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1 | INTRODUCTION

The emergence of high entropy oxides (HEOs) in materi-
als science has opened the possibilities of novel ceramics
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Abstract

High entropy oxides (HEOs) have garnered much interest due to their
available high degree of tunability. Here, we study the local structure of
(MgNiCuCoZn), 167(MnCr)g 0330, a composition based on the parent HEO
(MgNiCuCoZn), ,O. We synthesized a series of thin films via pulsed laser depo-
sition at incremental oxygen partial pressures. X-ray diffraction shows lattice
parameters to decrease with increased pO, pressures until the onset of phase
separation. X-ray absorption fine structure shows that specific atomic species
in the composition dictate the global structure of the material as Cr, Co, and
Mn shift to energetically favorable coordination with increasing pressure. Trans-
mission electron microscopy analysis on a lower-pressure sample exhibits a
rock salt structure, but the higher-pressure sample reveals reflections reminis-
cent of the spinel structure. In all, these findings give a more complete picture of
how (MgNiCuCoZn)g 16;(MnCr), 0330 forms with varying initial conditions and
advances fundamental knowledge of cation behavior in high entropy oxides.

KEYWORDS
high entropy oxides (HEOs), pulsed laser deposition (PLD), thin films, X-ray absorption fine
structure (XAFS)

design with a high tunability space. In the simplest defi-
nition, HEOs are usually composed of four or five cations
present in equimolar or near equimolar amounts that ran-
domly occupy relevant sites over the crystalline sublattice.'
The seminal HEO was synthesized in 2015 of the struc-
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ture (MgZnNiCoCu), ,O and commonly referred to as J14.
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Since then, HEOs have garnered much attention for their
wide range of compositions and potential use in electrical,
magnetic, and optical fields, among other applications.* '
J14 consists of a single phase, disordered oxide exhibiting
the rock salt structure and containing an equal distribu-
tion of Mg, Co, Ni, Cu, and Zn on the cation sublattice.
The possible compositions, structures, and applications of
HEOs and related ceramics are wide-ranging and continue
to emerge and expand.'' '8

The seminal HEO exhibited a rock salt structure,
but since then, several other crystal symmetries have
been successfully synthesized using a variety of tech-
niques including solid-state method,* pyrolysis,'® floating
zone,”’ and pulsed laser deposition.”’"?* Spinel”®42526
and perovskite-type structures®?’?® have gained much
attention in recent years due to their more complex sublat-
tices, which can be utilized for unique property tuning.?
Initial studies explored well-known arguments, such as
the Goldschmidt tolerance factor,?° to explain the observed
stabilities of perovskites. Notably, spinel-based composi-
tions enable cations normally prone to lower-symmetry
structures to be incorporated into a higher-order symme-
try system. HEO spinels have also been shown to have a
smaller band gap than any of the parent oxides in the com-
position, expanding the repertoire of synergistic effects
brought about by the high entropy landscape.® Alkali
metal-doped HEO compositions were measured to have a
large dielectric constant and superior ionic conductivity
enabling applications in energy storage.* High entropy
rare-earth oxides (HREOs) added fluorite and bixbyite
structures to the list.**> HREOs are marked by a low
thermal conductivity and a tunable band gap that can be
used in coatings and optics, respectively.****> Other prop-
erties currently under investigation show promise that
HEOs may also find applications in ferroelectrics and
magnetism.428:36-39

Much prior research has focused on the applications
and properties of these HEOs as well as characteriz-
ing the crystal structure of the compositions. However,
less research has been done regarding local structure
trends, which have profound effects on observed proper-
ties. For example, the octahedral rotation distortions in
perovskite oxides have resulted in the emergence of two-
dimensional ferroelectricity.* Mathematically, the ideal
HEO solid solution would have random occupancy, with
each permutation of cation arrangement being energeti-
cally equivalent. However, Rost, et al. demonstrated that
the Cu?* cation exhibits Jahn-Teller distortions*' within
the J14 structure, using extended X-ray absorption fine
structure spectroscopy (EXAFS). These distortions show
that different cations behave differently despite the global
structure being the same. More recent works exploring
local structure have shown varying degrees of disorder

among cations.”'*%#? Fundamentally, this means that
while a system may be high entropy, other factors such as
enthalpy cannot be ignored,*>** which is a complex and
ongoing discussion amongst the community.

In this work, we investigate the cation valence and local
structure behavior of select representative atomic species
in a series of high entropy oxide thin films grown using
pulsed laser deposition under varying pO, to advance
the fundamental understanding of such materials behav-
ior from a local perspective. In doing so, we also test
the efficacy of typical analysis methods of X-ray absorp-
tion near-edge fine structure (XANES) commonly used as
applied to HEOs. Further, by understanding the underly-
ing behaviors that govern synthesis, we can refine future
synthesis pathways of HEOs with more precise tunability.

2 | METHODS

Composition (MgNiCuCoZn) 147(MnCr) ¢330 (J14CrMn)
was synthesized for this study based on the “standard” J14
parent HEO.? The powders were mixed using the following
binary oxide components: MgO (Sigma Aldrich, 342793,
99% trace metals basis, -325 mesh), NiO (Sigma Aldrich,
399523, -325 mesh, 99%), CuO (Sigma Aldrich, 450812,
99.99% trace metal basis), CoO (Sigma Aldrich, 343153, -
325 mesh), ZnO (Sigma Aldrich, 255750, 99.99% trace metal
basis), Mn;0, (Sigma Aldrich, 377473, 97%), and Cr,03
(Alfa Aesar, 12285, 99% trace metals). The powders were
massed accordingly for the desired stoichiometry, listed in
Table S1, and mixed/milled using a Spex 8000 M Mixer Mill
using three 5 mm yttrium-stabilized zirconia milling media
for1h.

After mixing, the powder was uniaxially pressed into a
25 mm pellet at 5500 pounds per square inch (psi) for 30 s
(Carver Platen 2). The pellet was sintered in air at 1000°C
for 8 h with a ramp rate of 4°C/min using a SentroTech
STT-1700°C tube furnace and air quenched. The result-
ing phases of the reactively sintered target were identified
using X-ray diffraction and are shown in Figure S1.

(MgCoNiCuZn), 147(CrMn)g 93350 films were deposited
on (001)-oriented MgO substrates by ablation from a
248 nm KrF laser fired at 5 Hz and 1.7 J cm™2 with a spot
size of ~0.05 cm? for a total of 10000 pulses. The substrates
were pre-annealed at 950°C in a base vacuum for 20 mins
prior to being held at 400°C in a pressure series (1, 2, 3,
4, 5, 7.5, 10, 15, 25, and 50 mTorr) of pure O, throughout
the deposition before cooling at the same pressure. The
substrate-target distance was 7 cm.

X-ray diffraction (XRD) was performed on the reactively
sintered targets for phase identification using a PANa-
lytical X’Pert Pro MPD. Measurements were taken using
a theta-theta goniometer equipped with diverging beam
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optics and an X'celerator detector. Scans ranged from 15°
to 80° 26 with a step size of 0.033°/step and dwell time of
200 s/step. Phase identification was performed using High-
score Plus.* Films were measured in 26-w with a Rigaku
Smartlab diffractometer, using a 1.54 A Cu Ka source, a Ge
220 monochromator, and parallel beam geometry. A 5 mm
slit was used, with a 0.1° step size; for narrow scans, the
speed was 1°/min, while for broad scans the speed was
12°/min.

Transmission electron microscopy (TEM) sample prepa-
ration was performed using the Thermo Fisher Helios 660
NanoLab Dual-Beam FIB. The FIB lamellae were thinned
down with a 5 kV ion beam, and final cleaning was car-
ried out with 2 and 1 kV ion beams to reduce Ga't ion
damage. The Thermo Fisher Talos F200 X 2 was used to
obtain selected area electron diffraction (SAED) patterns
at 200 kV.

X-ray absorption fine structure spectroscopy (XAFS)
was performed on beamline 10-BM“© at the Advanced Pho-
ton Source, Argonne National Laboratory (Lemont, IL).
The films were suspended in a nylon washer and wrapped
in Kapton tape to be measured in fluorescence yield using a
Si (111) monochromator, detuned 50% for harmonic rejec-
tion, and a Hitachi 4-element Vortex ME-4 SDD (Tokyo,
Japan) detector. The beamline was calibrated using a stan-
dard set of metal foils. In addition, these foils remained in
the beam for transmission measurements allowing scan-
by-scan energy alignment and ensuring energy calibration
for each sample. The K-edges for cobalt (7709 eV), man-
ganese (6539 eV), and chromium (5989 eV) were targeted
for this study due to their well-known variability in valence
states, and each sample was scanned on every absorption
edge between 3 and 5 times. The samples were scanned up
to k = 13 A~1. Data was processed and analyzed using the
Demeter software package.*’

Analysis of the XANES data consisted of extract-
ing information on valence state and coordination
through comparison to spectral reference standards from
literature.’*>>>* The literature standards were compared
to the respective metal foils measured with our sam-
ples to ensure a correct energy grid alignment. Arcon,
et al. demonstrated that the energy shift of the Cr K-edge
is linearly proportional to the valence state for materials
systems containing the same ligand type.*® By similar
methods, estimation of the Co, Mn, and Cr valence states
in J14CrMn was performed. The energy shift, AE,, was
calculated by subtracting the metal edge energy from the
edge energy for each sample. The edge energy, E,, can
be defined in several ways including using white line
maxima or peaks in the first derivative of the edge region.
If consistency is maintained throughout each absorber,
the relative shift between edge energies can be used to
estimate average valence. E; for Cr and Co absorbers
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was chosen to be the middle peak in the first derivative,
excluding the pre-edge, while the Mn E, was chosen
to be the last peak in the first derivative due to noise.
Coordination information is extracted by fingerprinting
the features of the spectra standards to the collected data.

3 | RESULTS AND DISCUSSION

XRD of the reactively sintered target contains three crystal-
lographic phases including rocksalt, spinel, and tenorite,
shown in Figure S1. Due to the similar scattering cross
sections® of the constituent elements, we are unable to
discern the exact composition of each particular phase.
Using PLD for film growth enables target stoichiometry
to be controlled in the synthesis of single-phase epitax-
ial structures.’>?>»%! Approximately 90 nm thick films
grown epitaxially along the [001] direction at constant
temperature on [100] MgO substrates with increasing pO,
from 1 to 50 mTorr, shown in Figure S2. Crystallization
appears at 2 mTorr pO, In the lower pressure regime,
between 2 and 10 mTorr, the (002) film peak further crys-
talizes as evidenced by the formation of Pendellosung
fringing, then begins to shift toward a smaller out-of-
plane lattice parameter at 5 mTorr. Above 10 mTorr, the
film peak appears to suggest strain, as evidenced by the
asymmetry of the film peak and ultimately what may be
the onset of phase separation. Full-range scans from 30
to 100 °26 shown in Figure S3 confirm epitaxial growth
with no additional peaks present. Further, images of 5, 10,
and 50 mTorr pO, film surfaces using scanning electron
microscopy (SEM) are shown in Figure S4.

The analysis of the XANES region can be used to provide
information such as valence state, coordination number,
and differences in the local environment.>> A comparison
of measured XANES to known literature references*®>*>*
is shown in Figure 1. Changes in key fine structure fea-
tures, denoted by arrows, show the local stereochemical
evolution of absorbing cations. The pre-edge features in
first-row transition metals correspond to the 1s — 3d
transition®™ and provide insight into coordination num-
bers. Initially, as prepared under the lower pO,, we see a
primarily Cr**-dominated environment shown in shown
in Figure 1A. This is observed in the XANES data by broad,
pre-edge shoulder matching literature references for Cr3*+
in an octahedral environment.*® As pO, is increased in
subsequent depositions there is a systematic change in the
Cr coordination indicative of 4-coordinated polyhedra,®
where a sharp pre-edge feature near 5992 eV develops and
eventually comes to dominate the pre-edge structure. Fur-
ther, the white line peak at ~6007 eV takes on a single
peak instead of the double peak we see in the 37 state,
and the region just above the edge (~6030 eV) increases
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FIGURE 2 Plotof AE versus cation valence for (A) Cr, (B) Mn, and (C) Co. Y-axis label and units in panel (A) apply to all panels in the
figure.

in intensity toward that of the 6 reference. Mn, shown
in Figure 1B, increases in average valence between 3%
and 4% with increasing pO, as indicated by the energy
shift of the K-edge. The pre-edge features denoted by the
arrow at ~6540 eV appear consistently throughout the
pressure series and are consistent with octahedral coor-
dination. For Co, in Figure 1C, the spectra shift more
toward the Co** standard as pressure increases. The pre-
edge feature also begins to increase intensity indicating a
transition from octahedral toward a mixed occupation of
octahedral/tetrahedral environment.

Using the strategy of Alcorn, et al.”® mentioned previ-
ously, the relative change of the AE, or the edge energy

1'48

shift, versus the valence is plotted in Figure 2. The valence
state can be estimated by the energy shift of the absorp-
tion edge relative to a known standard, typically a pure
metal. The AE, of the 5, 10, 25, and 50 mTorr samples were
compared to standards and used to estimate valence in all
three absorbers. Linear regression analysis of the AE, ver-
sus valence of known standards provided a calibration line.
Inserting the measured AE values for each sample into
the corresponding linear equation enables one to deter-
mine the total average valence of the absorbing species. In
Figure 2A, Cr appears to transition from an average of 4*
at 5 mTorr toward 5.5 at 50 mTorr pO, Mn (Figure 2B)
has an average valence trending from ~3.5% to 4*. Finally,
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Co has an average valence of ~2.3 and ~2.6 at 5 mTorr and
50 mTorr pO,, respectively, as shown in Figure 2C.

Linear combination fitting (LCF) was performed to sup-
port the valence trend results across Co, Cr, and Mn
absorbers, respectively, as shown in Figure 3A-C. The Cr
absorber data begins at low pressures with a mixed valence
heavily weighted toward 3*. Above 15 mTorr, the fraction
of 3% begins to decrease, with an appearance of 61 begin-
ning at 25 mTorr. At 50 mTorr, there is a mixed valence of
3t and 61 with fractions of 0.53 and 0.43, respectively, the
remaining fraction being most likely held by 2*. The Mn
absorber starts fully in the 3* valence state for lower pres-
sures, with the 4% valence state emerging above 7.5 mTorr
deposition pressure. At 15 mTorr, 41 overtakes 3" as the
predominant state with fractions of 0.57-0.43. The fraction
of 4% increases to ~0.7 at the 25 and 50 mTorr data points.
Finally, the Co absorber has a valence of 2* from 1 to 10
mTorr pO,, a mixed-valence with a majority of 2% at 15
mTorr, and then mixed with a majority of 3t at higher pO,.

It is important to note the limitations of conventional
LCF, especially within the context of HEOs containing
several transition metal elements. The challenge is 2-fold:
finding a literature or measurable standard to use as a
component and accounting for relative changes in feature
intensity (like white lines) due to sample geometry and
beam polarization effects. Here, we used LCF to ascertain
valence trends in Cr, Mn, and Co absorbers by fitting a
weighted sum of standards found in the literature based
on the valence state. It is nearly impossible to account for
all deviations in white line intensities or pre-edge features
given that not all permutations of valence, geometry, and
coordination have specific reference standards or known
crystal systems. The takeaway of our multifaceted XANES

analysis is that the trends are consistent and generally in
agreement, thus strengthening confidence in our findings.

Figure 4 illustrates the magnitude and imaginary parts
of the Fourier-transformed k2-weighted EXAFS for a num-
ber of cases where we see a clear and observable trend
within the first coordination shell. To investigate the first
coordination shell, we fitted the spectra using a theo-
retical model with a single scattering path between the
absorber and nearest neighbor oxygens. At low pressures,
the film appears to be amorphous per XRD results, shown
in Figure S2. EXAFS, however, does not depend on long-
range order in the system. Therefore, to understand the
synthesis trends from a local perspective we choose the
1 mTorr sample as a baseline for the first shell environ-
ment. For some atoms, like Mn where the coordination
number reaches a steady state with increasing pressure,
we can extrapolate radial distances and unit cell param-
eters. These results match the bond lengths and unit cell
parameters found via XRD for the samples, thus giving
a reasonable basis for studying the metal-oxygen bond.
The second shell corresponds to the metal-metal scatter-
ing paths, which remain largely stable. Modeling of this
length, however, is limited by the stoichiometric ratios and
the effects of various scatterers similar in mass at similar
distances. The range from k = 6-8 A~! demonstrates a poor
fit for first shell scatterers. This is because this range is
largely indicative of the heavier scatterers in the sample.
A linear combination of both fit sets yields an approximate
solution for the full structure. Note that although a solu-
tion exists, the uncertainties arising from the unknown
mass of the metal-metal scatterer restrict the amount of
information that can be confidently drawn. Therefore, it
is better used as a guide rather than an exact fit.
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Magnitude and imaginary parts of the Fourier transformed k?-weighted extended X-ray absorption fine structure

spectroscopy (EXAFS) for (A) Co at 3 mTorr O,, (B) Mn at 1 mTorr O,, (C) Cr at 2 mTorr O,, (D) Co at 25 mTorr O,, (E) Mn at 15 mTorr O,,

and (F) Cr at 15 mTorr O,

Figure 5 plots the average coordination number as a
function of pO, for Co, Cr, and Mn. The results for Mn dis-
play a relatively stable coordination environment, within
uncertainty, in the pO, range corresponding to the high-
est crystallinity. While there are minor fluctuations, likely
due to the noise of the Mn spectra, the short range of the fit
restricts the number of independent variables. Our conclu-
sions are drawn from the first shell fits for each absorber
element. Accurate modeling of the metal-metal distance
would require a variable set of metals with closely similar
atomic masses. We trade the information and resolution
of the results for more clarity on the well-known bonding
between metal and oxygen. Therefore, when we consider
the results shown in Table S2. For Mn, the coordination
number is 4.5 ~0.5. This indicates a nearly 50/50 mix
of Mn in both the 4-fold and 6-fold coordinated states at
10mTorr. For Cr, the coordination environment undergoes
an onset phase-transition-like process where the coordi-
nation number starts at 6 but then converts to 4-fold
symmetry after about 15 mTorr of pO, is introduced. We
theorize that once there is sufficient oxygen for cations
to undergo a change of valence, and subsequent change

in ionic radius, a more energetically favorable polyhedral
state, based on close packing, is formed around certain
cations that become incorporated into the larger struc-
ture. We propose that in-plane bonding remains strong;
this is the 4 coordinated, tetragonal state environment
we see dominating at higher pO,. The out-of-plane bond-
ing, however, exhibits compression and expansion based
on the partial pressure of O,. A handful of atoms, like
Mn and Cu, hold the larger superstructure together, as
demonstrated by the unchanged mixed-fold coordination
we would expect. This suggests that a spinel might be
forming as the bonds are strained with the increased oxy-
gen sites and decreased valence electrons available to form
bonds.

SAED experiments using TEM were carried out to inves-
tigate the structural nuances in the thin films grown at 5
mTorr and 50 mTorr O,. From the TEM diffraction pat-
terns shown in Figure 6, we observed a clear variation
in the crystal structure of the thin films grown at differ-
ent O, partial pressures from the selected area electron
diffraction experiment. JI4CrMn grown at 5 mTorr indi-
cates a rock salt crystal structure, while J14CrMn grown
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at 25 mTorr and 50 mTorr has a rock salt structure with
additional reflections (marked by green boxes in Figure 6).
To further understand the origin of the extra reflections,
selected area electron diffraction was performed along the
[110] zone axis for the 50 mTorr sample (shown in Figure
S6). These extra reflections indicate local structural varia-
tions that are consistent with the spinel secondary phase
observed in XRD. This is also associated with the changes
in the valence state of cations shown in Figure 2. Fur-
ther, TEM studies are being carried out to probe the local
variation in valence states.

Nonequilibrium kinetics by pulsed laser deposition
(PLD) is uniquely suited to enable cation’s charge
state control in high entropy oxides. This is achieved
through the metastabilization of unique macrostates at
substrate temperatures lower than the entropy stabiliza-
tion temperature which provides a rich landscape of
local structures and valence states.?>2>58 For instance,
Kotsonis et al. noted a sharp change in the out-of-
plane lattice parameter of J14 thin films with substrate
temperature. Electron energy loss spectroscopy (EELS)
as well as X-ray absorption spectroscopy (XAS) were
employed to inspect the valence state of the core ele-
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ments in the thin films.>* Local analysis reveals that at
relatively low substrate temperatures, a significant Co
3* concentration is present and is attributed to cation
vacancies.

We believe that the high configurational entropy and
metastability inherent to HEOs facilitate hosting more
accepting local environments coupled with unusual coor-
dination and defect chemistry. As such, the degree
of tunability and range of lattice parameters and vol-
ume changes should increase with compositional com-
plexity. To highlight this, Figure 7 shows two sets
of films of Mgjg3Crg1;0 grown 5 and 50 mTorr pO,
at temperatures of 300 and 500°C, respectively. While
the films display a decrease in the out-of-plane lat-
tice parameter with increasing deposition pressure, the
degree of the shift is less pronounced than in the high
entropy case. Therefore, we need specialized character-
ization techniques to understand the local structures
and cation valence in high configurational entropy sys-
tems and how they deviate from their lower entropy
counterparts.

By examining the behavior of local structure as a func-
tion of deposition pressure, we can better understand the
long-range behavior of these materials. Combining the
information from XANES and EXAFS gives us a more com-
plete picture of how individual atomic species respond to
the evolving structure as deposition pressure varies. While
the transition between valence states can be modeled with
a power law, it is important to consider that it may not
be possible to tune with a great deal of resolution. The
onset occurs over a very short range of partial pressures.
Maintaining specific levels during deposition is an ongo-
ing area of study to control these tunable aspects. Notably,
alocalized expansion was found around the Mn atom. This
indicates that not all atoms are equally affected in their
transition. These differences could be ascribed to the rel-
ative masses of other cations. Soft X-ray sources might
yield information about the oxygen environment; however,
due to the expanse of bonding options deconvoluting the
oxygen, XANES is speculative at best.

One of the motivations driving the development and
study of HEOs is their potential properties. The sem-
inal structure HEO J14 is found to have a long-range
antiferromagnetic ground state with unique spin-state
interactions.” Testing the magnetic properties as a func-
tion of the deposition pressure of J14CrMn may allow us to
further understand the effects of local structure on global
properties. Future research could delve into the changes in
magnetic structure associated with different valence states.
Furthermore, if experimental findings could be corrob-
orated with theoretical calculations, then this allows us
to finely tune the structure and deposition conditions for
HEOs.
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4 | CONCLUSION

Seven-component HEO (MgNiCuCoZn) 147(MnCr) 0330
(J14CrMn) was successfully synthesized using pulsed laser
deposition with varying initial conditions. This study
examined the local structure of this material to gain a
deeper understanding of how this emerging class of mate-
rials behaves. For J14CrMn, the lattice parameter decreases
as partial oxygen pressure increases, which is the opposite
trend of the seminal J14 structure. According to XANES
analysis, the valence state and coordination number are
also dependent on the partial pressure of oxygen, with a
phase shift occurring as pressure is increased in the Cr,
Mn, and Co absorbers. A close study of the metal-oxygen
paths via EXAFS supports the XANES data, as Cr shifts
from 6-fold to energetically favorable 4-fold when suffi-
cient oxygen is introduced to the system. These changes in

coordination suggest a spinel phase formation as a result
of bond strains introduced by fewer valence sites. Finally,
SAED resultsindicate the spinel structure forming as depo-
sition pressure is increased, thus supporting both the XRD
and EXAFS analysis. From these results, we theorize that
while in-plane bonding is stable, it is the out-of-plane bond
lengths that change with pressure. We observe a select
few atoms remaining consistent and dictate the larger
superstructure, while other atoms shift in coordination.
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