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High-entropy oxides (HEOs) are a special class of materials that
utilize the concept of high-entropy alloys (HEAs) with five or more
elements randomly distributing at a single sublattice in near-equia-
tomic proportions. HEOs have been attracting increasing attention
owing to their many outstanding physical and chemical properties.
However, unlike HEAs, for which local chemical compositions,
order/disorder behaviors, and property—structure relationships
have been comprehensively investigated, detailed information on
the atomic-scale chemical and structural features and their corre-
lations with functionalities in HEOs so far is still not sufficient.
Herein, we select four typical HEOs with pyrochlore, spinel, per-
ovskite and rock-salt type structures, and directly observe and
quantify sub-Angstrom-scale structure variations in different
manners by means of advanced aberration-corrected scanning
transmission electron microscopy techniques. Visualization and
quantification of local structural variations and lattice distortions
in the current work may show a valuable example for future
investigations on local fluctuating structures and their relation-
ships with properties in more systems of HEOs.

1. Introduction

High-entropy materials are an emergent class of materials that
contain five or more elements residing randomly on a single
crystallographic site in nearly equiatomic proportions, which
were first exploited in alloy systems in 2004, named high-
entropy alloys (HEAs)." HEAs and the related medium-entropy
alloys (MEAs) have been attracting a large amount of interest,
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due to their unusual and exceptional mechanical perform-
ances and potential applications as structural materials.*™
Despite containing multiple principal elements, HEAs and
MEAs in general crystallize in simple body-centered cubic,
face-centered cubic, or hexagonal close-packed structures.’
HEAs and MEAs were initially considered as random and
homogeneous solid solutions with ideal disordering;®
however, many studies have revealed that variations of local
chemical compositions and structures inherently exist in HEAs
and MEAs.”® Quantitative characterization studies were
thereby carried out to analyze and visualize such short-range
ordering behaviors using different techniques, such as pair
distribution function (PDF) based on scattering techniques,®°
extended X-ray absorption fine structure (EXAFS) technique,’
transmission electron microscopy (TEM) diffraction and
imaging techniques,'®™® scanning transmission electron
microscopy (STEM) imaging and spectroscopy,>'"'® atomic
probe tomography,®'>'” etc. Moreover, relationships between
degrees of short-range ordering and properties were also inves-
tigated comprehensively, suggesting that the mechanical per-
formances of HEAs and MEAs can be tuned and enhanced sig-
nificantly via  manipulations of local short-range
ordering.>'°*1®17 These insights into special short-range
ordering features and relationships between local chemical
structures and properties provide great opportunities for
tuning atomic-scale compositions and configurations to
achieve the desired mechanical properties in HEAs and MEAs.

The concept of HEAs was applied to oxide systems in 2015,
and the first high-entropy oxide (HEO) was designed and fabri-
cated based on a rock-salt type structure.'® Subsequently, high-
entropy oxides (HEOs) have been extended to many structural
models for traditional oxides, such as perovskites,'® spinels,*
and pyrochlores.” Meanwhile, similar to HEAs, HEOs also
possess many extraordinary physical and chemical properties,
including catalysis,>® colossal dielectric constants,* high-
capacity retention,”"** magnetism,***” and electronic trans-
port.”” However, compared to HEAs, the structures of HEOs
are much more complicated owing to the additional sublattice
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of oxygen in their structures, and therefore, despite some
studies on the chemical compositions and possible structural
variations in HEOs,'®**7° investigations on local chemical
compositions, atomic configurations, order/disorder beha-
viors, and possible local lattice distortions in HEOs with these
typical crystal structures are still quite lacking, influencing the
further establishment of structure-property relationships and
potential improvements of HEOs’ functionalities.

In this communication, we employ state-of-the-art aberra-
tion-corrected scanning transmission electron microscopy
imaging and spectroscopy techniques to investigate the
atomic-level structure and composition features in four repre-
sentative HEOs, e.g. pyrochlore type (Yb,Tb,Gd,Dy,Er),Ti,O-,
spinel type (Cr,Mn,Fe,Co,Ni);0,, perovskite type La(Cr,Mn,Fe,
Co,Ni)O3;, and rock-salt type (Mg,Co,Ni,Cu,Zn)O. Obvious
atomic-scale structure variations with different manners,
including short-range ordering and B-site displacements, are
observed, visualized and quantitatively analyzed among these
four types of HEOs. Visualizing and quantifying sub-
Angstrom-scale structural variations in these four types of
HEOs may provide insight into future investigations on corre-
lations between local structures and properties and tuning
atomic-scale compositions and lattice distortions for excep-
tional functionalities in the whole family of HEOs.

2. Experimental

A solid-state reaction method was used to prepare single-phase
samples for the rock-salt type (Mg,Co,Ni,Cu,Zn)O, pyrochlore
type (Yb,Tb,Gd,Dy,Er),Ti,O, spinel type (Cr,Mn,Fe,Co,Ni);O0,,
and perovskite type La(Cr,Mn,Fe,Co,Ni)Os, following ref. 21
and 31-33. MgO (Alfa Aesar, 99.998%), Co;O, (Alfa Aesar,
99.9985%), NiO (Alfa Aesar, 99.998%), CuO (Alfa Aesar,
99.995%), ZnO (Alfa Aesar, 99.9995%), Yb,O; (Alfa Aesar,
99.9%), Tb,0; (Alfa Aesar, 99.99%), Gd,O; (Alfa Aesar, 99.9%),
Dy,O; (Alfa Aesar, 99.99%), Er,0O; (Alfa Aesar, 99.99%), TiO,
(Alfa Aesar, 99.9%), Cr,O; (Alfa Aesar, 99.97%), Fe,O; (Alfa
Aesar, 99.9%), MnO (Alfa Aesar, 99.99%), MnO, (Alfa Aesar,
99.997%), and La,0; (Alfa Aesar, 99.999%) were used as raw
materials. These oxide powders were mixed and ground
thoroughly in an equimolar metallic-atomic proportion separ-
ately for preparing the four HEO samples. They were pressed
into pellets, and heated to 1000 °C, 1400 °C, 1000 °C, and
1400 °C for (Mg,Co,Ni,Cu,Zn)O, (Yb,Tb,Gd,Dy,Er),Ti,0,, (Cr,
Mn,Fe,Co,Ni);04, and La(Cr,Mn,Fe,Co,Ni)O;, respectively, in
box-type muffle furnaces, and held at these temperatures for
more than 10 hours before fast quenching into ice water or
liquid nitrogen. The aforementioned processes were repeated
several times to obtain sufficiently reacted and uniform HEO
samples.

A double-aberration-corrected transmission electron micro-
scope (Spectra 300, Thermo Fisher Scientific Inc.) was utilized
to obtain atomic-resolution high-angle annular dark-field
(HAADF)-STEM images at an accelerating voltage of 300 kv,
with a convergence semi-angle of 25 mrad and a collection
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semi-angle of 62-200 mrad. Each HAADF image was acquired
by stacking 20 fast scanned images (1 ps per pixel dwell time).
These images were aligned using phase correlation to reduce
the drift between subsequent images before summing. 2D
Gaussian fitting was used for acquiring all atomic positions in
each HAADF-STEM image. Energy-dispersive X-ray spec-
troscopy (EDS) data were collected using a Super-X detector.

3. Results and discussion

Four commonly studied HEOs, namely rock-salt type, pyro-
chlore type, spinel type and perovskite type, were chosen for
local structural investigations. Their crystal structures are
demonstrated in Fig. 1. Except for the perovskite one that has
a distorted cubic structure a with space group of Pbnm, the
other three types of HEOs all crystallize in cubic structures,
with space groups of Fm3m (rock-salt type), Fd3m (pyrochlore
type) and Fd3m (spinel type), respectively. In the rock-salt type
structure, only one crystallographic site can be occupied by the
five cations with an equiatomic ratio. Differently, the other
three structures all have two crystallographic sites for cations,
which are normally called the A-site and B-site. In this study,
we selected rock-salt type (Mg,Co,Ni,Cu,Zn)O and the so-called
A-site, mixed A & B-sites and B-site HEOs, respectively, for pyr-
ochlore, spinel, and perovskite type structures, e.g. (Yb,Tb,Gd,
Dy,Er),Ti,O0, (Cr,Mn,Fe,Co,Ni);0, and La(Cr,Mn,Fe,Co,Ni)O;3
for quantitative investigations on atomic-scale structures and
compositions. Their XRD patterns and EDS-SEM mapping in
Fig. S1-S5 and Tables S1, S21 indicate ideal single phase and
micron-scale chemical homogeneity for each sample.

a  (Mg,CoNi,CuZn0 b (Yb,Tb,Gd,Dy,Er),Ti,0,
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Fig. 1 Crystal structures of (a) rock-salt type (Mg,Co,Ni,Cu,Zn)O, (b)

pyrochlore type (Yb,Tb,Gd,Dy,Er),TiO7 (c) spinel type (Cr,Mn,Fe,Co,
Ni)304, and (d) perovskite type La(Cr,Mn,Fe,Co,Ni)Os.
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Local atomic-scale structure features were then investigated
based on HAADF-STEM images for the four HEOs. The posi-
tions of the atomic columns in HAADF images were obtained
using 2D Gaussian fits, and such position acquisition is extre-
mely precise at 1.4 pm, which was estimated from the MgO
standard sample (Fig. S61), following ref. 34 and 35. The
aspect ratios or inner angle variations of each quadrangle unit
(see Fig. S7t) and local strain maps (Fig. S8 and S9t) were used
to evaluate local lattice distortions.

Fig. 2(a) shows a typical HAADF-STEM image in the [100]
projection for the rock-salt type (Mg,Co,Ni,Cu,Zn)O HEO. In
spite of an apparently perfect cubic structure, each main reflec-
tion in its fast Fourier transform (FFT) pattern in the inset is
surrounded by two sets of diffuse satellite spots respectively
along [011] and [011], suggesting the possible appearance of
local short-range ordering. Using the refined positions of
atomic columns in Fig. 2(a), the uniaxial strain component of
x ([010]), y ([001]) and rotation, i.e. &y, &, and w,, were ana-
lyzed (Fig. S8t), indicating obvious local lattice distortions. To
better visualize such distortions, lattice strains in the form of
vectors, overlaid on the distribution map of aspect ratios (/oo1}/
lj0107) for all quadrangles in Fig. 2(a), were obtained and are
displayed in Fig. 2(b), showing two types of domains in the
size range of 1-3 nm. These two types of domains distribute
alternately along [011] and [011], consistent with the short-
range ordering feature in the FFT pattern. Enlargements in
Fig. 2(c) reveal that they distort along opposite directions.
Moreover, the EDS elemental maps in Fig. 2(d) reveal local

Short-range Orderlng and Chemlcal Inhomogenelty in (Mg,Co,Ni,Cu,Zn)O HEO
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Fig. 2 HAADF-STEM image along the [100] zone axis for the rock-salt
type (a) (Mg,Co,Ni,Cu,Zn)O HEO and (e) MgO standard sample with the
corresponding FFT pattern in the top inset and the projected structure
model at the bottom. (b and f) Lattice strain vectors overlaid on color-
maps of the aspect ratios (ljpo11/lj0107) for all quadrangle units in (a) and
(e), respectively. (c) Enlargements of two types of domains in (b). (d)
Atomic-resolution EDS elemental maps of Mg, Co, Ni, Cu, and Zn. (g)
Comparison between the distributions of aspect ratios for (Mg,Co,Ni,Cu,
Zn)O and MgO.
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chemical fluctuations in this HEO. Such chemical fluctuations,
together with local alternating domains, are likely responsible
for its short-range ordering behavior. In Fig. 2(e) and (f),
similar strain analyses were performed for the MgO standard
sample, which reveal a much more uniform and perfect cubic
lattice structure. Distributions of the [[g01)//[j010] Tatios for all
quadrangles in Fig. 2(a) and (e) are compared in Fig. 2(g),
which shows a much more broadened distribution in (Mg,Co,
Ni,Cu,Zn)O, further confirming local lattice distortion in this
type of HEO.

As displayed in Fig. 3(a), a HAADF image for the pyrochlore
type (Yb,Tb,Gd,Dy,Er),Ti,O, HEO along the [100] zone axis is
similar to that for the rock-salt type HEO in Fig. 2(a). A-site
and B-site cations overlap along this direction. Its FFT pattern
in the inset shows weak diffuse spots surrounding the main
reflections, respectively, along [010] and [001], again
suggesting possible local short-range ordering behavior in this
HEO. The strain components of ., ¢, and w,, were also ana-
lyzed (Fig. S9t). Strains in form of vectors, overlaid on the dis-
tribution colormap of aspect ratios (/jo01)//[o107) for all quadran-
gles in Fig. 3(a), are exhibited in Fig. 3(b). Obvious local struc-
tural distortions from the ideal cubic structure can also be
observed, and local alternating domains or clusters in the size
of several nanometers emerge in two types of distortion,
respectively, along [001] and [010] (Fig. 3(b) and (c)). EDS
elemental maps in Fig. 3(d) also reveal local chemical fluctu-
ation in this type of HEO.

Fig. 4(a) exhibits a HAADF image in the projection of [100]
for the spinel type (Cr,Mn,Fe,Co,Ni);0, HEO, which involves
two types of atomic columns, ie. columns involving A-site
cations and columns involving B-site cations and oxygen
atoms. In the ideal cubic spinel type structure (a = 8.35 A), dis-
tances of the 1st nearest neighbor (1NN), 2nd nearest neighbor
(2NN) and 3rd nearest neighbor (3NN) among these two types
of atomic columns should be 1.48 A, 3.30 A, and 4.43 A,
respectively. However, in (Cr,Mn,Fe,Co,Ni);0, HEO, obvious

Fig. 3 (a) HAADF-STEM image along the [100] zone axis for the pyro-
chlore type (Yb,Tb,Gd,Dy,Er),Ti,O; HEO with the corresponding FFT
pattern in the top inset and the projected structure model in the bottom
inset. (b) Lattice strain vectors overlaid on colormaps of the aspect ratios
(lioo11/li0107) for all quadrangle units in (a). (c) Enlargements of two types
of domains in (b). (d) Atomic-resolution EDS elemental maps of Gd, Tb,
Dy, Er, and Yb.

Nanoscale, 2023, 15,19469-19474 | 19471
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Fig. 4 (a) HAADF-STEM image along the [100] zone axis for the spinel
type (Cr,Mn,Fe,Co,Ni)z04 HEO with the corresponding FFT pattern in the
top inset and the projected structure model in the bottom inset. (b)
Splits of 1NN, 2NN and 3NN peaks in distributions of interatomic dis-
tances, and calculated distances for them in the ideal cubic spinel struc-
ture are compared at the bottom. Statistics of (c) the aspect ratios and
(d) the deviation values of inner angles away from 90° for two types of
sublattices constructed by atomic columns with B-site cations and
oxygen atoms in (a). (e) Atomic-resolution EDS elemental maps of Cr,
Mn, Fe, Co, and Ni.

splits of 1NN, 2NN and 3NN peaks in the distributions of
interatomic distances in Fig. 4(b) indicate that cations in this
structure significantly deviate from their ideal positions.
Moreover, since there are two types of quadrangle units, of
which one includes columns of A-site cations and the other
excludes columns of A-site cations (bottom inset of Fig. 4(a)),
distributions of their length ratios and inner angle deviation
values are compared in Fig. 4(c) and (d). Interestingly, these
two types of sublattices tend to distort in two opposite ways,
namely, units involving columns of A-site cations are averagely
under compressed strain along [010] and shear strain along
[010], while the other type of units undergoes tensile strain
along [010] and shear strain along [010]. These two types of
units assemble with each other alternating in the real space,
resulting in apparently cubic structure on average. EDS
elemental maps for the five cations in Fig. 4(e) also reveal local
chemical fluctuation in this type of HEO.

Finally, we also investigated the local structure at atomic-
scale in the perovskite La(Cr,Mn,Fe,Co,Ni)O; HEO. This type of
HEO crystallizes in an orthodromic structure with a space
group of Phnm, and a HAADF image along the [110] direction
is displayed in Fig. 5(a). Local structural distortion features
can also be observed in this type of HEO, as revealed by the
colormaps of aspect ratios (Ijoo1}//[i10]) (Fig. 5(b)) and angle
deviation (Fig. 5(c)) for all quadrangle units constructed by
A-site cations in Fig. 5(a). Besides, similar to the perovskite Ba
(Ti,Sn,Zr,Hf,Nb)O; HEO thin film,*® B-site displacements exist
in this La(Cr,Mn,Fe,Co,Ni)O; HEO bulk sample, as the vector
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Fig. 5 (a) HAADF-STEM image along the [110] zone axis for the perovs-
kite La(Cr,Mn,Fe,Co,Ni)Os HEO with the corresponding FFT pattern in
the top inset and the projected structure model in the bottom inset.
Colormaps of (b) the aspect ratios (ljp01)/lii107) @and (c) the average absol-
ute deviation values of four inner angles away from 90° for all quadran-
gle units in (a). B-site displacements: (d) vector arrow map, (e) magni-
tude map, and (f) direction map. (g) Atomic-resolution EDS elemental
maps of Cr, Mn, Fe, Co, and Ni.

arrow map, magnitude map and direction map for displace-
ments of B-site atoms in Fig. 5(a) are demonstrated in Fig. 5(d),
(e), and (f), respectively, showing nonuniform displacements
with a largest magnitude of 17.3 pm. Local atomic-scale chemi-
cal inhomogeneity of B-site cations in Fig. 5(g) may be one poss-
ible reason for B-site displacements. Such B-site displacements
suggest that the crystal structure of this HEO may deviate from
the centrosymmetric structure of Pbnm and possible ferroelectri-
city could also be studied in future work.

4. Conclusions

Atomic-level structures and chemical compositions of rock-salt
type (Mg,Co,Ni,Cu,Zn)O, pyrochlore type (Yb,Tb,Gd,Dy,
Er),Ti,0, spinel type (Cr,Mn,Fe,Co,Ni);0,, and perovskite type
La(Cr,Mn,Fe,Co,Ni)O; were investigated by means of precise
and accurate quantitative STEM techniques. Sub-Angstrom-
scale structural variations and lattice distortions are visualized
and quantified in these four types of HEOs, revealing different
local distortion manners among them, including short-range
ordering and variable B-site displacement, and potential func-
tionalities are also accordingly expected. The observed special
local structure variation features may not only expand our
understanding on microstructures of HEOs, but also enable us
to gain more information on the origins of intriguing function-
alities of HEOs.
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