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High Entropy Oxid

ABSTRACT: We employ analytical transmission electron microscopy (TEM)
to correlate the structural and chemical environment variations within a
stacked epitaxial thin film of the high entropy oxide (HEO)
Mg, ,Co0,,Nij,Cuy,Zny,0 (J14), with two layers grown at different substrate
temperatures (500 and 200 °C) using pulsed laser deposition (PLD). Electron
diffraction and atomically resolved STEM imaging reveal the difference in
out-of-plane lattice parameters in the stacked thin film, which is further
quantified on a larger scale using four-dimensional STEM (4D-STEM). In the
layer deposited at a lower temperature, electron energy loss spectroscopy
(EELS) mapping indicates drastic changes in the oxidation states and bonding
environment for Co ions, and energy-dispersive X-ray spectroscopy (EDX)
mapping detects more significant cation deficiency. Ab initio density
functional theory (DFT) calculations validate that vacancies on the cation
sublattice of J14 result in significant electronic and structural changes. The
experimental and computational analyses indicate that low temperatures during film growth result in cation deficiency, an
altered chemical environment, and reduced lattice parameters while maintaining a single phase. Our results demonstrate that
the complex correlation of configurational entropy, kinetics, and thermodynamics can be utilized for accessing a range of
metastable configurations in HEO materials without altering cation proportions, enabling further engineering of functional
properties of HEO materials.
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INTRODUCTION

Advanced materials have greatly benefited the progress of the
fundamental science frontier and technological innovations
toward real-world applications. However, identifying the rich
source of the promising materials has been a constant
challenge. More recently, a frontier of materials discovery,
high-entropy (HE) materials, has been initiated to overcome
this challenge. These HE materials utilize configurational
entropy to stabilize multiple elements into a single lattice
(entropy stabilization), enabling nearly unlimited opportunities
to discover materials."

proportions of the elements.” The HE concept was further
expanded into nonmetallic crystalline systems when Rost et al.
experimentally demonstrated the entropy stabilization in the
rocksalt phase high entropy oxide (HEO) materials, with the
composition of (Mgo.zC0042Nio.2cuo.2zno.z)0'4 This rocksalt
phase HEO material was designated as the J14 compound, and
we will continue using the original terminology in this work.
The schematic of its rocksalt crystal structure is shown in
Figure la. After the successful synthesis of the rocksalt phase
HEO, numerous nonmetallic HE crystalline materials with
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be related to the increased configurational entropy caused by
its multiple constituent elements and the equimolar
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Figure 1. (a) Crystal structure model for the rocksalt structure HEO (Mg, ,, Coy,, Nig,, Cug,, Zny,) O viewing from the [100] axis; (b)
schematics of the stacked HEO thin film synthesized with the PLD method; (c) high-resolution HAADF-STEM micrograph acquired at the
interface of the stacked thin film, and (d—1) EDX map of the constituent elements taken at the same region as the HAADF-STEM
micrograph in panel (c). The EDX maps are plotted with Gaussian filtering with filter size of 2 pixels. The interface between the stacked
films is marked by the arrows. (J) Line-averaged EDX intensity profile with the interface location is marked by the dashed line.

distinct compositions and crystal structures have been
proposed and studied, such as spinel phase HEO,® perovskite
phase HEO,° fluorite phase HEO,” HE carbides,® HE nitrides,”
HE chalcogenides,'” and many more. Many promising
functional properties have been widely reported for HE
materials. For example, rocksalt HEOs have showed potential
fast jonic conduction and reversible ion storage suitable for
electrochemical applications, while HE chalcogenides have
exhibited good performance for carbon dioxide electrocatalysis
and thermoelectric applications.'*"®

The entropic stabilization in the HEOs subsequently leads
to inherent metastability at low temperatures, where phase
separation and chemical segregation are more likely to
occur.¥'*'7 In addition, the synthesis conditions, such as the
thermal history during growth, growth rate, and oxygen partial
pressure, may lead to complicated microstructures and altered
physical properties of the HEO crystals."®™>' These impacts
from the synthesis conditions are prominent in the HEO thin
films grown with the pulsed laser deposition (PLD) method
due to its nonequilibrium growth mechanism. For example,
only the PLD method can incorporate the elements with a
large size or charge mismatch, such as Sc, Ga, and Ca, into the
single-phase rocksalt HEO thin film**; the phase structure of
Sc-containing HEO thin films depends on ablated particle
kinetic energies, partial oxygen pressure, and growth rate.'”?!
Furthermore, we observed a collective optical, magnetic, and
structural properties variation in PLD grown J14 thin films as a
function of substrate temperature during synthesis.'® Our
previous study mainly discussed the macroscopic properties of
the HEOs affected by the growth conditions, while in this work
we further focus on structural and chemical changes at the
nanoscale.

Here, we employ advanced electron microscopy techniques
to investigate the impact on the structure and chemical

environment due to varied growth temperatures in a stacked
J14 HEO thin film prepared with PLD. Unsupervised machine
learning algorithms are applied to the atomic resolution high
angle annular dark-field (HAADF) scanning transmission
electron microscopy (STEM) images, which highlight the
structural change due to the different growth temperatures. We
then utilize four-dimensional scanning transmission electron
microscopy (4D-STEM) for large-scale strain measurements
and quantified the sizable out-of-plane strain variations in the
stacked film due to the changes in growth temperature.
Monochromated electron energy loss spectroscopy (mono-
EELS), assisted by unsupervised machine learning methods, is
performed to determine the electronic structure of the oxygen
and constituent cations. A drastic change in the chemical
environment for Co ions is uncovered, while no difference was
evident in other cation elements. First-principles calculations
support our finding that cation vacancies coincide with an
altered chemical environment for primarily Co ions as well as
significant changes in unit cell volume.

RESULTS AND DISCUSSION

To control the variables for this investigation and ensure self-
consistent characterization, we synthesized a stacked J14 HEO
thin film on a MgO substrate. The schematic of the sample is
shown in Figure 1b. The first layer of J14 (500 °C J14) was
deposited at a substrate temperature of 500 °C, and a second
layer of J14 (200 °C J14) was promptly deposited on top after
cooling the substrate to 200 °C. Figure lc shows a low-
magnification HAADF STEM image that captured the MgO
substrate and the stacked J14 layers, and Figure 1d—I shows
the simultaneously acquired energy-dispersive X-ray spectros-
copy (EDX) elemental mapping of the constituent elements.
The EDX map indicates the homogeneous distribution of the
constituent elements within the two parts of the stacked film,
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Figure 2. Reciprocal space investigation and the local crystallography analysis. (a) SAED pattern acquired from the stacked HEO thin film
from the [100] zone axis. Inset: location of the selected area diffraction aperture. (b) Magnified image of the split g = 006 reflections and (c)
magnified image of the sharp g = 060 reflections; (b, c) cropped from the red and blue boxes in panel (a), respectively. (d) Atomically
resolved HAADF-STEM image taken at the stacked film interface between 200 °C J14 and 500 °C J14. Scale bar is 5 nm. (e) Result of the
image segmentation on the same HAADF-STEM image using the physics-based deep learning analysis on the local crystallographic
information. The spots represent the center positions of the window where the local FT patterns were extracted. The local FT patterns were
categorized into two classes via analyzing the local crystallographic information. The spots were colored based on the categorization results.
(f, g) Class-averaged FT pattern from two classes primarily found in 200 °C J14 and 500 °C J14 film, respectively. (h) Difference between

the class averaged FT patterns in panels (f) and (g).

while the line-averaged intensity profile shows more cation
vacancies in the 200 °C J14 than in 500 °C J14 (Figure 1j).
Additionally, there is a slight excess of Cu and a slight
deficiency of Mg, Co, Ni, and Zn at the 200 °C/500 °C J14
interface (see Figure S1 for additional data). We suspect the
Cu enrichment at the interface is due to the migration of some
Cu ions between layer growths, since the present temperatures
are not high enough to balance the positive enthalpy associated
with keeping Cu homogeneously dispersed in the rocksalt
phase matrix.»"”

To examine the structural impact of the growth temperature,
we investigated the reciprocal space using selected area
electron diffraction (SAED). The SAED pattern from the
[100] zone axis taken on the stacked film and substrate is
shown in Figure 2a. After close inspection, we did not find any
extra peaks indicating a secondary phase. However, we
observed a tetragonal distortion of the rocksalt phase as the
006 reflection is split into three distinct spots while the 060
reflection remains a single sharp peak. The magnified images of
the 006 and 060 reflections are shown in Figure 2b,c. The split
of the 006 reflection and the sharp 060 reflection suggests that
compared to the MgO substrate, the stacked J14 thin films
show expansion and shrinkage in the out-of-plane lattice
parameters and the constant in-plane lattice parameters,
respectively.

We have acquired and analyzed high-resolution ADF-STEM
images at atomic resolution to examine the structural
differences across the stacked J14 thin film interface. Despite
the slight accumulation of Cu and deficiency of other cations at
the interface, the epitaxial rocksalt structure is maintained
throughout the film stack. To highlight the structural changes,
we applied the physics-based deep data image analysis via the

unsupervised machine learning algorithm to extract the local
distortion from the atomically resolved imaging data.”*** In
this algorithm, the local crystallographic information is
extracted via a Fourier transformation (FT) inside a local
window on the image. The local window is shifted across the
entire image and generates a stack of 2D-FT patterns, which
results in four-dimensional spectral image data. The
unsupervised machine learning algorithm was then performed
on the 2D-FT pattern stack for dimensionality reduction and
data clustering. The data clustering results in automatic image
segmentation based on the local crystallographic information.
The detailed algorithm for this analysis is listed in the method
section and Figure S2. The atomically resolved ADF-STEM
image and the image segmentation results across the J14
stacked thin film interface are shown in Figure 2d,e. In Figure
2e, each colored spot is the center of the window where the
local FT patterns are extracted. The algorithm automatically
categorizes the STEM image into two classes indicated by the
blue and red colors, and the corresponding class averaged FT
patterns from the blue and red classes are shown in Figure 2f,g.
As shown in Figure 2e, the FT patterns in the blue and red
classes are primarily located in the 200 and 500 °C J14,
respectively. The class averaged FT pattern difference
highlights the structural difference shown in Figure 2h. The
¢ = 002 is smaller in magnitude for the red class than the blue
class, indicating a larger lattice parameter for the S00 °C J14
thin film. The physics-based deep data image analysis results
presented here further motivated the 4D-STEM study for a
larger scale and high-precision quantification of the lattice
parameter differences in the J14 stacked thin films.

Figure 3a shows the 4D-STEM experimental setup
schematic with the patterned condenser aperture.”> In the
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Figure 3. Four-dimensional STEM (4D-STEM) results in the stacked HEO thin film. (a) Schematics of the 4D-STEM experimental setup
using the patterned condenser aperture. (b) Virtual ADF-STEM image generated from the 4D-STEM data set. The scale bar represents 50
nm. The scanned region is around 224 nm by 103 nm. (¢, d) Examples of the nanobeam electron diffraction (NBED) patterns within the 4D-
STEM data set. The NBED patterns were acquired on (c) the carbon deposition and (d) the stacked film, and the corresponding probe
positions were marked with solid and dashed circles in panel (b); (e) strain mapping of in-plane (exx), shear (exy), out-of-plane (£yy), and
rotation components (@) measured from the 4D-STEM data set. The line average strain profiles are plotted on the side. The reference
region on the MgO substrate is marked with a yellow dashed box in panel (b).

4D-STEM experiment, a full 2D nanobeam electron diffraction
pattern (NBED, in reciprocal space, k, and k,) is captured at
each scanning position (in real space, x and y), resulting in a
four-dimensional data set containing abundant structural
information. The virtual ADF-STEM image of the scanning
region is shown in Figure 3b, and examples of the patterned
NBED are shown in Figure 3c,d. The green and yellow spots
mark the probe positions in Figure 3b, and the corresponding
NBED patterns are acquired from carbon deposition and the
J14 thin film, shown in Figure 3c,d, respectively. The
postacquisition data processing for 4D-STEM enables
quantification of large scale (in ym) combined with high
precision (in pm) for the strain/lattice parameter measurement
by determining the distance between the center of the
transmitted beam and the diffracted disks in each NBED
pattern. In addition, we used the patterned condenser aperture
to further boost the measurement precision for forming the
NBED with patterned diffraction disks.”> The features in the
diffraction disks improve the accuracy of the template
matching algorithm for the strain measurement and can
minimize the impact from the off-axis tilt and dynamic
scattering.25

Figure 3d contains the results of the 4D-STEM strain
mapping performed on the J14 stacked thin film. The reference
region is selected on the MgO substrate, as shown in the

14971

dashed box on the virtual ADF-STEM image in Figure 3b. The
strain mapping results are plotted in colored maps with red and
blue indicating tensile and compressive strain, respectively.
The line averaged strain profiles are plotted on the side of the
strain maps. The measurement shows that the differences in in-
plane (e,,), shear (exy), and rotational (@) components are
relatively small. On the other hand, there is a significant change
of approximately —1% and +1% in out-of-plane (eyy) strain
components in 200 and 500 °C J14 thin film on average,
respectively. The 4D-STEM results confirmed our previous
observation from the SAED and ADF-STEM data and further
quantified the large-scale strain profile from the stacked J14
thin film. The value of the out-of-plane strain component also
quantitatively matches the geometric phase analysis performed
on the high resolution STEM image (Figure S3). Furthermore,
the strain mapping shows the dislocations at the interface
between J14 thin film and MgO substrate (black arrows in
Figure 3d), while no dislocation is found at the interface
between S00 and 200 °C J14 thin film (see Figure S3). To
understand the discrepancy for the lattice parameter in the J14
thin films grown at different substrate temperatures, EELS is
employed to investigate the underlying chemical environment
changes.

In EELS, the fast electrons interact with the sample and lose
energy due to the excitation of the electrons into unoccupied
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Figure 4. Unsupervised machine learning analysis of the STEM-EELS for the oxygen K edge. (a) Probe positions overlaid over the ADF-
STEM image. The probe positions are categorized into four classes and colored based on the clustering results in (b) the visualization of the
Gaussian mixture model (GMM) clustering results after the dimensionality reduction using non-negative matrix factorization and t-
distributed stochastic neighbor embedding (t-SNE). (c—f) Class-averaged EELS spectra for four classes are primarily found in the 500 °C
J14 film, 200 °C J14 film, carbon layer, and MgO substrate. The dashed line in panel (d) marks the position of the extra peak compared to
panel (c).
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Figure S. Line-scan monochromated STEM-EELS of 3d transition metal L edge energy loss near edge structure (ELNES). (a) Probe
positions overlaid over the ADF-STEM image. Scale bar is 20 nm. (b—d) L edge ELNES for Co, Ni, and Cu, respectively. (e¢) Comparison
between the averaged spectra from 200 °C J14 film, 500 °C J14 film, CoO reference spectra, and Co;0, reference spectra.

states in the conduction bands. In the high energy loss range, STEM mode (STEM-EELS) at approximately the same region

the ionization edges are formed due to the excitation of the as the 4D-STEM scan on the J14 stacked thin film to resolve
electrons at the core level.” Furthermore, the EELS setup with the ELNES for the core loss ionization edges and link the
sufficient energy resolution can resolve the variation of the features in the spectra with their spatial locations. In STEM-
intensity and structure for the ionization edges within 30 eV of EELS mode, an EELS spectrum was acquired at each probe
the edge onset, referred to as the energy loss near edge position and generated a 3-Dimensional spectrum image.”®
structure (ELNES).”” ELNES provides rich information The recent advances in the data-driven analysis for EELS, such
regarding the oxidation states and the local chemical as unsupervised machine learning methods, enabled spectra
environment. We performed a mono-EELS measurement in unmixing, enhancement, and categorization without prior
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Figure 6. Results from DFT calculations of the pristine (J 14p,is) and defect (J14,,.) SQSs corresponding to the high (500 °C) and low (200
°C) temperature films, respectively. Relaxed structures for J14,;, and J14,,. with corresponding lattice parameters and out-of-plane strain
(¢,,) values are shown in parts a and (b), respectively. Bader charge distributions for J14, (c) and J14,,. (d) predict a significant change in
the cobalt valence state when vacancies on the cation sublattice are present. The relative amounts of 2+ and 3+ cations within the J14,,. SQS

are summarized in panel (e). Visualization was performed with VESTA.*¢

knowledge.””~*> We applied the unsupervised machine

learning algorithm on STEM-EELS data for data categorization
by using the dimensionality reduction on the 3D STEM-EELS
data with the non-negative matrix factorization (NMF)
combined with t-distributed stochastic neighbor embedding
(t-SNE).*> We then applied the Gaussian mixture model
(GMM) for data clustering. The unsupervised learning assisted
STEM-EELS for O k edge results are plotted in Figure 4.

Figure 4a shows the STEM-EELS probe positions over-
lapping the simultaneously acquired ADF-STEM image. The
probe positions are colored based on the dimensionality
reduction and clustering results. The visualization of the data
clustering via NMF, t-SNE, and GMM is shown in Figure 4b.
The probe locations of all of the EELS spectra from four
clusters can be directly visualized in Figure 4a, and each cluster
mostly corresponds to a single region on the stacked J14 thin
film. The analysis successfully categorized the EELS spectra
from MgO (green), S00 °C J14 thin film (navy), 200 °C J14
thin film (red), and carbon deposition (cyan), and the class-
averaged k edge ELNES from each cluster is plotted with
corresponding colors in Figure 4c—f. When comparing the
spectra representing the two parts of the thin films, the most
significant difference is the emergence of the peak at around
529 eV, related to the unoccupied 3d states.”* The emergence
of the peak indicates a drastic change in the configurations in
the 3d orbitals for the transition metal cations.

To pinpoint the origin of the 3d orbital changes, we acquired
the core loss line-scan EELS data of the transition metal L
edges (Figure 5). The probe positions overlapped in the ADF-
STEM image are plotted in Figure Sa. The ELNES values for
Co, Ni, and Cu L edges are plotted in Figure Sb—d,
respectively, with the colors matching the color of the probe
positions in Figure Sa. In Figure Sb, significant variations of
spectral features, such as the edge onset energy and shapes, are
evident in the Co L edge ELNES across the stacked thin film.
The difference in ELNES highlights the change of 3d orbital
configurations and chemical environment for Co ions. On the
other hand, the L edges ELNES of Ni, Cu, and Zn do not
exhibit noticeable changes (Figure S4). To closely examine the
chemical environment for the Co ions, the averaged ELNES
for Co L edges from 200 and 500 °C J14 as well as the
reference spectra from CoO and Co;0, are plotted in Figure
5e.*® The ELNES collected from the 500 °C J14 spectra
resembles the reference spectra from CoO, which is expected
since the J14 ESO crystallizes in the rocksalt form with the
constituent cations having the 2+ oxidation states. However,
the ELNES collected from 200 °C J14 show similarity to the
Co;0, reference spectra. This similarity implies that the
oxidation states for some Co ions change from 2+ to 3+ and
there is a change in the bonding environment. We would like
to note that the ELNES collected from the very top surface of
the film show strong Co®" features, which is likely due to the
long exposure of the top surface to the low oxygen pressure
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environment during the storage.”® We also calculated the
intensity ratio of the L; and L, peaks for Co across the stacked
thin film and mapped the ratio in Figure SS. Since the intensity
ratio of the white lines is closely related to the unoccupied
states in 3d levels, EELS can be used to determine the
oxidation states in the transitional metal.”® The averaged L,/L,
ratio is approximately 3.3 and 4.3, corresponding to the
oxidation states of 2.6+ and 2.1+ for the 200 °C J14 and 500
°C J14, respectively.”® The Co oxidation states in 200 °C J14
roughly match those in the Co;0, with the spinel structure.

The Co chemical environment shift measured with STEM-
EELS correlates with the out-of-plane lattice parameter change
in the stacked thin-film quantified by 4D-STEM. First, the
ionic radius for low spin Co®" shrinks by around 27%
compared to the high spin Co** based on the Shannon ionic
radii.*” Second, the Co ions in 200 °C J14 have a similar
bonding environment to the spinel Co;0,, which has a similar
oxygen lattice structure to CoO but a 5% smaller O*~
distance.*® Combining the aforementioned factors, we
hypothesize that the reduction of the lattice parameter is due
to a shift of the Co chemical environment shift. We further
hypothesize the potential reason for the Co chemical
environment change could be correlated with the higher
level of cation vacancies in 200 °C J14, since the low substrate
temperature results in a more oxidative condition at the growth
surface and leads to the formation of Co®" and cation vacancies
for charge neutrality.’*>*’

First-principles density functional theory (DFT) calculations
were employed on special quasi-random structures (SQSs) of
J14 to investigate this hypothesis.*’ A pristine rocksalt J14 SQS
g 14Pris) and a rocksalt J14 SQS with point defects on the
cation sublattice (J14,,.) were used to model the high (500
°C) and low (200 °C) temperature J14 films, respectively. The
percentage of vacancies (6.25%) was approximated based on
charge neutrality conditions from the average cobalt valence
from EELS fitting. The fully relaxed bulk lattice parameter of
the pristine J14 S12-atom SQS was found to be 4.2102 A, in
agreement with previous extended X-ray absorption fine
structure (EXAFS) reports on bulk J14'° (4.230 + 0.005 A).
A —0.5% in-plane strain (e,) was enforced on further
calculations to mimic the epitaxially strained nature of the
HEO films, while the out-of-plane cell vector and atoms were
under no constraints during relaxation. Based on the similarity
of EELS of the 200 °C film to the spinel Co;0, with
octahedrally coordinated low-spin Co™, the cobalt ions were
initialized in a low-spin state for the J14,. calculation. An
additional calculation with cobalt ions initialized in a high-spin
state is shown in Figure S6 for completeness.

The out-of-plane strains (¢,,) for the relaxed structures were
calculated as +1.71% and —0.77% for J14,;; and J14,,. relative
to the enforced ¢,, (Figure 6a,b), in qualitative agreement with
the 4D-STEM strain measurement results. Bader charges of Co
in J14,,, were centered at around 1.23 (Figure 6¢), while a
large fraction of the Co atoms in J14,,. showed an increased
Bader charge (Figure 6d). Two distributions of the increased
Bader charge in J14,,  can be seen centered around
approximately 1.32 and 1.38. A smaller fraction of the Ni
and Cu ions within the J14,,. SQS also showed an increased
Bader charge, while no changes were observed for Mg or Zn,
which agrees with the experimental EELS data (see Figures S4
and S7).*' The ratio of cations identified as 2+ and 3+ within
the J14,,. SQS are summarized in Figure Ge. 44% of the Co
ions were identified in a 3+ valence in the J14,,. SQS, while

vac

only 10% and 12% were found for Ni and Cu, respectively,
suggesting that the charge compensation of cation vacancies in
the J14 rocksalt matrix occurs primarily through the oxidation
of Co** to Co®'. Overall, the DFT calculations show that
vacancies on the cation sublattice of J14 result in significant
changes both electronically and structurally within the rock-salt
HEO matrix.

CONCLUSIONS

In summary, we have investigated the nanostructures and
chemical environment in the stacked J14 HEO thin film
synthesized using PLD at 200 and 500 °C. STEM-EDX
elemental mapping indicated the cation deficiency in the 200
°C J14 film compared with the 500 °C film. The SAED pattern
showed no evidence of a secondary phase but indicated varied
out-of-plane lattice parameters within the stacked film. The
atomically resolved ADF-STEM images revealed a larger lattice
parameter in 500 °C J14 compared to 200 °C J14. With 4D-
STEM strain measurement, we have quantified the out-of-
plane lattice parameter difference to be +1% and —1% for 500
and 200 °C J14 films, respectively, compared to the MgO
substrate. Monochromated STEM-EELS resolved the energy
loss near edge structure for the constituent elements, and a
drastic change in the chemical environment for Co and O was
discovered across the stacked film, whereas for other elements,
it remained constant. The Co changed its oxidation states from
Co* to Co>* (smaller ionic radius) in 200 °C J14 film, and its
bonding environment was akin to that in Co;O, DFT
calculations show that the generation of Co®" in 200 °C J14
is linked to charge compensation of the cation vacancies, which
leads to the reduction of the lattice parameter. Consequently,
our combined experimental and theory results show that the
variations in the structural, optical, and magnetic properties'®
in the film grown at lower substrate temperatures can be
directly linked to the chemical environment change for Co due
to cation deficiency. Our results indicate that the nanostructure
and chemical environment in the HEO thin films are heavily
impacted by a complex correlation between configurational
entropy, thermodynamics, and kinetics during the PLD growth
process.””** In addition to the compositional variations and
substrate temperature, it has been previously shown that PLD
can control the structures and properties of numerous oxide
thin films via controlling other growth conditions such as
oxygen partial pressure and laser beam profiles.'”*~* We
believe there are undoubtedly many more possible nanostruc-
tures within the vast configurational space in HEOs that can be
accessed via tailoring the specific kinetic parameters during the
synthesis. Tuning these growth parameters during synthesis
would enable the engineering of nanostructures for functional
properties in HEO materials.

METHODS

Pulsed Laser Deposition (PLD). The stacked
Mg, ,Nig,Co4,Cuy,Zny,0 (J14) epitaxial thin film was grown using
PLD and conditions reported previously.'® A single phase ceramic
ablation target was reactively sintered using a stoichiometric mixture
of binary oxide powders: MgO (>99%), CoO (>99%), NiO
(99.99%), CuO (99.99%), and ZnO (99.999%). The mixture was
pressed uniaxially, then isostatically, then sintered at 1000 °C for 12 h
and air-quenched to obtain a single rocksalt phase. The thin film was
grown on a [100] MgO substrate in 50 mTorr of flowing oxygen, with
a laser pulse rate of 6 Hz and laser fluence of 1.2 J/ cm? using a
Coherent 248 nm KrF laser. The substrate temperature was initially
set to 500 °C for growth of the first, underlying epitaxial layer. The
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substrate was promptly cooled to 200 °C (<15 min time elapsed), and
a second layer was deposited directly on top. All other growth
conditions remained constant. The stacked film was then quenched to
ambient lab temperature (~25 °C) within 2 min of the last laser
pulse.

Transmission Electron Microscopy (TEM). The cross-sectional
TEM samples were extracted using the standard focused ion beam
(FIB) preparation method. The FIB lamella was thinned down with
30 and S kV ion beams followed by the final cleaning with 2 and 1 kV
ion beam. The final sample thickness is measured to be around 38 nm,
and the thickness is largely uniform (see Figure S8). The selected area
electron diffraction (SAED) patterns were collected with Thermo-
Fisher Talos 200X S/TEM operating at 200 kV. The scanning
transmission electron microscopy (STEM) was performed using a
ThermoFisher Titan G2 S/TEM equipped with the probe corrector
operating at 300 kV. The annular dark field (ADF-) STEM was
performed with the convergence angle of 30 mrad and collection
angle of 44—200 mrad. The dwell time during the acquisition for the
ADF-STEM image is 2 us. Each STEM data set contains two
consecutively acquired images with perpendicular scanning directions
for the postacquisition drift correction.””

Four-Dimensional STEM (4D-STEM). The 4D-STEM data was
collected using the TEAM I S/TEM instrument at the National
Center for Electron Microscopy (NCEM). The acceleration voltage
was 80 kV for avoiding electron beam damage. The 4D-STEM data
was collected with the Gatan K3 direct electron detector. The
patterned condenser aperture with a convergence angle of 4 mrad was
used for increasing the precision of the strain quantification. The
dwell time for each nanobeam electron diffraction (NBED) pattern is
0.02 s, and the angle range for the NBED patterns are 0—60.3 mrad.
In real space, the scanning size is 224 pixels X 103 pixels and the step
size is 1.03 nm. The total acquisition time is 7 min and 47 s.

The 4D-STEM data processing was performed using the
py4DSTEM*® package in Python. The strain measurement was
done by measuring the diffracted disk position in each NBED by
using a template matching algorithm. One 4D-STEM data set was
acquired from the same session in the vacuum region to generate the
probe template. The original data set has a dimension of 1024 pixels x
1024 pixels for each NBED pattern, and it is downsized to 512 pixels
X 512 pixels to increase the processing speed.

Electron Energy Loss Spectroscopy (EELS). All EELS data was
acquired in STEM-EELS mode to spatially resolve the chemical
environment information. The acceleration voltage was 80 kV for
reducing beam damage during the acquisition. The EELS mapping
was acquired using the Gatan K3 detector in TEAM I S/TEM at
NCEM with the monochromator activated (energy resolution of 0.25
€V). The data was collected during the same session as the 4D-STEM
experiment on roughly the same region. The acquisition time per pixel
was 0.025 s with subpixel scanning enabled. The convergence was 8
mrad, and the collection angle is 100 mrad.

The transition metal L edge energy loss n ear edge structure data
(ELNES) were acquired with a ThermoFisher Titan G2 S/TEM with
a monochromator activated (energy resolution of 0.18 eV) at Penn
State. The ELNES data was collected in the line-scan mode with the
acquisition time per probe position was 0.5—2 s. The 2.5 mm
entrance aperture was used, and the collection angle was 12.2 mrad.
The noise in the L edge ELNES data is reduced with the principal
component analysis (PCA) method by selecting the first
components.

Unsupervised Machine Learning. The unsupervised machine
learning algorithm for the STEM image processing, similar to the
analysis in the previous report,” is performed using the in-house
developed MATLAB scripts. The flowchart is shown in Figure SI.
The input STEM image was cropped with a sliding window and
forming a stack of subimages with the dimension of (h by w by n). In
this work, the height (k) and width (w) of the window is 200 pixels,
the step size for each window position is 20 pixels, and the resulting
stack has 6724 (n) subimages. The two-dimensional Fourier
transformation (FT) was performed on each subimage in the stack
to reflect the local periodicity within each window, and the three-
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dimensional stack was flattened into two-dimension of h-w by n. The
dimensionality reduction with principal component analysis (PCA)
and clustering with Gaussian mixture model (GMM) are performed
on the data. The first two principal components were used for the
GMM clustering. The FT patterns were categorized into two classes
marked with red and blue spots. The center of the cropping window is
colored according to the clustering results and mapped on the original
image to specify the class of each window. The class-averaged FT
patterns and the difference from each class are then calculated.

The unsupervised machine learning algorithm for the STEM-EELS
analysis, similar to the previous report,” is performed using the in-
house developed MATLAB scripts. The STEM-EELS data is
originally a three-dimensional spectral image (h by w by n channels),
and it is first flattened into two dimensions (h-w by n). The
dimensionality reduction with non-negative matrix factorization
(NMF) was performed on flattened data, and the dimensionality
was reduced to three loading vectors and the corresponding scores for
the loading vectors. Subsequently, the t-distributed stochastic
neighbor embedding (t-SNE) was applied to the NMF loading
vectors and coefficient. It has been demonstrated that the
combination of NMF and t-SNE would result in more distinguishable
fine structures in the spectra. The Gaussian mixture model (GMM)
was used for data clustering into four classes. The probe position is
plotted over the ADF-STEM image and colored according to the
classes to indicate the spatial positions of each class. The class-
averaged EELS data was extracted based on the clustering result to
visualize the spectral differences.

Computational Methods. DFT calculations were performed
with the Vienna ab initio simulation package (VASP) S5.4.1 with the
PBEsol functional.*”*° The valence electrons considered within the
calculations were 2p°3s® for Mg, 3d74s* for Co, 3p®3d°4s' for Ni,
3p®3d'%4s’ for Cu, 3d'%4s® for Zn, and 2s*2p* for O using the standard
PAW potentials. DFT+U was used to more properly describe the
localized d-electrons of Co, Ni, and Cu within the simplified
(rotational invariant) approach with U values of 4, S, and S eV,
respectively, based on ancillary sensitivity tests for the binary rocksalt
oxides.”" A plane wave cutoff of 600 eV was used for all calculations.
Only the I'-point was used to sample the Brillouin zone with a
Gaussian smearing of 0.05 eV. The magnetic ions (Co, Ni, Cu) were
initialized with an antiferromagnetic (AFM) ordering with alternating
ferromagnetic planes parallel to the (111) direction as found
previously for J14.°> 4 X 4 X 4 supercells of the rocksalt unit cell
were used for all calculations. Convergence was assumed when the
energy difference between two consecutive self-consistent cycles was
less than 107° eV with forces relaxed until they were less than 10
meV/A. Bader charge analysis was performed using the software from
the Henkelman group®® and SQS generation was performed using the
integrated cluster expansion toolkit (ICET).>* An additional
calculation of the J14vac SQS was performed where Co was initialized
in the high-spin state to sample other possible spin states of Co",
which is summarized in Figure S6. A similar amount of Co* ions
resulted in a smaller change in eyy compared to the J14vac calculation
within the main text. This is expected as the Shannon ionic radius of

high-spin Co*" is larger than that of the low-spin Co>*.*’
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