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ABSTRACT

In this paper, we study the elastic properties of the entropy-stabilized oxide (Mg, Co, Ni, Cu, Zn)O using experimental and first principles
techniques. Our measurements of the indentation modulus on grains with a wide range of crystallographic orientations of the entropy-
stabilized oxide revealed a high degree of elastic isotropy at ambient conditions. First principles calculations predict mild elastic anisotropy
for the paramagnetic structure, which decreases when the system is considered to be non-magnetic. When the antiferromagnetic state of
CoO, CuO, and NiO is accounted for in the calculations, a slight increase in elastic anisotropy is observed, suggesting a coupling between
magnetic ordering and the orientation dependent elastic properties. Furthermore, an examination of the local structure reveals that the isot-
ropy is favored through local ionic distortions of Cu and Zn—due to their tendencies to form tenorite and wurtzite phases. The relation-
ships between the elastic properties of the multicomponent oxide and those of its constituent binary oxides are reviewed. These insights
open up new avenues for controlling isotropy for technological applications through tuning composition and structure in the entropy-
stabilized oxide or the high-entropy compounds in general.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011352

I. INTRODUCTION

Elastic anisotropy is known to affect phonon modes,1 phase
transformations,2 dislocation dynamics,3 crack propogation,4

charge defect mobility,5 among many other processes. Hence,
elastic anisotropy has been a property of interest to the research
community studying mechanical and related physical properties of
materials. Understanding the influence of mixing several chemical
species—for example, a high-entropy compound—on elastic anisot-
ropy is of paramount importance for engineering new high-entropy
materials for mechanical applications.

Since the discovery of a multicomponent entropy stabilized
oxide in the rock salt phase,6 there has been a surge in the design
and synthesis of entropy-stabilized compounds. These include perov-
skite oxides,7–9 fluorites,10,11 spinel,12 boride,13 and carbides.14–18

Early reports indicate many interesting emergent properties, such as
long range magnetic ordering,19 reversible energy storage,20 and
giant exchange-coupling enhancement.21 However, the role of chem-
ical disorder on the physical and chemical properties of the entropy
stabilized material is not well understood. Another key question is

how does the behavior of an entropy-stabilized material differ from
that of its end-member components? Here, we explore the linear
elastic properties of the Entropy-Stabilized Oxide—(Mg, Co, Ni,
Cu, Zn)O, henceforth denoted as simply ESO—stabilized in the rock
salt phase. Specifically, we report on anisotropy in elastic properties
of the ESO using both first principles computations and experimen-
tal measurements.

The first work to address the importance of quantifying anisot-
ropy was by Zener22 in 1930. In his work, Zener proposed the fol-
lowing parameter to quantify the anisotropy of cubic crystals:22

AZ ¼ 2(s11 � s12)
s44

¼ 2 c44
c11 � c12

, (1)

where sij and cij refer to compliance and stiffness constants of the
material, respectively. Zener’s anisotropy factor represents the ratio of
the two extreme elastic shear coefficients in a cubic crystal: c44
representing resistance to shear on {100} in the 0klh i direction
and (c11 � c12)/2 representing resistance to shear on {110} in the
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110h i direction.22 When a cubic crystal is isotropic, AZ ¼ 1 and
deviations from unity are indicative of the degree of anisotropy. In
most cases, AZ . 1, but there are bcc crystals, such as polonium
and some oxide fluorites and halides, for which AZ , 1.23,24

Later, Ranganathan and Ostoja-Starzewski derived an elastic
anisotropy index AU to provide a measure of elastic anisotropy
regardless of the symmetry of the crystal.25 This parameter is
based on the fractional difference between the upper and lower
bounds on the bulk and shear moduli according to the following
relationship:

AU ¼ 5
GV

GR
þ KV

KR
� 6, (2)

where G and K are the shear and bulk moduli, respectively, and V
and R correspond to the Voigt (upper bound) and the Reuss
(lower bound) estimates, respectively. For isotropic crystals, AU is
equal to zero, and the extent of anisotropy is defined by the
departure of AU from zero.25

Here, we show that the ESO exhibits a high degree of elastic
isotropy through indentation modulus measurements and first
principles estimated elastic properties. We find that the elastic prop-
erties, such as the anisotropy index and bulk and shear moduli, are
well represented by a linear combination of the respective properties
of the parent binary oxides. Through first principles calculations, we
probe the influence of the local structure and magnetic configuration
on elastic anisotropy. Specifically, we find that the local distortions
around Cu and Zn cations in the nonmagnetic structure—as a result
of their tendencies to form tenorite and wurtzite phases—promote
isotropy. However, we find increasing degrees of elastic anisotropy
in the paramagnetic and antiferromagnetic phases due to the sup-
pressed local distortions and magnetic anisotropy in the antiferro-
magnetic structure. Antiferromagnetic ordering is only observed
below the Néel temperature TN ¼ 113 K,19 suggesting a strong
temperature dependence of elastic isotropy due to a magnetic
phase transition. Similarly, the mixed phase to single phase transi-
tion at high temperature may also induce reduction in anisotropy
at higher temperature. Together these results present a large phase
space through which the elastic properties of ESO may be tuned
and thus have implications for its use in different applications.

II. EXPERIMENTAL

A. Sample

The material used in this investigation was obtained by con-
solidating mixed oxide powders prepared by the polymerized
organic–inorganic route.26 The powders were hot-pressed at 1100 °C
for 3 h under a compressive stress of 55MPa.

The chemical composition, microstructure, crystal structure,
and crystal orientation of the consolidated ESO material were
determined by scanning electron microscopy, electron dispersive
spectroscopy, x-ray diffraction, and electron backscatter diffraction
(EBSD). Details about the characterization of the material are pro-
vided as supplementary material.

B. Indentation

Several arrays of 20 × 20 nanoindents were made on grains
with different crystallographic orientations using a nanoindenter
equipped with a Berkovich diamond indenter. The indentation
modulus, M, was calculated from the experimentally determined
reduced modulus, Mr , according to the following relationship:27

1
M

¼ 1
Mr

� 1� ν2i
Ei

� �
, (3)

where νi ¼ 0:07 and Ei ¼ 1:141GPa are Poisson’s ratio and
Young’s modulus of the diamond indenter, respectively [TI 950
TriboIndenter User Manual Revision 9.3.0314, Hysitron Incorporated
(2014)].

The indentation modulus M(hkl) of the (hkl) surface of a
single crystal can be predicted as the product of a correction factor
βhkl and the indentation modulus of an isotropic, randomly ori-
ented, polycrystalline aggregate of the same material,27

Mhkl ¼ α βhkl
E

1� ν2

� �
isotropic

, (4)

where α is an additional correction factor to account for the geom-
etry of the indenter tip and its orientation with respect to the crys-
tallographic orientation of the indented surface. The correction
factor βhkl for crystals with cubic symmetry is given by

βhkl ¼ aþ c(Z � A0)
B, (5)

where a, c, A0, and B are the functions of Poisson’s ratio in the
cube directions.27 The indentation modulus of the isotropic, ran-
domly oriented, polycrystalline aggregate can be determined using
the Voigt–Reuss–Hill average that is calculated using the elastic
constants of a single crystal.28 Additional details are presented in
the supplementary material.

C. Theoretical and computational details

First principles calculations were performed using density
functional theory (DFT) as implemented in the Vienna Ab initio
Simulation Package (VASP)29,30 with Perdew–Burke–Ernzerhof
for solids (PBEsol) spin density approximation31 for exchange
correlation. The projector-augmented plane-wave method32,33

with a 600 eV energy cutoff was used. For a primitive unit cell in
the rock salt phase containing two atoms, a zone-edge-shifted
8 × 8 × 8 automatically generated k-point mesh was used for
Brillouin zone (BZ) integrations. For the larger supercells required
for modeling the ESO—containing 160 atoms—a Γ point calcula-
tion was done. In all DFT calculations, internal ionic positions
were relaxed to forces less than 0.005 eV/Å. The lattice constants
were relaxed until the appropriate stress tensor components were
less than 0.1 kbar.

To account for the Coulomb interactions within the partially
filled d-orbitals of the Co, Ni, and Cu cations in their respective
binary oxides and also the ESO, we employ the DFT+U approach
using the simplified (rotationally invariant) approach.34 U ¼ 6 eV
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was used for Co, Ni, and Cu d–states, in order to find the stable
ground phases of their respective binary oxides—the rock salt
phase for CoO, NiO, and Tenorite phase for CuO. Furthermore,
CoO, NiO, and the antiferromagnetic (AFM) model of ESO were
initialized to an antiferromagnetic (AFM) ordering state with ferro-
magnetic planes parallel to (111) planes.

Figures 1(a) and 1(b) show the rock salt structure in the Fm�3m
space group with 4 and 1 AO formula units per unit cells, respec-
tively. The primitive unit cell (PC) was obtained from the FCC unit
cell by the rotation matrix shown below the arrow. The ESO is mod-
elled using a 4 × 4 × 5 supercell of PC where A = 0.2 × {Mg, Co, Ni
Cu, Zn}. The five cations are quasi-randomly assigned to the A-site
using the special quasi-random structures algorithm introduced by
Zunger et al.35 and implemented in Alloy Theoretic Automated
Toolkit (ATAT) open source software.36 The lattice constants for the
constituent binary oxide and ESO models in their respective ground
phases are compared with experimental values in Table SIII in the
supplementary material. Moreover, the lattice constants for CuO and
ZnO are also provided in the rock salt phase.

The linear elastic stiffness coefficients were calculated from DFT
using a method similar to that used for calculating the elastic con-
stants presented in the Materials Project (MP).37,38 Details can be
found in the supplementary material. Values of the Néel tempera-
ture, TN, of CoO, NiO, CuO, and ESO have been experimentally
determined as 291 K, 525 K, 220 K, and 113 K, respectively.19,39,40

The predicted values of Young’s modulus of the ESO in this work
are compared with experimental values determined at room temper-
ature, RT � 300K. Therefore, since the value of TN for the ESO
compound, TESO

N , RT, there should be no magnetic ordering in the
ESO. Furthermore, the paramagnetic (PM) behavior has also been
observed from the linear behavior of the magnetization measure-
ments at RT.19 Hence, the stiffness constants of the ESO were
determined in the paramagnetic phase (Co, Ni, and Cu ions are
randomly populated with positive and negative moments with net
magnetic moment = 0) and the nonmagnetic (NM) phase (indi-
vidual moments on Co, Ni, and Co ions = 0). The stiffness con-
stants of the ESO in the AFM ordered phase were also determined

for reference. Similarly, in the case of CuO, TCuO
N , RT, we deter-

mined the elastic constants of CuO in the nonmagnetic rock salt
phase. CuO in the tenorite phase with AFM ordering at low tem-
perature were also determined for comparison, while the stiffness
constants of NiO and CoO were determined in the AFM ordered
rock salt phase.

III. RESULTS AND DISCUSSION

Figure 2 shows the measured indentation modulus as a func-
tion of l21 l

2
2 þ l21 l

2
3 þ l22 l

2
3, where li are the direction cosines. Each

data point corresponds to the average of all indents obtained
within a given grain. The error bars correspond to one standard
deviation about the mean value. Two datasets are included in the
plot for peak indentation loads of 2 and 5 mN. A regression analy-
sis of the results indicates that the indentation modulus is effec-
tively independent of crystallographic orientation. Also included in
Fig. 2 are Young’s modulus estimated from DFT calculations and
estimated values for the indentation modulus from first principles
according to the formulation of Vlassak and Nix for grains oriented
in the [100], [110], and [111] directions. Details of the data analysis
are included in the supplementary material. The blue, red, and
black lines correspond to the DFT-estimated Young’s modulus for
antiferromagnetic, paramagnetic, and nonmagnetic structures,
respectively. The elastic constants for the paramagnetic structure
were obtained from Boltzmann average of two different random
structures. Refer to the Sec. II of the supplementary material for
the detailed method of determining elastic constants and Young’s
modulus. The magnitude of the predicted Young’s modulus was
found to be greater than the experimentally determined indentation
modulus. It has been found that among the various techniques avail-
able for measuring Young’s modulus, nanoindentation usually has
the lowest precision41 and that differences between measured and
estimated values of Young’s modulus can vary by as much as 20%. It
is believed that the precision of the nanoindentation measurement
contributed to these discrepancies. Furthermore, we find that the
predicted elastic constants for the parent oxides were generally

FIG. 1. (a) Face centered cubic structure of the rock salt phase with four lattice points of entropy stabilized oxide. (b) Primitive cell of the rock salt structure with four
lattice points obtained from the rotation matrix shown near arrow. A-site is quasi-randomly occupied with equal probability by Mg, Co, Ni, Cu, and Zn. A 4 × 4 × 5 supercell
of the primitive cell containing 160 atoms was used to model the ESO. (c) Tenorite and (d) wurtzite structures.
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greater than those measured experimentally. Refer to Table SIV in
the supplementary material for a comprehensive list of experimen-
tally determined elastic stiffness constants (cij), anisotropy factors
(AZ, AU), Young’s modulus (E), Poisson’s ratio (ν), and bulk and
shear modulus (K , G) of constituent binary oxides.37,38,42–49

To better understand the measured isotropic behavior, we
employed first principles calculations to predict the elastic con-
stants for the binary oxides and the ESO. Table I lists calculated
values for stiffness constants, cij; bulk modulus, KVRH; shear mod-
ulus, GVRH; elastic modulus, E; Poisson’s ratio, ν; Zenner anisotropy
ratio, AZ; and universal anisotropy ratio, AU. Refer to Sec. II and
Table SII in the supplementary material for detailed discussion on
the method of estimation of the elastic constants from the first
principles. For consistency in the comparison of elastic properties
between the constituent binary oxides and the ESO, calculations
were performed for CuO and ZnO in the rock salt structure. In all
cases we studied, including the AFM, NM and PM structures, the
following relations hold:

c44 . 0;

c11 . jc12j;

c11 þ 2c12 . 0;

which are conditions for mechanical stability for cubic crystals.50

FIG. 2. Indentation modulus of (Mg, Co, Ni, Cu, Zn)O entropy stabilized oxide
as a function of crystallographic orientation. The two datasets correspond to
peak loads of 2 and 5 mN. Data points correspond to average values from mea-
surements on individual grains. The crystallographic orientation of each grain
was determined using electron backscatter diffraction. The blue, red, and black
lines correspond to the DFT-estimated Young’s modulus for antiferromagnetic,
paramagnetic, and nonmagnetic structures, respectively.

TABLE I. Values of elastic constants, bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio, Zener anisotropy ratio, and universal anisotropy ratio for individual
binary oxides and ESO. Reference [0] corresponds to this work.

Compound Phase Reference Method

c11 c12 c44

KVRH GVRH E ν AZ AU

c22 c23 c55

c33 c31 c66

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) … … …

MgO Rock salt-NM [0] DFT; U = 0 289.53 86.37 136.10 154.09 121.05 287.80 0.19 1.34 0.10
CoO Rock salt-NM [0] DFT; U = 0 395.00 191.00 36.00 259.00 55.49 155.36 0.40 0.35 1.42
CoO Rock salt-AFM [0] DFT; U = 0 313.37 146.36 59.81 202.03 68.38 184.34 0.35 0.72 0.14
CoO Rock salt-AFM [0] DFT; U = 6 313.36 124.81 85.36 187.66 88.82 230.15 0.30 0.91 0.01
NiO Rock salt-NM [0] DFT; U = 0 360.00 205.00 36.00 256.67 49.21 138.75 0.41 0.47 0.74
NiO Rock salt-AFM [0] DFT; U = 0 389.16 131.56 43.09 217.47 68.05 184.86 0.36 0.34 1.59
NiO Rock salt-AFM [0] DFT; U = 6 415.72 117.97 91.69 217.22 111.45 285.51 0.28 0.62 0.29
CuO Rock salt-NM [0] DFT; U = 0 254.00 183.00 50.00 206.67 43.59 122.18 0.40 1.41 0.14
CuO Tenorite-AFM [0] DFT; U = 0 154.44 144.77 67.82 159.73 21.62 62.07 0.44 … 11.81

151.31 143.84 8.13
367.83 143.60 9.91

CuO Tenorite-AFM [0] DFT; U = 6 295.68 152.58 100.65 140.87 46.77 126.32 0.35 … 4.12
126.74 85.59 18.35
327.79 151.57 56.60

ZnO Rock salt-NM [0] DFT 258.13 164.10 85.12 195.45 67.08 180.58 0.35 1.81 0.44
ZnO Wurtzite-NM [0] DFT 204.89 110.98 39.65 150.07 40.39 111.19 0.38 … 0.05

204.89 125.58 36.98
220.11 125.58 36.98

ESO PM [160] [0] DFT; U = 6 287.00 131.00 87.00 183.00 83.28 216.94 0.30 1.12 0.01
ESO NM [160] [0] DFT; U = 0 303.00 124.00 88.00 183.67 88.60 228.97 0.29 0.98 0.00
ESO AFM [160] [0] DFT; U = 6 274.27 142.70 93.53 186.56 81.23 212.80 0.31 1.42 0.15
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First, we examine Zener’s anisotropy ratio, AZ, for the individ-
ual binary oxides. We find that AZ , 1 for AFM ordered CoO and
NiO, and AZ . 1 for NM MgO, CuO, and ZnO. Consequently, the
AFM ordered materials—CoO and NiO—are stiffer toward shearing
in the (110) planes along the [1,� 1, 0] direction than shearing in
the (100) plane along the [0, 1, 0] direction. Furthermore, the oppo-
site is true for the NM materials—MgO, CuO, and ZnO—in the
rock salt phase, i.e., they are stiffer toward shearing in the (100)
planes along the [0, 1, 0] direction than shearing in the (110) plane
along the [1,� 1, 0] direction. Young’s modulus for individual
binary oxides, along with the AFM, PM, and NM models of ESO, is
plotted in Fig. S3 in the supplementary material.

Second, we constructed a disordered unit cell using the SQS
approach to study the elastic properties of the ESO. Here, we con-
sidered a nonmagnetic phase and two different magnetic phases—
AFM ordering similar to ground phases of CoO and NiO as well
as a paramagnetic phase. We have considered two different SQS
configurations for the paramagnetic phase whose energy difference
was within 20 meV. The relaxed structures of all entropy stabilized
oxides can be found at the end of the supplementary material. The
value of AZ for the ESO modeled using AFM, PM, and NM phases
are 1.42, 1.12, and 0.98, respectively. We find that the elastic anisot-
ropy of the AFM phase is much stronger than those of the PM and
NM phases. This suggests that the elastic anisotropy of the ESO is
highly sensitive to its magnetic structure. Specifically, the elastic
anisotropy of AFM . PM . NM phases should generally decrease
with increasing temperature, due to AFM→ PM phase transition.
The influence of the magnetic state on the local structure and on
the elastic properties is further analyzed through the radial distribu-
tion function, g(r), and the polar displacements of the cations for
each model.

Figure 3 shows g(r) for (a) the AFM, (b) the lowest energy
PM (of the two studied models), and (c) the NM structures, com-
pared to representative g(r) of rock salt at the ESO lattice constant,
tenorite at the CuO lattice constant, and wurtzite at the Zn lattice
constant. While there are only minor differences in g(r) between

the AFM and PM structures, we find significant differences of
these structures with the NM structure. Specifically, the first blue
peak at �2A

�
—corresponding to the A� O bond distance—aligns

with the (dotted green) peak of the rock salt phase for the AFM
and PM structures, suggesting pure rock salt character. On the con-
trary, the first blue peak of the NM structure is broadened with
character comprising rock salt, tenorite, and wurtzite structures.
This suggests that the presence of local distortions, arising from the
tendency of Cu and Zn to form secondary phases, may enhance
the isotropy of the material. Furthermore, the similarity between
the AFM and PM structures suggests that the decrease in the value
of AZ between the AFM and PM structures may exclusively be
attributed to the strongly anisotropic magnetic interactions in the
AFM model. We find similar trends for comparisons of the cation
polar displacements (CPD) between the AFM, PM, and NM struc-
tures. Figure S4 in the supplementary material shows the distribu-
tion of CPD for all structures. The cation displacements in the
AFM and PM structures are small for all cations , 0:05A

�
.

However, the cation displacements in the NM structure are substan-
tially large �0:5A

�
for Cu and Zn cations, suggesting a tendency to

locally distort to the tenorite and wurtzite structures, respectively.
We also find that while Mg displacements are comparatively smaller,
�0:25A

�
, Ni and Co are prone to local displacements.

Figure 4 shows a plot of the average bulk modulus vs the
average shear modulus for the five constituent binary oxides and
the ESO, (Mg, Co, Ni, Cu, Zn)O. Values for the elastic moduli of
NiO and CoO were calculated considering AFM ordering and with
U ¼ 6:0 eV. The red line in the diagram highlights the boundary
established by the largest and smallest average values of the bulk
and shear moduli of the constituent binary oxides. It was found
that the values predicted for the average moduli of the ESO, in the
NM, AFM, and PM magnetic states, fall within these bounds and
that these values are comparable to the values calculated using the
rule of mixtures (ROM), which is often used as a first approximation
to estimate properties, such as the elastic properties, of random solid
solutions.51 While the structure of high-entropy metallic alloys is

FIG. 3. Radial distribution function, g(r ), is plotted in solid blue line for (a) AFM, (b) PM, and (c) NM structures. For comparison, g(r ) is also plotted for rock salt, tenorite,
and wurtzite structures with equivalent lattice constants in dotted green line, dashed red line, and dotted-dashed line, respectively.
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different from that of the ESO compound investigated in this paper,
it is worth mentioning that many high-entropy alloys have been
found to follow this trend,51,52 although there are exceptions such as
NiFeCrCoMn, which is predicted to have a bulk modulus lower than
those of its constituents.52 While alloying effects are known to result
in alloys with elastic properties that are lower than those of their con-
stituents, these trends have not been established for either high-
entropy alloys or entropy-stabilized oxides.

Also included in Fig. 4 are lines corresponding to different
values of Pugh’s ratio (K/G), including one for K/G = 1.75, which
is widely used to distinguish materials with ductile behavior
(K/G > 1.75). The results in Fig. 4 suggest that the ESO com-
pound, which has a value of Pugh’s ratio—equal to 2.07, 2.20, and
2.30, in the NM, PM, and AFM phases, respectively, should
exhibit ductile behavior, which is consistent with the indentation
behavior in that no cracks formed at the corners of the indents.

Figure 5 plots the values of AZ vs AU for the ESO in the AFM,
PM, and NM structures. The data for the constituent parent oxides
are also shown for comparison. The line AZ ¼ 1 corresponds to
elastic isotropy and separates the plot into two regions: above this
line c44 .

c11�c12
2 , while the opposite case holds below the line. It is

worth noting that Zener’s anisotropy parameter for the ESO is
close to the boundary of the values of the constituent binary oxides

FIG. 6. Bulk modulus plotted as a function of unit cell volume plotted on a log–
log scale for several divalent binary oxides in rock salt phase including
ESO-AFM, ESO-PM, and ESO-NM. CuO and ZnO are plotted in their respec-
tive ground phases represented by Cu-T (tenorite) and Zn-W (wurtzite). Inset
shows the data points clustered near CuO.

FIG. 5. Plot of Zener elastic anisotropy parameter AZ vs elastic anisotropy
index AU for the ESO and its constituent binary oxides. Solid red circles corre-
spond to values determined using U ¼ 0:0 eV for nonmagnetic calculations.
Solid blue squares correspond to calculations for CoO and NiO for U ¼ 6:0 eV
and considering AFM ordering. Open symbols correspond to values for the
ESO compound: (i) the red circle is for NM calculation with U = 0.0 eV, (ii) the
green circle is for PM calculation with U ¼ 6:0 eV, and (iii) the blue circle is for
AFM calculation with U ¼ 6:0 eV. The black solid lines are used to highlight the
boundary set by the constituent binary oxides. The elastic anisotropy values of
PM and NM calculations for the ESO compound are approximately equal to the
average values (shown in solid black square) obtained from the rule-of mixtures.

FIG. 4. Plot of Voigt–Reuss–Hill average values of bulk vs shear moduli. Data
points correspond to values determined from first principles calculations. ROM
value shown in black solid square corresponds to values calculated using the
rule of mixtures. Red solid circles correspond to values calculated for non-
magnetic binary oxides with U ¼ 0:0 eV. Blue solid squares correspond to
values calculated for AFM binary oxides with U ¼ 6:0 eV. Values for the ESO
compound are shown with open circles: (i) the red circle for nonmagnetic calcu-
lation at U ¼ 0:0 eV, (ii) the green circle is for paramagnetic calculation with
U ¼ 6:0 eV, and (iii) the blue circle is for antiferromagnetic calculation with
U ¼ 6:0 eV. The dashed red line is used to illustrate bounds provided by the
elastic constants of the constituent binary oxides.
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and that an average of these values yields 1.04 (represented in the
plot as ROM), which is very close to the value determined from
first principles calculations (0.98). The calculated value of the
elastic anisotropy index, AU, for the ESO was found to be effec-
tively zero (3:4� 10�4), which is representative of a material with
high elastic isotropy. Conversely, for the ESO in the paramagnetic
phase (which is stable at T ¼ RT), AZ ¼ 1:12, indicating a mild
degree of elastic anisotropy, which further increases to AZ ¼ 1:42
for the low temperature AFM phase, indicating enhanced
anisotropy.

Finally, we analyze the bulk modulus of the ESO through the
well-known relation between the unit cell volume and bulk
modulus in ionic solids.53,54 Figure 6 plots the VRH-averaged bulk
modulus as a function of the unit cell volume for several divalent
binary oxides in the rock salt phase, including ESO-AFM,
ESO-PM, and ESO-NM. We find that the bulk constants of ESO in
the AFM, PM, and NM structures follow the general trend dictated
by the binary oxides of the divalent cations.

IV. CONCLUSIONS

The elastic constants of the multi-component oxide (Mg, Co,
Ni, Cu, Zn)O were determined from first principles calculations
and experimental indentation measurements. The values of indenta-
tion modulus at ambient conditions revealed a high degree of elastic
isotropy. Predictions using first principles calculations confirmed a
high degree of isotropy for a nonmagnetic structure with AZ ¼ 0:98
and slightly increases for a paramagnetic structure AZ ¼ 1:12.
Conversely, the low temperature antiferromagnetic phase has a
higher degree of anisotropy, AZ ¼ 1:42. Comparisons of the AFM,
PM, and NM structures indicate two complementary contributions,
influencing the isotropy. First, the uncorrelated magnetic state pro-
motes isotropy, which can be further amplified by inclusion of local
wurtzite and tenorite structures. Interestingly, we find that the bulk
and shear moduli of the multicomponent oxide are within the
boundaries set by the constituent oxides and close to the values
predicted by the rule of mixtures. Computational data and experi-
mental observations indicate that the ESO should exhibit ductile
behavior, which would make it an attractive candidate for engi-
neering applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for details about the character-
ization of the material using electron backscatter diffraction and
nanoindentation, and procedures for analyzing the indentation of a
surface with a given crystallographic orientation, and the method
used for determining the elastic constants from DFT.
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