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In resonant elastic X-ray scattering (REXS), low site symmetries in a crystal may be revealed through
resonant Bragg reflections that are normally forbidden in conventional X-ray diffraction due to screw axes
and/or glide planes. These resonant forbidden reflections have been observed in spinel compounds, but to
better understand and utilize their connection to microscopic material parameters and possible charge
and/or orbital ordering, a systematic study of their dependence on growth conditions and applied strain is
desired. We performed REXS at the V K edge and examined the resonant forbidden (002) reflection in thin
films of the spinel LiV,O,4 grown on three substrates: MgAl,O,4, SrTiOs, and MgO. The energy dependence
of the (002) reflection shows a systematic evolution as epitaxial strain modifies the local anisotropy of the
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V site. More strikingly, the integrated intensity of the (002) reflection varies by more than an order of
magnitude in films on different substrates. We speculate that the large variation in integrated intensity
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1 Introduction

Resonant elastic X-ray scattering (REXS) has been rapidly
developed over the recent decades to become a powerful probe
of electronic and magnetic ordering and associated small
symmetry reduction in correlated electron materials." REXS
combines (1) the sensitivity of X-ray absorption spectroscopy to
specific elements and their valence configurations with (2) the
ability of scattering techniques to probe momentum space with
high resolution.

The spinel group AB,X, has been the subject of several REXS
investigations.*™"" It holds both fundamental significance as a
platform for realizing frustrated charge/spin/orbital phases,'
as well as technological applications in multiferroics,"* spin-
polarized transport,’®'® battery cathodes,'® and chemical
sensors."”'® The A ions are tetrahedrally coordinated to X
ligands and form a diamond sublattice. The B ions have a
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reflects the varying degree of antiphase domains that arise during the epitaxy.

slightly distorted octahedral coordination to X ligands and
form a pyrochlore sublattice of corner-sharing B, tetrahedra
[Fig. 1(a)]. The pyrochlore sublattice can also be visualized as
layers of B-ion chains stacked along [001]; from layer to layer,
the chains alternate between running along the [110] and [110]
directions [Fig. 1(b)]. Neighboring layers of B-ion chains are
related to each other by a diamond glide reflection (or 4, screw
rotation), which causes the (004/+2) Bragg reflections to be
extinct in conventional X-ray diffraction (XRD).

Early REXS studies of magnetite Fe;O, (A = B = Fe) at the
Fe K edge reported resonant forbidden reflections at (002) and
(006).*” Although studies of magnetite typically aim to probe
charge and/or orbital order below the Verwey transition around
120 K, these specific reflections at (002) and (006) appear even
above the transition temperature and have a structural origin in
a phenomenon known as anisotropic tensor of susceptibility
(ATS) scattering:**?° at photon energies far away from any
elemental absorption edge, the atomic form factor as described
by classical Thomson scattering is energy independent and can
be treated as a scalar. At energies near the K edge of a specific
element, however, the scattering of photons involves a virtual
transition between the 1s and 4p levels [Fig. 1(c)], resulting in
an anomalous energy dependence of the atomic form factor.
Since the p orbitals have an anisotropic spatial distribution, the
atomic form factor near the K edge further acquires the
possibility of being sensitive to the polarizations of the incident
and scattered photons, depending on the site symmetry. In the
case of octahedral site symmetry, the atomic form factor
remains isotropic. In the case of trigonal site symmetry, the
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Fig. 1 (a) Crystal structure of cubic spinel AB,X4. The numbers 1-4 label the four B ions in a primitive unit cell of the pyrochlore sublattice. (b) Crystal
structure with only the B sublattice shown, highlighting the B-ion chains, which run along [110] and [110]. The double-headed arrows represent the local
threefold rotation axes. (c) Schematic illustration of REXS at the B K edge. The photon energy hv is tuned to the energy difference between the 1s and 4p
levels. (d) and (e) Schematic depiction of resonant scattering at the (002) Bragg condition with o-polarized photons. The z = 0, 0.25, and 0.50 planes are
artificially expanded for clarity. The scattered photons from the z = 0 and 0.50 planes are in phase (€ ° and e 2", whereas those from the z = 0.25 plane are
out of phase (e™™). (d) When the azimuthal angle ¢ = 0°, the scattering amplitudes from the z = 0 and 0.25 planes are equal in magnitude, 7 (f|f ), but carry
opposite phase prefactors, leading to complete destructive interference. Magnified insets: The angles subtended by the polarization vector and threefold
rotation axes are identical. (€) When ¢ = 45°, the scattering amplitude .7 (f | ) from the z = O plane is distinct from the scattering amplitude %(f|.f ) from the
z = 0.25 plane, so the intensity of the (002) reflection can still be nonzero when the two are summed with opposite phases. Magnified insets: The scattering
amplitude from the z = 0 plane has no contribution from f|, because the polarization vector is fully perpendicular to the threefold rotation axes. (f) Azimuthal

dependence of the intensity (/) of the resonant forbidden (002) reflection in the c—c’ and o—n’ polarization channels, as described by eqgn (4) and (5).

atomic form factor can be anisotropic, i.e., with different matrix
elements f; # f, where (||) or (L) represent the cases where the
polarizations of the incident and scattered photons are parallel or
perpendicular to the local threefold rotation axis. In cubic spinels
AB,X, with space group Fd3m, the B sites have 3m symmetry, with
the threefold rotation axes locally directed towards the center of
the B, tetrahedra [double-headed arrows in Fig. 1(b)]. Depending
on the relative orientation of the photon polarization to these
threefold rotation axes, the (002) and (006) reflections may no
longer be extinct, which is the essence of ATS scattering.

Fig. 1(d) and (e) provide a schematic illustration of ATS
scattering of spinels. We consider the case where the incident
and scattered photons both have o polarization pointing
perpendicular to the scattering plane. At the (002) Bragg condi-
tion, scattered photons from the z = 0.5 plane are in phase with
those from the z = 0 plane and sum constructively, while scattered
photons from the z = 0.25 plane are out of phase with those from
the z = 0 plane and sum destructively. The scattering amplitudes
from the z = 0 and 0.5 planes are always identical by symmetry,
whereas the scattering amplitude from the z = 0.25 plane may
differ from that of the z = 0 plane, depending on the azimuthal
angle ¢ of the momentum transfer. When ¢ = 0° (|| [100]), the
angles subtended by the polarization vector and the local three-
fold rotation axes are identical for B ions in the z = 0 and 0.25
planes. The scattering amplitudes from the z = 0 and 0.25 planes
are thus equal in magnitude. We denote them as 7 ( fj, f1 ), where
the dependence on both f and f, comes from the fact that the
polarization vector has components both parallel and
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perpendicular to the threefold rotation axes. Given the opposite
phases at z = 0 and 0.25, complete destructive interference ensues
and the (002) reflection is extinct at ¢ = 0°. When ¢ = 45° (|| [110]),
the polarization vector always points perpendicular to the three-
fold rotation axes of the B ions in the z = 0 plane. The scattering
amplitude from the z = 0 plane is thus given by #(f, ). For the B
ions in the z = 0.25 plane, the polarization vector again has
components both parallel and perpendicular to the threefold
rotation axes, and the scattering amplitude from the z = 0.25
plane is given by 4(fj,f). Since Z(f ) # %(fj,f.), the scattering
amplitudes from the z = 0 and 0.25 planes no longer cancel out
when summed with opposite phases, leading to a finite intensity
of the (002) reflection at ¢ = 45°. ATS scattering of spinels predicts
a resonant forbidden (002) reflection in the o-c’ channel that is
maximal at ¢ = 45° and zero at ¢ = 0°.

The precise azimuthal angular and polarization dependence
of the resonant forbidden (002) reflection due to ATS scattering
can be modeled as follows.® In the dipole-dipole approxi-
mation, we represent the atomic form factors as second-rank
tensors. In the frame of the local threefold rotation axis, the
atomic form factor of all the B ions takes the form of

f” 0 0
f=10 7 0 (1)
0 0 f1

In the global frame of the crystal, we obtain four distinct
tensors for the four ions of the B, tetrahedra (labeled 1-4 in

This journal is © The Royal Society of Chemistry 2024
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Fig. 1), which are expressed as
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Here, fi = ng +§fl and f,, = g(fH —f1). The anisotropy of

the B site, f| — f1, is encoded in the off-diagonal element f,,
which is usually negligible compared to the diagonal element
frx- At forbidden reflections, however, such as (002), the diag-
onal elements of the structure factor vanish, while the off-
diagonal elements remain:

0 166, 0
Fon=4(f1+/2=fs=1s) = | 1665 0 0] ()
0 0 0

(The factor of four comes from the four B, tetrahedra in a cubic
unit cell.) The key point of ATS scattering in cubic spinels AB,X,
is that the trigonal crystal field at the B site splits the unoccu-
pied 4p orbitals and causes them to order in such a way that the
atomic form factor becomes anisotropic. This anisotropy pro-
duces resonant off-diagonal elements in the structure factor
tensor, which become most prominent at forbidden reflections,
where extinction rules remove the diagonal elements. From
eqn (3), the scattering intensity of the (002) reflection when
both incident and scattered photons have o polarization is
given by

I%" = }80'1300280‘2: 256\/",Y}-]2sin2(2g0). (4)

For scattered photons with n polarization pointing within the
scattering plane, we obtain

15" =256 || 2sin2(9) cos*(2¢), (5)

where 0 is the Bragg angle. In the o-c’ channel, the intensity
peaks at ¢ = 45° and 135° (along [110] and [110]) and is zero at
¢@ = 0° and 90° (along [100] and [010]), whereas in the o-m’
channel, the intensity peaks at ¢ = 0° and 90° and is zero at ¢ =
45° and 135° [Fig. 1(f)].

Various REXS studies have demonstrated the ATS origin of
the resonant forbidden (002) reflection in spinels by confirming
the azimuthal angular and polarization dependence predicted
by eqn (4) and (5).*® Little attention has been devoted to
systematically tracking the evolution of these resonant forbid-
den reflections as a function of strain or growth conditions.
A better understanding of how resonant forbidden reflections
depend on material parameters may further enhance the utility
of REXS as a quantitative probe of materials. Here, we

This journal is © The Royal Society of Chemistry 2024
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investigate the resonant forbidden (002) reflection in a typical
spinel oxide, LiV,0,. Unlike the case of the extensively studied
Fe;0,, where Fe K-edge scattering is complicated by contribu-
tions from both the A and B sites, in LiV,0,4, V K-edge scattering
selectively probes the B sites, leading to a simpler interpreta-
tion. We have also developed procedures to grow LiV,0, thin
films on a variety of substrates and facets via pulsed laser
deposition (PLD).”"*> We observed a resonant forbidden (002)
reflection of ATS origin across all our films, but the energy
dependence and integrated intensity of the (002) reflection
show systematic changes depending on the substrate used.
We explain these variations in terms of the strain state of the
film and its impact on local crystalline anisotropy, as well as the
differing degree of antiphase domains induced by the mis-
match of the film and substrate unit cells.

2 Methods

Thin films of LiV,0, were grown via PLD as previously
described in ref. 21 and 22. The deposited films were as thin
as 10-30 nm, in order to maintain a coherently strained state
when grown on MgAl,0,(001) and MgO(001).

REXS at the V K edge around 5.465 keV was performed at the
bending magnet beamline MPI at the KIT light source KARA
and the P09 beamline of DESY. Measurements at KARA were
carried out in the vertical four-circle scattering mode. The beam
was monochromatized by a sagittally focusing Si(111) double
crystal monochromator, the sample was kept in He atmosphere
at room temperature, and an Eiger 2D detector from Dectris
was used without prior polarization analysis. At DESY, thin-film
samples were mounted on the cold finger of a closed cycle
cryostat (advanced research systems), allowing the samples to
be pumped down to high vacuum to avoid ionization damage to
the film. Measurements were otherwise performed at room
temperature with the beamline incident energy tuned close to
the V K absorption edge energy and with the beam focused
down to a ~80 x 200 um? (V x H) size. A pyrolitic graphite (001)
crystal was used to analyze the polarization of the diffracted
beam. The orientation UB matrix was retrieved by aligning the
(002) and (202) Bragg reflections of the substrate (or (004) and
(404) in the case of MgAl,0,), and then the (004) reflection of
the film was found relative to the substrate UB matrix. Azi-
muthal dependence was carried out by rotating the sample
around the scattering wavevector; the azimuthal angle i was 0°
when the [010] direction was along the incident beam.

Density functional theory (DFT) calculations of LiV,0, were
performed using the Vienna ab initio simulation package
(VASP) package,>** which utilizes the projector augmented-
wave method.?” The valence electrons used were Li 1s%2s’, V
3s%3p®4s®3d®, and O 2s®2p?. We used the Perdew-Burke-
Ernzerhof parametrization of the generalized gradient
approximation.?® The sampling of the Brillouin zone was
10 x 10 x 10, the energy cutoff of the plane-wave basis was
700 eV, and ionic relaxation of internal atomic coordinates was
performed with a force tolerance smaller than 1 mev A~

J. Mater. Chem. C, 2024, 12,15249-15256 | 15251
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REXS simulations of the resonant forbidden (002) reflection
in LiV,0, were performed using the finite difference method
near edge structure (FDMNES) code, which is based on DFT and
suitable to describe K-edge absorption.?”

Atomic structures were visualized using the VESTA software.>®

3 Results

We focus on thin films of LiV,0,4(001) prepared on three distinct
substrates: MgAl,0,(001), SrTiO5(001), and MgO(001). The differ-
ent lattice relationships between LiV,0, and the substrates
resulted in different strain states of the films [Fig. 2(a)-(c)].
MgAl,O, has the same cubic spinel structure as LiV,0,, but with
a lattice constant a of 8.085 A that is —1.9% smaller than that of
LiV,0,, a = 8.24 A. We found that beneath a critical thickness of
~15 nm, our thin films of LiV,0,/MgAl,0,(001) were coherently
strained with in-plane lattice constants a and » compressed by
—1.9% to match that of MgAl,O,, as seen in the reciprocal space
map of Fig. 2(d). The out-of-plane lattice constant ¢ is expanded
due to the Poisson effect, typically by +1 to +2% [+1.9% for the
film studied in this work, Fig. 2(d)], resulting in a tetragonal unit
cell. SITiO; is a cubic perovskite whose lattice constant a = 3.905 A
(2a = 7.810 A) is nearly half of that of LiV,0,; nevertheless, due to
the large lattice mismatch of —5.2% and distinct lattice types, our

1 SrTi03(001)
< p¥ L+ [010]
MgAl,04(001) [100]
(d) (e) ")
[ 30| LIV2 71
5.0 : . : 31 (226
- gAI204 SrTiO3
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B 49F
. 291 LiV204
= J
3 iV204
asf 115) pis26) 30t ?12%
2 bulk i
. ! il og . . il
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HHO (sub.) HHO (sub.) HHO (sub.)
Fig. 2 (a)—(c) Schematic illustration of strain states and lattice relation-

ships of LiV,04 thin films on MgAl,04(001), SrTiOs(001), and MgO(001)
substrates. For simplicity, only the pyrochlore sublattice is shown for
LiV,04 and MgALO4. (d)-(f) Reciprocal space maps of the three different
films. The reciprocal lattice units HKL are defined with respect to the
substrates. The red dashed lines mark the reciprocal lattice vectors
expected for bulk, cubic LiV,O4. The film on SrTiOs is relaxed with bulk
lattice constants, whereas the films on MgAlL,O4 and MgO are coherently
strained according to the amounts labeled in (a) and (c).
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thin films of LiV,0,/SrTiO3(001) were always relaxed with bulk
lattice constant ~ 8.24 A [Fig. 2(e)]. MgO is a cubic rock salt whose
lattice constant a = 4.212 A (2a = 8.424 A) is also close to half of
that of LiV,0,. The lattice mismatch of +2.2% is small enough
that below a critical thickness of ~40 nm, our thin films of
Liv,0,/MgO(001) were coherently strained with in-plane lattice
constants a and b expanded by +2.2% to match that of MgO
[Fig. 2(f)]. The out-of-plane lattice constant ¢ is concomitantly
contracted by typically —0.5 to —1.5% [—0.6% for the film studied
in this work, Fig. 2(f)], resulting again in a tetragonal unit cell. The
different strain states of the films (compressive or tensile in the
(001) plane), their different symmetries (cubic or tetragonal), and
the different epitaxial relationships (one or two substrate lattice
constants per film lattice constant) all provide different micro-
scopic parameters for our present REXS study.

As shown in Fig. 3(a)—(c), we observed a resonant forbidden
(002) reflection near the V K edge in LiV,0, films deposited on
all three substrates. Scans along 00L in reciprocal space in the
o-c’ channel reveal a peak around L = 2 when the photon
energy is tuned to 5.487 keV and the azimuthal angle is set
to ¥ = 45°. This (002) peak disappears either when the photon
energy is tuned away from resonance, e.g., at 5.467 keV
[Fig. 3(b)], or when the azimuthal angle is set to 0° [Fig. 3(a)-(c)].
The (002) peak is more difficult to see for the film on SrTiO; due to
a strong background from a nearby (001) reflection of the substrate,
but is nevertheless clear when we compare scans on and off the
resonant energy at i = 45° (Fig. 3(b); inset shows on-resonant scan
subtracted by off-resonant scan).

For the films on each of the substrates, we further tracked
the azimuthal angular and polarization dependence of the (002)
reflection [Fig. 3(d)-(h)]. To make meaningful comparisons, we
compute the integrated intensity, which is the area under the
(002) peak in the L scans, after normalizing by various beam
parameters and the film thickness. The integrated intensity in
the o-o’ channel obeys a sin’*(2y/) dependence, while the
integrated intensity in the o-n’ channel obeys a cos*(2y)
dependence. (In the case of LiV,0,/MgO(001), the signal-to-
noise ratio in the o-n’ channel was too small to perform a
proper analysis, and hence we only show the analysis in the
o-c’ channel.) These functional forms are in agreement with
predictions of ATS scattering of LiV,0, both in the cubic phase
on SrTiO; with space group Fd3m [eqn (4) and (5)], as well as the
tetragonal phase on MgAl,0, and MgO, presumably with space
group I4,/amd (see ESIt for derivation). We thus confirm a
resonant forbidden (002) reflection of ATS origin in LiV,0, thin
films on MgAl,0,(001), SrTiO3(001), and MgO(001). While the
azimuthal angular dependence of the (002) integrated intensity
remains the same across all three films, their overall ampli-
tudes differ greatly. When normalized by the intensity of the
regular LiV,0,4(004) Bragg reflection, the maximum integrated
intensity of the LiV,0,(002) reflection at iy = 45° decreases by a
factor of three from LiV,0,/MgAl,O, to LiV,0,/SrTiO;, then by
another factor of 20 from LiV,0,/SrTiO; to LiV,0,/MgO
[Fig. 3(d)-(£).

Fig. 4(a)-(c) show the anomalous energy dependence of the
resonant forbidden (002) reflections from 5.465 to 5.505 keV. In

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a)-(c) Resonant forbidden (002) reflections at the V K edge in LiV,O4 thin films on various substrates. The photon energy used is 5.487 keV unless
otherwise noted, and the polarization channel is c—c’. The intensity is reported in counts per second (cps). In the case of LiV,04/SrTiOs (b), the
LiV,04(002) reflection is more difficult to observe, because of a large background tail from a nearby substrate reflection, SrTiOs(001). The inset of (b) has
the same axes as the main panel and shows the subtraction (subt.) of the data in the main panel. (d)-(h) Azimuthal dependence of the integrated intensity
(int. /) of the resonant forbidden (002) reflections in the 6—c’ and o—n’ channels. The dotted lines are fits to eqn (4) in (d)-(f) and eqn (5) in (g) and (h). The
horizontal gray bars in (d)-(f) label the maxima extracted from the fits, normalized by the intensity of the non-resonant (004) reflection.

(a) LiV204/MgAl,04(001)
2000 | G 1
@ loo2
) P = —45°
I~ J
@ 1000 |
(0] 4
S
547 548 549 550
hv (keV)
(d) T T T T
2 st looe/Iooa = 6.1x10 ]
g Y
s
i 50 | B
>
B 25| 1
= B
9 sim.
= 0 ; . :
547 548 549 550
hv (keV)

10000

8000

6000

4000

100

Intensity (cps

75

—
D
-

N o ~

(&) o o

Intensity (arb. units)

o

125 |

LiV204/SrTiO3(001)

102

'

5.47

548 549
hv (keV)

5.50

1002/1004 =6.6x104

5.47

548 549
hv (keV)

5.50

80000

70000

60000

—~
O
-~

Intensity (cps)

,\
—
R

Intensity (arb. units)

60

45

30

15

100

50

LiV204/MgO(001)

182
= _45°

5.47

548 5.49
hv (keV)

5.50

sim.

1002//004 =7.6x1047

5.47

548 549
hv (keV)

5.50

15000

10000

5000

Fig. 4 (a)-(c) Left axes: Anomalous photon energy (hv) dependence of the resonant forbidden (002) reflections in LiV,O4 thin films on various
substrates. Each data point represents the maximum (002) intensity (cps) at the given energy. For (a) and (c), the polarization channel is 6—c’ and the
azimuthal angle is ¥ = —45°. For (b), the signal is clearer in the o—n’ channel at = 0° due to some background in the c—-c’ channel. Right axes:
Fluorescence (fluor.) spectra shown for reference, with intensity reported in cps. (d)-(f) Simulated REXS (002) spectra using FDMNES. The ratio of the
maximum intensities of the (002) and (004) reflections as predicted by the simulations (sim.) are labeled with horizontal gray bars.
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the LiV,0,/MgAl,0, film, the spectrum comprises a primary
peak centered at 5.487 keV and a kink around 5.483 keV. As we
proceed to the films on SrTiO; and MgO, it becomes more
evident that the kink is a secondary peak that gains additional
spectral weight and splits off from the primary peak. In the
LiV,0,/MgO film, the primary peak at 5.487 keV and the second-
ary peak at 5.482 keV are clearly separated. We confirm that the
secondary peak around 5.482 eV has the same azimuthal angular
dependence predicted by ATS scattering as the primary peak
[Fig. 4(c)] and does not arise from a distinct microscopic origin
(e.g., charge or magnetic order, refer to ref. 29). Instead, the
double-peak structure reflects the complicated energy depen-
dence of the V atomic form factor tensor in the local environment
of the strained film, as well as a small phase difference due to the
different c-axis lattice constants of the films."**°

We performed REXS simulations to better elucidate the
microscopic basis of the anomalous energy dependence of
the LiV,0,4(002) reflection and its variation on different sub-
strates. For the structural models, we simply adopted the
experimental lattice constants of LiV,0,4 on the three different
substrates (Fig. 2), which fix the internal V and Li positions,
then used ionic relaxation within DFT to estimate the internal
O positions. For each film, we computed the energy-dependent
matrix elements f,.(E) and f,,(E) of the atomic form factor
tensor. From eqn (4), Iy, is then simply proportional to
| fo(E)]*. At a qualitative level, the simulations reproduce the
split-peak structure that becomes more prominent when pro-
ceeding from LiV,0,/MgAl,0,4(001) to LiV,0,/SrTiO3(001) to
Liv,0,/MgO(001) [Fig. 4(d)-(f)]. This qualitative agreement
confirms that the anomalous energy dependence of the (002)
reflection is mostly structural in origin: under the different
strain states, there are small changes to the local anisotropy of
the V-ion sites due to changes in the V-O and V-V distances and
angles. These small changes are sensitively encoded in the off-
diagonal element f,, which is proportional to the difference
fi —f1,and whose squared magnitude determines the intensity
of the resonant forbidden (002) reflection.

The REXS simulations demonstrate that the strain state of the
film alone, which results in changes of the local V-site anisotropy,
is able to qualitatively explain the anomalous energy dependence
of the resonant forbidden (002) reflection in LiV,0, on different
substrates. These simulations, however, do not reproduce the
large substrate dependence that we see in the integrated inten-
sities of the (002) reflection, normalized by the intensity of the
allowed (004) reflection. The simulations predict that Inoa/Ioos
increases moderately by about 25% from the strained film on
MgAL,O, to the oppositely strained film on MgO. The experi-
mental data shows instead that the integrated Iy, normalized by
Inos decreases by a factor of ~60 from the strained film on
MgAL,O, to the oppositely strained film on MgO. Some micro-
scopic factors in the film beyond simply a strained unit cell must
be at play. We suspect that such a large variation does not arise
from the atomic form factors f themselves, but from differences in

the structure factor Fop = > j jexp(—idnz;) that arise from dif-
.

ferences in the atomic positions {r} when structural domains are
present.
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We hypothesize that the integrated intensities of the (002)
reflection are modulated by the differing amounts of antiphase
domain boundaries in the films on the various substrates.
Antiphase domain boundaries represent the dominant defects in
spinels and govern key properties with technological significance
in spinels. In magnetite, for example, antiphase domain bound-
aries induce antiferromagnetic coupling between ferromagnetic
domains, which alters the spin-transport properties.' Antiphase
domain boundaries also play a role in strain transmission,>" as
well as in the capacity degradation of potential spinel battery
cathodes after repeated electrochemical cycling.*”

Antiphase domain boundaries are particularly amplified in
heteroepitaxial thin films. When spinel LiV,0, (space group
Fd3m) is deposited on perovskite SrTiO3(001) (space group
Pm3m) or rock-salt MgO(001) (space group Fm3m), there is both
a reduction in translational symmetry from a ~ 4 Atoa ~ 8 A,
as well as a reduction in point-group symmetries. The fourfold
rotation axes along a/b/c in Pm3m and Fm3m are replaced by 4,
screw axes along a/b/c in Fd3m. This mismatch in translational
and rotational symmetries allow LiV,0, to nucleate at different
sites and with different orientations that are equivalent with
respect to the SrTiO;(001) or MgO(001) substrates, but that lead
to antiphase boundaries in the film once the domains coalesce.
There are seven such kinds of antiphase boundaries in spinel
compounds, with Burgers vectors 1/4[110], 1/4[110], 1/4[101],
1/4[101], 1/4[011], 1/4[011], and 1/2[100].**> Numerous reports of
epitaxial thin films of spinel oxides, including Fe;0,,>"**7¢
NiFe,0,,>” and CoCr,0,,*® have confirmed that the density of
antiphase boundaries is significantly larger on substrates such
as SrTiO; and MgO with higher symmetry, than on spinel
substrates such as MgAl,O,. The antiphase domain boundaries
facilitate the transmission of epitaxial strain from the substrate
and explain why spinel films deposited on MgO, for example, can
be coherently strained up to much larger critical thicknesses
compared to films deposited on MgAl,0,.>"*® The typical domain
sizes for spinel thin films on MgO range from 5 to 40 nm.**

We focus our discussion on 1/4[101]- and 1/4[011]-type
antiphase boundaries, which have been estimated to dominate
~60% of the antiphase boundaries in a spinel Fe;0,/MgO(001)
thin film.** These kinds of shifts involve an out-of-plane, [001]
component to the Burgers vector and result in B-ion chains that
run orthogonally in the same plane. As shown in Fig. 5(a) and
(b), such domains arise naturally on the MgO(001) surface (or
the SrTiO;(001) surface), but not on the MgAl,0,(001) surface.
The MgAl,0,(001) surface has twofold symmetry, and if the Al-
ion chains run along the [110] direction, then the V-ion chains
of the nucleation layer of LiV,0, should run along [110]
according to the spinel structure with its 4; screw axis
[Fig. 5(a)]. The MgO(001) or SrTiO3(001) surfaces have fourfold
symmetry, so the V-ion chains of the nucleation layer of LiV,0,
can run equally well along the [110] and [110] directions,
leading to domains of orthogonal V-ion chains [Fig. 5(b)].

When two such orthogonal domains are present, the (002)
reflection becomes reduced. Back in the case of a single
domain [Fig. 1(e)], the appearance of a resonant forbidden
(002) reflection in the o-c’ channel relied on the fact that at

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic illustration of LiV,O4 nucleation on (a) MgAl,O4(001)
and (b) MgO(001). For simplicity, only the B-site ions for LiV,O4 and
MgAl,O4 are shown. Fourfold rotation axes and 4, screw axes of the
substrate are marked by black diamonds and windmills, respectively. Due
to the higher symmetry of the MgO(001) termination, LiV,O4 can nucleate
at multiple equivalent sites and orientations, resulting in 1/4[101]- and
1/4[011]-type antiphase domains. (c) and (d) 2 x 1 x 1 supercells of LiV,04
with a single domain and two orthogonal domains, respectively. (e) and (f)
Simulated (004) and (002) intensities at the V K edge for the supercells
shown in (c) and (d). The effect of the orthogonal domains is to effectively
reduce the resonant forbidden (002) reflection.

@ = 45°, the photon polarization vector is perpendicular to the
[110]-oriented B-ion chains in the z = 0 and 0.5 planes, but
parallel to the [110]-oriented B-ion chains in the z = 0.25 planes,
leading to different scattering amplitudes that do not comple-
tely cancel. If, however, there is a neighboring domain with
[110]-oriented B-ion chains in the z = 0 and 0.5 planes and [110]-
oriented B-ion chains in the z = 0.25 planes, and these scatter-
ing amplitudes can be summed coherently with those of the
first domain, then they cancel. For two orthogonal domains
with equal volume and basis atoms labeled 1-4 and 1'-4/,
respectively [Fig. 5(d)], the structure factor is given by

ﬁooz = 4(f1 +f2 —fa _ﬁl) + 4(f1’ +f2’ _ﬁ’ _ﬁl’)r [6)

where fi = f3, for = fu, fs = f1, and fi = f» by symmetry. Then Fyo,
is simply zero. Fig. 5(e) and (f) show REXS simulations for a
2 x 1 x 1 supercell of LivV,0, with a single domain [Fig. 5(c)]
and a2 x 1 x 1 supercell of LiV,0, composed of two orthogonal
domains of equal volume [Fig. 5(d)]. The allowed (004)
Bragg reflections have nearly identical intensities. The resonant
forbidden (002) reflections, on the other hand, show the
predicted ATS behavior for the single-domain supercell, but is
extinguished in the double-domain supercell with equal
domain sizes.
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We speculate that such antiphase domains provide a possi-
ble microscopic mechanism for the large variation of the
integrated Iny, normalized by Iy, In LiV,0,/MgAlL,O,, due to the
identical symmetries of the unit cells, we expect the scattering
intensity to originate primarily from a single film domain, leading
to a sizeable resonant forbidden (002) reflection. In LiV,0,/MgO, due
to the mismatched symmetries of the unit cells, we expect a high
density of antiphase domain boundaries to strongly reduce the
integrated Iy/Inos by a factor of 60 compared to that in LiV,0,/
MgAl,O,. In LiV,0,/SrTiO3, although antiphase domain boundaries
are also expected, in reality, the film is relaxed due to the large lattice
mismatch of —5.2%. The relaxation results in a larger mosaic spread
of the film, as evidenced by its rocking curve whose full width at half
maximum is an order of magnitude larger than those of the strained
films (see ESIt). The enhanced mosaicity decreases the effective
volume of the film that scatters X-rays coherently. The integrated
Tooa/Ioos for LiV,0,/SITiO; is therefore only a factor of three smaller
than that of LiV,0,/MgAl,O,, even though antiphase domains are
expected in the former, because the volume of coherent scattering is
also strongly reduced by the large mosaicity, such that the X-rays
predominantly probe a single domain.

4 Conclusions

We have performed REXS at the V K edge on a series of epitaxial
Liv,0, films deposited on MgAl,0,(001), SrTiO;(001), and
MgO(001) and consistently observed a resonant forbidden (002)
reflection of ATS origin. The anomalous energy dependence of
the (002) reflection shows a systematic dependence on the strain
state of the films, while the integrated intensity of the (002)
reflection decreases by more than an order of magnitude in the
film on MgO compared to the film on MgAl,O,. We hypothesize
that this large decrease may be due to the much greater prolif-
eration of antiphase domains in thin films on MgO, which have
different translational and point-group symmetries than spinel
LiV,0,. We hope that future investigations with electron micro-
scopy may directly confirm the link between antiphase domains
and the integrated intensity of resonant forbidden reflections,
which would further establish the utility of REXS as a diagnostic
probe of spinel microstructure. Unlike electron microscopy, REXS
could open the door to non-destructive, in situ, and operando
monitoring of antiphase domains during epitaxial growth, post-
growth annealing, or electrochemical processes.
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