A,
respectively).””"" While the piezoelectric properties are
attributed to the noncentrosymmetric crystal structure, the
ferrimagnetic properties are due to the amount of antisite
disorder present, which is affected by the composition and
synthetic method.”'*">~"7 Since the Fe, sites are ferromagneti-
cally coupled to each other, and antiferromagnetically coupled to
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Figure 1. (a) The crystal structure of AFeO5 (A = Al, Ga) is shown with
the a-axis directed into the page. (b) The individual cation sites from
AFeQ; are presented. The octahedral Fe, and Fe, sites are significantly
distorted, while the A site is nearly tetrahedral and the octahedral A, site
is slightly distorted.

the Fe, sites, if the system had no antisite disorder, then these
materials would be antiferromagnetic.10’15’18 However, this
system experiences significant antisite disorder in which Fe
partially occupies the A; and A, sites while Al and/or Ga partially
occupies the Fe; and Fe, sites.”'%'*'*172! Fe jons present in
the A, site couple ferromagnetically with the Fe ions occupying
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the Fe, site and antiferromagnetically with Fe ions occupying the
Fe, and A, sites.”'® Since the Fe ions are not evenly distributed
across the four sites, the magnetic moments do not fully cancel,
which gives rise to the observed ferrimagnetism of these
materials.”**

It has recently been shown that Fe occupies the tetrahedral site
less with increasing Ga content in the Al;_,Ga FeOj; system,
implying less antisite disorder in GaFeOj than in AlFeO;."” That
said, there are still unanswered questions regarding the effect of
synthetic conditions on the Al,_,Ga,FeOj; system. The synthetic
method used to make these materials has been shown to
significantly affect the magnetic transition temperature (T.) of
the Al,_,Ga,FeO; system.”*" In particular, the T, of GaFeO,
synthesized using sol—gel or flux techniques is between —15 and
10 °C (258 K and 283 K), while GaFeOj, synthesized using high
temperature ceramic methods has a T, of approximately —70 °C
(203 K).%*123 Despite knowledge of these large changes in T,
there have been few attempts to understand how the synthetic
method affects metal site preference and the properties of the
Al,_,Ga,FeO; system.'**"** Unfortunately, accurate determi-
nation of site occupancies in the Al,_,Ga,FeO; system using
common techniques such as X-ray or neutron diffraction data is
difficult. In particular, it is difficult to perform Rietveld
refinement of diffraction data from this system due to significant
antisite disorder of multiple cations distributed across four
crystallographic sites, while the O positions must be refined
across six crystallographic sites.'* X-ray absorption near-edge
spectroscopy (XANES) is a tool well suited to examine site
occupancies as it can probe the different coordination environ-
ments of a specific element.'”***> In this study, Al L, 5-, Ga K,
and Fe K-edge XANES spectra were collected from five
stoichiometries of the Al,_,Ga,FeO; system prepared by either
the sol—gel or coprecipitation method. These spectra were also
compared to XANES spectra from samples synthesized via the
ceramic method and reported in a previous study.'” In addition,
annealing studies were performed on multiple stoichiometries
from the samples made via sol—gel and coprecipitation methods
to better understand how temperature affects metal site
preference in this system.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Al;_,Ga,FeO; was synthesized using sol—gel and
coprecipitation methods. In the sol—gel method, Al,_,Ga,FeO; (x =
0.00, 0.25, 0.50, 0.75, 1.00) was synthesized using a 0.2 mol/L solution
of metal ions made through addition of stoichiometric amounts of
Al(NO;);-9H,0 (Alfa Aesar, 98%), Ga(NO;);-«H,0O (Alfa Aesar,
99.9%), and FeCly;-6H,0 (Alfa Aesar, 97.0%) to distilled water. The
value of x was assumed to be 9 when calculating the mass of
Ga(NO,);«H,0 used, as it is relatively close to an experimentally
determined value.? It should be noted that this assumption will cause
small deviations in the reported stoichiometry, but these deviations were
not found to significantly affect the interpretation of the results.
Ethylene glycol (Alfa Aesar, 99%) and citric acid monohydrate (EMD,
99%) were then added in equimolar amounts to the metal ion solution,
to a concentration of 0.1 mol/L each. The solutions were heated to ~80
°C to drive off the solvent, and were subsequently decomposed by
heating to 600 °C in air. Samples were then ground, pelleted at 6 MPa,
placed into an alumina crucible, and annealed at temperatures ranging
from 900 to 1350 °C for ~40 h, before being quench cooled in air.

In the coprecipitation method, Al,_,Ga,FeO; (x = 0.00, 0.25, 0.50,
0.75, 1.00) was made by weighing stoichiometric amounts of Al metal
powder (Alfa Aesar, 99%), Ga,0; (Alfa Aesar, 99.99%), and Fe,O; (Alfa
Aesar, 99.945%) into a beaker. Following this, S—10 mL of 12.1 M HCl
(Fischer Scientific, 37%) was added very slowly with heating and stirring
to dissolve all of the reagents, resulting in a clear yellow solution. After
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the solution had cooled to room temperature, the metal ions were
precipitated out of solution by titrating with 14.8 M NH,OH (EMD
Chemicals, 28.0—30.0%). The organic matter in the sample was then
decomposed at 800 °C and subsequently annealed at temperatures
ranging from 1000 to 1350 °C. It should be noted that higher annealing
temperatures were required to form phase pure materials for Al rich
compc)sitiC)ns.27’28

All samples studied were determined to be phase pure by powder X-
ray diffraction using a PANalytical Empyrean diffractometer and either
Cu or Co Ka,, radiation. Lattice constants for Al,_ Ga FeO; were
determined using the X’Pert HighScore Plus software from PANalytical
and an orthorhombic model of the crystal structure (Pna2,).>'>* The
lattice constants determined from samples synthesized at the same
annealing temperature increased linearly with greater Ga content, in
agreement with Vegard’s law (see Tables S1 and S2 in the Supporting
Information).>**" Figure 2 shows a diffraction pattern from samples
produced via the sol—gel method, with the peak widths decreasing as the
annealing temperature increased. This decrease in peak width indicates
that the diffraction planes in the crystallites become more periodic
resulting in more discretely defined atomic planes. That is, the samples
become more crystalline with increasing annealing temperature.
Diffraction patterns from samples synthesized via the coprecipitation
method show a similar trend.
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Figure 2. Powder X-ray diffraction patterns of Alj,;Gay,sFeO;
synthesized via the sol—gel method and annealed at different
temperatures (using a Cu X-ray source) are shown. The patterns
shown have been scaled to have the same (122) peak intensity (scaling
factors are shown on the right-hand side). The peak widths decrease
with increasing annealing temperature, indicating an increase in the

crystallinity of the samples.

2.2. Al L, ;-Edge XANES. The Al L, ;-edge spectra were collected
using the Variable Line Spacing Plane Grating Monochromator
beamline (VLS PGM, 11ID-2) located at the Canadian Light Source
(CLS).** Samples of Al,_,Ga,FeO,; made by both sol—gel and
coprecipitation methods were ground to a fine powder and mounted
on C tape before being inserted into the vacuum chamber. Spectra were
collected in fluorescence yield mode using a 0.025 eV step through the
absorption edge and an entrance slit of 50 ym. The spectra were
calibrated by collecting a spectrum from Al metal foil (Alfa Aesar,
99.99%) and setting the peak maximum of the first derivative of the
spectrum to 72.55 eV.*

2.3.Ga and Fe K-Edge XANES. The Ga and Fe K-edge spectra were
collected in transmission mode at the Pacific Northwest Consortium/X-
ray Science Division Collaborative Access Team (PNC/XSD-CAT,
Sector 20) bending magnet beamline (20-BM) located at the Advanced
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Photon Source (APS; Argonne National Laboratory) using a Si (111)
crystal monochromator and ionization chambers filled with 100%
Nz(g).34 Sample preparation consisted of spreading a thin layer of finely
powdered material between two pieces of Kapton tape. Multiple sample
layers were used to maximize absorption and sample uniformity.
Spectra from each sample were collected using a 0.2 eV step through
the absorption edge for Ga, and a 0.15 eV step through the absorption
edge for Fe. The spectra were calibrated by concurrently collecting
spectra from a reference material and setting the peak maximum of the
first derivative of the spectrum to a known value. Ga metal (sandwiched
between two layers of Kapton tape) or Fe metal was used as a reference
material and the spectra were calibrated to 10367 and 7112 eV for the Ga
and Fe K-edge, respectively.>® All spectra collected were calibrated,
normalized, and analyzed using the Athena software program.>®

3. RESULTS
3.1. Al L,3-Edge XANES. Al L,;-edge spectra are very

sensitive to changes in the coordination environment around
AL'”*® The lowest-energy features present in the Al L,;-edge
spectra are primarily due to 2p — 3s transitions while higher
energy features may involve 2p — 3d transitions.***” In highly
crystalline compounds containing Al with a single coordination
number, the L;- and L,-edge features, which result from spin—
orbit splitting, can be resolved.'”*” In addition, the onset of the
absorption edge energy from 6-coordinate Al compounds is
shifted by ~1.5 eV to higher energy relative to 4-coordinate Al
compounds (cf. Al L213—ed$e spectra from AlL,O; and AIPO, in
Figure 3a from ref 17)."73” When the electron is excited out of
the 2p orbital, a core-hole is created which acts like a positive
potential. > This potential is partially screened by the
neighboring oxygen atoms which help stabilize the final state.>®
Thus, as the number of coordinating oxygen atoms increases
from 4 to 6, the effective screening by the oxygen atoms
increases, and the energy of the final state increases relative to the
ground state resulting in the spectrum shifting to higher
energy.***’ In compounds containing Al in multiple coordinate
environments, the octahedral L;- and tetrahedral L,-edges
overlap, and these features can no longer be resolved.'”>**
While the distinct L; and L, spin—orbit split peaks can no longer
be individually observed, the transitions from 4- and 6-
coordinate Al are represented by broad peaks occurring at
different energies. That is, the lower energy peak corresponds to
tetrahedrally coordinated Al, and the hi%her energy peak
corresponds to octahedrally coordinated AL'7*%%7

The low energy region of the Al L,;-edge spectra from
Al,_,Ga,FeO; synthesized by sol—gel and coprecipitation
methods and annealed at 1350 °C is shown in Figure 3. Two
peaks are present in each spectrum and are assigned in this study
to represent 2p — 3s transitions resulting from the excitation of
Al present in tetrahedral (peak T) and octahedral (peak O)
coordination geometries. In the interpretation of the Al L, ;-edge
spectra presented here, peak O is exclusively assigned to
representing a 2p — 3s transition from Al having an octahedral
coordination; however, it is possible that this peak contains
contributions from excitations from both tetrahedral and
octahedral Al, especially as feature O is asymmetric in shape.®”
Despite this, and as will be shown below, a comparison of the
intensities of peaks T and O provides an opportunity to study
how the average Al coordination number changes depending on
the composition of the material, and the synthetic method and
annealing temperature used to produce the material. (The
variation in the Al coordination determined through comparison
of the intensity change of peaks T and O is corroborated in the
following sections, which discuss the Ga K-edge spectra (section
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Figure 3. Normalized Al L, ;-edge XANES spectra from Al,_,Ga,FeO,
(x=0.00,0.25,0.50,0.75) synthesized using (a) the sol—gel method and
(b) the coprecipitation method are presented. Both sets of spectra only
show compounds annealed at 1350 °C. Arrows indicate the change in
intensity with increasing Ga content. For both synthetic methods, Al
occupies the octahedral sites as well as the tetrahedral sites when the Ga
content is low. As the Ga content increases, Al decreasingly occupies the
tetrahedral site (decrease in peak T intensity) and increasingly occupies
the octahedral sites (increase in peak O intensity).

3.2) and Fe K-edge spectra (section 3.3) from these
Al,_,Ga,FeO; materials.) In both sets of Al L, ;-edge XANES
spectra presented in Figure 3, as the Ga content increases, the
intensity of peak T (tetrahedral) decreases and the intensity of
peak O (octahedral) increases. This indicates that Al occupies the
octahedral sites and the tetrahedral site when the Ga content is
low. With increasing Ga content, Al increasingly occupies the
octahedral sites, and decreasingly occupies the tetrahedral site,
which is consistent with previously published results on these
materials synthesized using the ceramic method."”

Al L, ;-edge spectra from Aly,;Ga, ,sFeO; synthesized by sol—
gel and coprecipitation methods, and annealed at different
temperatures, are presented in Figure 4 (see Figure S1 in the
Supporting Information for additional stoichiometries). As the
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Figure 4. Normalized Al L,;-edge XANES spectra from
Aly,5Gag,sFeO; synthesized using (a) the sol—gel method and (b)
the coprecipitation method, and annealed at multiple temperatures, are
presented. Arrows indicate the change in intensity with increasing Ga
content. For both synthetic methods, Al occupies the octahedral sites
more with increasing annealing temperature. Any changes in the
occupancy of the tetrahedral site are too small to detect when the Al
concentration is this low, and no intensity change is observed.

changes with temperature are small, it is easier to see how the
spectra change by comparing the ratio of the octahedral peak
intensity to the tetrahedral peak intensity (feature O:feature T),
as is shown in Figure S for all compositions and annealing
temperatures (the data from Figure S is also summarized in
Tables S3—SS in the Supporting Information). In this plot,
changes in composition result in larger changes in the peak
intensity ratio than annealing temperature. This indicates that, in
the Al;_,Ga,FeOy; system, composition has a larger effect on the
site preference of Al than annealing temperature. That said, the
octahedral to tetrahedral peak intensity ratio does increase
slightly with increasing annealing temperature when the Ga
content is high (x > 0.50) and indicates that the amount of
octahedrally coordinated Al increases relative to the amount of
tetrahedrally coordinated Al It should be noted that these ratios

8615

10 .
v 1000°C
9 e ‘-_'-.r IIOOQC
2 v 1200°C Sol-Gel ._
E 8 — w 1350°C]
> B 1000°CT -
27— m nooc PR
5 6 B 1200°C | LO-trecipitation v
77 m 1350°C
2 5 _| @ 1350°C] Ceramic g .
- L
0 4 -
¥ ’
¥ ]
I'Ji3 =il  § ®
= ®
=z 2 9
1 T I | I
0.00 0.25 0.50 0.75

Ga Content (x)

Figure 5. Octahedral peak intensity to tetrahedral peak intensity ratios
(feature O:feature T) derived from Al L, ;-edge XANES spectra from
Al,_,Ga,FeO;. Samples synthesized by the sol—gel method are shown as
triangles; samples synthesized by the coprecipitation method are shown
as squares; and samples synthesized via the ceramic method are shown
as circles (determined from recently reported data).'” The average Al
coordination number increases with greater Ga content and with
increasing annealing temperature.

are not quantitative, but do allow for a comparison of the
different samples studied. It can also be seen from this
comparison that, when x > 0.50, the samples prepared using
the coprecipitation method have more Al in the octahedral site
than the samples prepared via the sol—gel or ceramic methods.
As well, samples synthesized via the coprecipitation method with
low Al content (high Ga content) show a greater variance in the
peak intensity ratios with changes in annealing temperature than
samples produced using the sol—gel method. As will be discussed
below, this suggests that there is greater ion mobility in the
samples synthesized by the coprecipitation method, while the
sol—gel and ceramic methods appear to suppress changes in the
coordination of Al in this system with changes in annealing
temperature.

3.2. Ga K-Edge XANES. The Ga K-edge XANES spectra
from Al,_,Ga,FeO; synthesized by sol—gel and coprecipitation
methods, and annealed at 1350 °C, are shown in Figure 6. These
spectra result from 1s — 4p transitions and, similar to the Al L, ;-
edge XANES spectra (section 3.1), shift to higher energy with
increasing coordination number.'”® Peak T corresponds to
tetrahedrally coordinated Ga while peak O corresponds to
octahedrally coordinated Ga, as has been shown by comparison
of Ga K-edge XANES spectra from Ga,S; (4-coordinate Ga),
GaF; (6-coordinate Ga), and Al,_,Ga,O; (4- and 6-coordinate
Ga).'”?® Samples synthesized via the sol—gel method (Figure
6a) show negligible spectral changes when x = 0.25 and 0.50. As x
increases above 0.50, the intensity of the tetrahedral feature
decreases and the intensity of the octahedral feature increases. In
comparison, spectra from samples formed via the coprecipitation
method show changes between all four compositions studied,
although the changes are less obvious between x = 0.75 and 1.00
due to issues with normalizing these spectra. Overall, these
observations imply that Ga preferentially occupies the
tetrahedral site when the Ga content is low and increasingly
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Figure 6. Normalized Ga K-edge XANES spectra are presented from
Al;_,Ga,FeOj; (x =0.25,0.50, 0.75, 1.00) synthesized using (a) the sol—
gel method and (b) the coprecipitation method. All materials were
annealed at 1350 °C. Arrows indicate the changes in intensity that occur
with increasing Ga content. Ga preferentially occupies the tetrahedral
site when the Ga content is low. With increasing Ga content, Ga
occupies the tetrahedral site as before, and increasingly occupies the
octahedral sites as well.
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Figure 7. Normalized Ga K-edge XANES spectra are presented from
Aly,5Gag7sFeOs synthesized using (a) the sol—gel method and (b) the
coprecipitation method, and annealed at multiple temperatures. Arrows
indicate the relative changes in intensity of the two peaks that occur with
increasing temperature. The decrease in the intensity of the tetrahedral
feature (T) relative to the octahedral feature (O) indicates that Ga
occupies the tetrahedral site more with increasing annealing temper-
ature.

occupies the octahedral sites when the Ga concentration
increases. This observation is in agreement with analysis of Ga
K-edge XANES data from Al,_,GaFeO; synthesized via the
ceramic method."”

The Ga K-edge spectra from Alj,5Ga,,sFeO; synthesized by
sol—gel and coprecipitation methods, and annealed at different
temperatures, are presented in Figure 7 (for additional
stoichiometries see Figures S2 and S3 in the Supporting
Information). The octahedral to tetrahedral peak intensity ratios
(feature O:feature T) for the Ga K-edge spectra collected are
shown in Figure 8 (the data from Figure 8 is also summarized in
Tables S6—S8 in the Supporting Information). In comparison
with the Al L,;-edge results, the Ga K-edge spectra show
significantly smaller changes in the octahedral to tetrahedral peak
intensity ratio with changes in annealing temperature. The peak

8616

intensity ratio changes very little with increasing annealing
temperature; however, the overall intensity of tetrahedral and
octahedral features decreased with increasing annealing temper-
ature. (The overall decrease in intensity is thought to be due to
changes in the density of unoccupied states as the materials
become more crystalline, but is beyond the scope of this study
and will not be discussed further.) The small variation in
octahedral to tetrahedral peak intensity ratio indicates that the
coordination environment of Ga changes very little with
annealing temperature or synthetic method. That said, changes
may be difficult to observe due differences in core-hole lifetime
effects leading to a larger intrinsic line width for the Ga K-edge
trans3i9tion (1.82 eV) relative to the Al L, ;-edge transition (0.004
eV).
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Figure 8. Octahedral peak intensity to tetrahedral peak intensity ratios
(feature O:feature T) derived from Ga K-edge XANES spectra.
Al,_,Ga,FeO; samples synthesized by the sol—gel method are shown
as triangles; samples synthesized by the coprecipitation method are
shown as squares; and samples synthesized via the ceramic method are
shown as circles (determined from recently reported data).'” The
average coordination number of Ga increases with greater Ga content,
but does not change significantly with synthetic method or annealing
temperature.

3.3. Fe K-Edge XANES. Normalized Fe K-edge XANES
spectra from Al,_,Ga,FeO; samples synthesized by both the sol—
gel and coprecipitation methods, and annealed at 1350 °C, are
presented in Figure 9. The pre-edge feature centered at ~7114
eV is due to quadrupolar 1s — 3d transitions (feature A) while
the main edge (>7120 €V) represents dipolar 1s — 4p transitions
(features B and C).* The quadrupolar 1s — 3d transition is
forbidden when Fe is in a centrosymmetric environment;
however, inversion symmetry is lost as the coordination number
decreases or when the octahedral environment around the metal
center is distorted.*' A decrease in coordination number (or
distortion of the coordination environment) results in an
increased overlap of the p- and d-states which increases the
dipole character of the transition. As a result, the pre-edge
intensity increases, making this feature very sensitive to the local
Fe coordination environment.'”***!

An expanded view of the pre-edge region of the Al;_,Ga,FeO;
spectra is presented in the inset of Figure 9. Features A and B
decrease in intensity while feature C increases in intensity with
increasing Ga content for all samples studied regardless of
synthetic method. The decrease in the intensity of the entire pre-
edge region (feature A) as the Ga content is increased indicates
that the average Fe coordination number increases. The
intensities of features B and C have been shown to be related
to the relative amount of 4- and 6-coordinate Fe present, for
similar reasons as outlined for Al and Ga coordination number
changes.17 Thus, the decrease in feature B (tetrahedral) and the
increase in the intensity of feature C (octahedral) also indicate an
increase in the average coordination of Fe with increasing Ga
concentration. A change in the main-edge region of Fe K-edge
XANES spectra because of a change in the average Fe
coordination number has also been observed in other oxide
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Figure 9. Normalized Fe K-edge XANES spectra from Al,_,Ga,FeO; (x
= 0.00, 0.25, 0.50, 0.75, 1.00) synthesized using either (a) the sol—gel
method or (b) the coprecipitation method. All materials presented were
annealed at 1350 °C. An enlarged view of the pre-edge region is
presented in the inset of each figure. Arrows indicate the change in
intensity of the different features with increasing Ga content. With
increasing Ga content, features A and B decrease in intensity, and feature
C increases in intensity. This indicates that the average coordination
number of Fe decreases as Ga is exchanged for Al in this system. (All Fe
K-edge XANES spectra presented use the same y-axis scale to allow for
comparison of intensities between figures.)

systems, including the Brownmillerite-phase oxides (e.g.,
Ca,M,Fe, ,O5; M = Mn, Fe, Co, Al, Ga).""***

Unlike the Al L, ;-edge and Ga K-edge XANES spectra, the Fe
K-edge spectra only indicate minor differences between synthetic
methods. Figure 10 shows the comparison between AlFeO; and
GaFeO; samples synthesized via the sol—gel, coprecipitation,
and ceramic methods.'” For both materials, the highest average
Fe coordination number (lowest pre-edge intensity) is observed
for samples synthesized via the ceramic method, followed by the
sol—gel samples, and then the samples synthesized by a
coprecipitation method. These differences are attributed to
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Figure 10. Normalized Fe K-edge XANES spectra are shown from (a)
AlFeO; and (b) GaFeO; materials synthesized using the sol—gel,
coprecipitation, or ceramic methods. All materials were annealed at
1350 °C. An enlarged view of the pre-edge region is presented in the
inset of each figure. The intensity of features A and B is greatest for
materials synthesized via the coprecipitation method, followed by the
sol—gel method, followed by the ceramic method. The intensity of
feature C shows the opposite trend, increasing in intensity as features A
and B decrease in intensity. This shows that the average coordination
number of Fe is highest in samples synthesized via the ceramic method
and lowest in samples synthesized via the coprecipitation method. (All
Fe K-edge XANES spectra presented use the same y-axis scale to allow
for comparison of intensities between figures.)

how the compounds form when using different synthetic
methods, and will be discussed below.

Like the Al L,;-edge spectra, the Fe K-edge spectra of
Aly,5Gay,sFeO; synthesized by sol—gel and coprecipitation
methods show changes in coordination with annealing temper-
ature (Figure 11; see Figures S4 and SS in the Supporting
Information for additional stoichiometries). Regardless of
composition or synthesis method, features A and B increase in
intensity, and feature C decreases in intensity, with increasing
annealing temperature. This indicates that the average
coordination number of Fe decreases with increasing annealing
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Figure 11. Normalized Fe K-edge XANES spectra are presented from
Aly,5GagsFeO; synthesized using (a) the sol—gel method or (b) the
coprecipitation method and annealed at multiple temperatures. An
enlarged view of the pre-edge region is presented in the inset of each
figure. Arrows indicate how the spectral features change in intensity with
increasing annealing temperature. Features A and B increase in intensity,
and feature C decreases in intensity, with increasing annealing
temperature. Therefore, Fe was found to increasingly occupy the
tetrahedral site more when greater annealing temperatures were used
during synthesis. (All Fe K-edge XANES spectra presented use the same
y-axis scale to allow for comparison of intensities between figures.)

temperature. As presented earlier, the average coordination
number of Al increases with increasing annealing temperature
while the average coordination number of Ga does not change
significantly. Combined, these observations suggest that Al and
Fe exchange sites with each other, and not with Ga, with
increasing annealing temperature.

4. DISCUSSION

4.1. Changes in Coordination Number with Composi-
tion. The Al L, ;-, Ga K- and Fe K-edge XANES experiments
have shown that Al and Fe prefer to reside in octahedral sites
while Ga prefers to reside in the tetrahedral site regardless of the
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synthetic method used to form these materials. This is consistent
with experimental observations and theoretical predictions of
octahedral site preference energies for these three cati-
ons.'”?**"* 1t has been proposed that ionic radii, as well as
the valence s- and p-states interacting with the anion, are the
major factors determining site preference, with crystal field
stabilization having a smaller contribution.***® In the case of Ga,
the complete electron d-shell poorly shields the nuclear charge,
resulting in the s- and p-states experiencing a greater effective
nuclear charge.'”*>* Thus, the 4s- and 4p-states of Ga are found
at lower energies relative to the 3s- and 3p-states of AL>>** The
lower energy of the Ga 4s- and 4p-states leads to greater overlap
with the O 2p-states, favoring a covalent Ga—O bond.*® As the Al
valence states are higher in energy than the Ga valence states, the
Al 3s- and 3p-states do not overlap as effectively with the O 2p-
states, favoring a more ionic bond.”>* As greater orbital overlap
is favored in the smaller tetrahedral site, Ga preferentially
occupies tetrahedral sites over Al or Fe.*’

The site preference of Fe** can be difficult to predict without
computation due to confounding factors such as magnetic
interactions between sites, as well as the effect of the d-orbitals.*’
The Fe K-edge XANES spectra studied here indicate that Fe
predominantly resides in octahedral sites and that the average
coordination number of Fe increases as Ga replaces Al in the
structure. This is due to the tetrahedral site preference of Ga,
which inhibits Fe from occupying the tetrahedral site. In
comparison, Al prefers to reside in octahedral sites and therefore
competes with Fe for those sites, resulting in an increase in the
amount of Fe present in the tetrahedral site when the Al
concentration is high. As the amount of tetrahedrally coordinated
Fe decreases with increasing Ga content, this indicates that there
is greater antisite disorder in AlFeQ; than in GaFeO;, consistent
with previously published results."”

4.2, Changes in Coordination Number with Annealing
Temperature. It was observed that the average Al coordination
number increased with increasing annealing temperature, while
the average Fe coordination decreased. The average coordination
number of Ga was not found to change significantly based on
analysis of the Ga K-edge XANES spectra. However, analysis of
the Fe K-edge XANES spectra indicates that slightly more 4-
coordinate Fe was found in GaFeOj; with increasing annealing
temperature, which suggests that the average coordination
number of Ga does in fact increase slightly with higher annealing
temperatures. Overall, these observations indicate that Al and Fe
exchange preferentially with each other and not with Ga. The
strong tetrahedral site preference of Ga inhibits the ability of Fe
or Al to displace it from the tetrahedral site, which explains why
only negligible changes in the coordination number of Ga were
observed with increasing annealing temperature.

4.3. Changes in Coordination Number with Synthetic
Method. In the sol—gel process, the citric acid not only chelates
the metals but also undergoes a condensation reaction with the
ethylene glycol to produce a long-range polymeric network.**
Thus, the more subtle changes in Al site occupancy for
Al,_,Ga,FeO; samples produced by the sol—gel method, as
compared to the coprecipitation method, are attributed to the
organic network that is formed. This network could inhibit cation
mobility during formation of the oxide. Conversely, in samples
synthesized via the coprecipitation method, the metals are not
bound in any sort of long-range network and should instead be a
mix of metal cations and counteranions. Since there is no
appreciable long-range network, cation diffusion should be faster,
which explains the greater variation in the metal coordination
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number found in the materials produced using a coprecipitation
method. In contrast, samples produced by the ceramic method
have low ion mobility due to the energy required to break the
metal oxygen bonds and for the metal cations to diffuse through
the crystal lattice. Thus, samples prepared via the coprecipitation
method show greater change in the coordination number of the
metal atoms in Al;,_,Ga,FeO; than those produced via either the
sol—gel or ceramic methods.

5. CONCLUSION

A series of phase pure Al _,Ga,FeO; samples have been
successfully synthesized by the sol—gel and coprecipitation
methods. These samples have been studied using XANES to
determine changes in the average coordination number of Al, Ga,
and Fe. It has been shown in this study that the synthetic method
can play an important role in determining site occupancies, and
that changes in composition have a greater effect than annealing
temperature. Overall, it was found that Al and Fe prefer to reside
in octahedral sites, while Ga has a strong tetrahedral site
preference.’” That said, it was also shown that the average
coordination number of Al, and to a much lesser extent Ga,
increases with increasing annealing temperature while the
average coordination number of Fe decreases. This indicates
that Al and Fe preferentially exchange sites with each other rather
than with Ga, which is due to the strong tetrahedral site
preference of Ga. Furthermore, it was found that samples
synthesized via the coprecipitation method showed the greatest
variability in metal coordination number. Samples synthesized
via the sol—gel or ceramic methods also showed changes, but to a
much smaller degree. The polymeric network formed during the
sol—gel method and the oxide network present when materials
are synthesized by the ceramic method are thought to inhibit the
mobility of the ions during compound formation. In comparison,
there is no long-range network restricting cation mobility for
samples produced via the coprecipitation method, resulting in
greater variations in coordination number. This study has
demonstrated how changes in composition, annealing temper-
ature, and synthetic method can affect metal site preference
during synthesis. As the average coordination number of the
metals will determine physical properties, this study also
demonstrates how changes in synthetic method and composition
could be used to selectively tailor the properties of the
Al,_.Ga,FeOj; system.
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