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a b s t r a c t

The influence of the synthesis conditions, stoichiometry and post-annealing treatments on the crystal
structure of (MgCoNiCuZn)O-based high-entropy oxides have been investigated in details. The particular
role of copper in the emergence of a distortion and a disordering of the randomly-distributed rocksalt
structure has been evidenced by electron paramagnetic resonance and X-ray diffraction studies. An
evolution of the local environment of copper from octahedral in Cu-sub-stoichiometric samples to
rhombic in Cu-enriched samples leads to a deviation of the crystal structure from the ideal rocksalt one,
which depends on the thermal history of the samples. Besides giving new clues to understand the
behavior of this new class of materials, this controllable evolution of the crystal structure offers new
possibilities of tuning the functional properties of the (MgCoNiCuZn)O-based compounds.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In 2015, Rost et al. showed that the configurational disorder
could be used to create new oxide phases, extending the concept of
high-entropy alloys (HEA) previously developed by themetal alloys
community [1]. These new oxide phases were named “entropy
stabilized oxides” or “high-entropy oxides” (HEOx) by analogy with
the high entropy alloys. It should be noted that the term high-en-
tropy oxides had been previously (mis)used for oxidized high en-
tropy alloys that were either mixtures of binary oxide phases or
oxidized alloys of undefined composition, but did not fulfill the
concept of “high entropy”.

In their pioneering study that described the synthesis of these
new oxide phases, Rost et al. showed that heating an equimolar
mixture of Mg, Co, Ni, Cu and Zn binary oxides at sufficiently high
temperature followed by quenching, yields a single phase com-
pound with the cations randomly distributed on one of the face
centered cubic (FCC) sublattices of a rocksalt structure, the other
one being occupied by oxygen [1]. The formation of this new phase
was not expected at a first glance taking into account the phase
diagrams of the constituting binary oxides, and a mixture of several

phases was rather expected. Indeed according to the Gibbs phase
rule P ¼ C þ 1 e F (with C the number of components and F the
maximum number of thermodynamic degrees of freedom in the
system), a mixture of 5 components could lead to up to 6 equilib-
rium phases at maximum at given pressure. Besides, no solid so-
lution exists between some of the starting binary oxides. This
formation was understood in terms of the large entropy of
configuration of the mixture that overcame, at high temperature,
the enthalpy of formation of the various possible ternary or qua-
ternary oxides and lead to a simple solid solution of the oxides,
maintained at room temperature by quenching, similarly to the
high-entropy effect that leads to simple disordered phases in the
case of HEA [2,3].

This recent discovery represents a paradigm shift for the ma-
terials science community, as it provides a completely new strategy
to design new oxide phases with new properties, departing from
the traditional understanding of the chemistry of crystalline oxides
that was used up to now. In the case of HEA, which have been
discovered about 10 years ago [4,5], a “cocktail effect” has been
widely demonstrated, indicating that new properties could be ob-
tained by a complexmixture of elements that could not be obtained
from any of these elements independently [6]. During the past ten
years, these materials have been thoroughly studied and have
revealed promising for a great variety of applications especially due
to their exceptional mechanical properties [7], but also for mag-
netic properties [8], electrical properties [9,10], chemical and
thermal barrier properties [11e13], hydrogen storage [14], and
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other various applications [15,16]. But even after ten years, “the
understanding of these materials is still limited and preliminary”,
as mentioned by one of the pioneer researchers in the field, and
their wide chemical landscape has hardly been explored [2]. By
extending the concept of “high-entropy” to oxides, Rost et al. have
unambiguously widened this landscape to a new dimension (as
mentioned recently in a “News Feature” of Nature related to HEA,
“We're not talking about a narrow class of materials, but an
extremely broad philosophy on how to combine elements” [17].).
Therefore it is clear that unexpected new properties will be
discovered by exploring the HEOx and will lead to new applica-
tions. For example, our team has recently showed that some
compositions belonging to the HEOx class exhibit colossal dielectric
constants, making them attractive for dielectric applications [18],
and some other exhibit superionic lithium conductivity and fast
ionic sodium conductivity, making them very promising as poten-
tial electrolyte for lithium or sodium all-solid-state batteries [19].

In this report, we focus on the crystal structure of the
(MgCoNiCuZn)O-based HEOx phase. We show that besides the
chemical versatility of this compound, which was already
underlined in the previous studies, a structural distortion/defor-
mation can be engineered. It creates a new degree of freedom that
can be used to control and optimize the properties of these
materials.

2. Experimental details

All samples were prepared from oxides and carbonates (MgO,
CuO, Co3O4, Ni2O3, ZnO, Li2CO3). Starting powders from the pre-
cursors were mixed in stoichiometric cationic ratio with a total
mass of 4 g using a Fritsch Pulverisette 7 Premium Line with 5 agate
balls of diameter 1 cm in a 20 ml vial during 1 h at 250 rpm. The
resulting mixtures were then uniaxially pressed into
12 � 3 � 3 mm3 bars under a pressure of 250 MPa, and were then
heated at 1000 �C in air for 12 h in alumina crucibles with a heating
rate of 200 �C/h, followed by air or liquid N2 quenching. The
geometrical density of all samples was in the 75e80% range.

For decomposition and thermal evolution studies, the samples
were heated in alumina crucibles at 200 �C/h up to the targeted
temperature (see Results section), maintained at this temperature
under air, and then cooled down to room temperature at 200 �C/h.

Room temperature powder X-ray diffraction (XRD) patterns
were collected using a Panalytical X'Pert diffractometer with a
Ge(111) incident monochromator (Cu-Ka1 radiation) and X'cele-
rator detector. The resulting diffraction patterns were refined using
FULLPROF software [20].

X-band electron paramagnetic resonance (EPR) spectra were
recorded on a Bruker ELEXSYS 500 spectrometer equipped with a
Bruker ER4119HS X band resonator, an Oxford Instrument contin-
uous flow ESR 900 cryostat and a temperature control system. The
EPR tubes were put through 5 cycles of vacuum/helium in order to
purge oxygen from the samples before being entered into the EPR
spectrometer.

Apparent electrical resistivity and dielectric constant were
measured with a LCR bridge Hameg 8118 with a laboratory made
system in a Janis cryostat, parallel to the pressing direction of the
pellets. The contacts were made with Ag paste and the typical di-
mensions of the samples were: surface of about 30 mm2 [2] and
thickness of about 2 mm.

3. Results and discussions

3.1. Departure from the ideal rocksalt structure

As mentioned in the previous studies [1,18,19], equimolar

(MgCoNiCuZn)O samples prepared using the synthesis process
described above are single phase, with all Bragg peaks that can be
indexed in the rocksalt Fm3 m space group. However, although no
trace of wurtzite or tenorite can be detected in the diffraction
pattern, the relative intensities of the Bragg peaks of the main
phase do not match those expected for an ideal rocksalt lattice with
a random distribution of the cation on one of the fcc sub-lattices
(see the note in the caption of Table 1 for a definition of what is
called “intensity” in this study). Such difference can be easily
observed by comparing the (111) and (200) peaks of the experi-
mental diffraction pattern and the simulated one (Fig. 1). This
simulation was performed using the same lattice parameter as the
one obtained for (MgCoNiCuZn)O [1,18], an equimolar distribution
of the divalent cations on the 4a site of space group Fm3 m, oxygen
on the 4b site, and a phenomenological resolution function corre-
sponding to the one usually observed for well crystallized samples
with our diffractometer. These relative intensities slightly change
from one synthesis to another, which evidences a strong depen-
dence on the synthesis conditions (typically the cooling speed
during air quenching can be slightly different from one synthesis to
another).

Besides this unexpected intensity ratio, it can also be easily seen
in Fig. 1b that the widths of the (111) and (200) peaks are very
different, the first one being narrower (which is also the case of the
(222) peak whose FWHM is much smaller than that of the (200)
peaks although it should be larger following the resolution function
of our diffractometer. Note that we use a Johanssonmonochromatic
incident radiation, and that the instrument resolution is better than
0.05� in 2q in this angular range). This behavior could not originate
from a “simple” partial ordering of the cations on the fcc sub-lattice,
which should rather lead to the presence of superstructure or
satellite peaks in the diffraction pattern. However, it could originate
either from a slight distortion of the rocksalt lattice leading to a
splitting of some Bragg peaks in the diffraction pattern or from
anisotropic structural disorder leading to (hkl)-dependent broad-
ening of the peaks.

3.2. Stoichiometry dependence and evolution with thermal history

In their seminal paper, Rost et al. showed that the High Entropy
phase is maintained when the composition of the complex oxide
departs from the equimolar stoichiometry, i.e. four of the cations
are kept even whereas the proportion of the fifth one is decreased
or increased by a few percents [1]. Therefore, in order to under-
stand the origin of the unexpected intensity ratio and peak
widening observed in Fig. 1, a series of 10 samples were prepared,
with the proportion of each cation individually increased or
decreased by 4% (typical composition A0.20±0.04(BCDE)0.80±0.04O). It
was observed that the ratio I111/I200 becomes closer to the ideal
value (I111/I200 ¼ 0.67) when the fraction of Mg, Co, Ni or Zn is

Table 1
Ratio I111/I200 in a series of samples with nominal composition
A0.20±0.04(BCDE)0.80±0.04O. Note: in the whole study, the “intensity” of a diffraction
peak corresponds for simplicity to its maximum value after subtraction of the in-
tensity of the background, and not to the integrated intensity. Although the ratios
I111/I200 are slightly different with the second (correct) definition, the conclusions
that can be obtained from the diffraction patterns are exactly the same here. With
this definition, the ideal ratio should be I111/I200 ¼ 0.67.

A A0.24(BCDE)0.76O A0.16(BCDE)0.84O

Mg 0.89 1.49
Co 1.13 1.97
Ni 0.86 2.25
Cu 5.05 0.85
Zn 1.03 1.29
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increased or when the fraction of Cu is decreased. On the contrary,
it departs from the ideal value when the fraction of Mg, Co, Ni or Zn
is decreased or alternatively when the fraction of Cu is increased
(Table 1). Thus, we can confidently conclude that Cu2þ plays amajor
role here in the departure of the compound from the ideal rocksalt
structure. This conclusion has been further confirmed by the syn-
thesis of another series of compounds with nominal composition
(MgCoNiZn)1-xCuxO (x¼ 0.16 to 0.28). As it can be observed in Fig. 2
that shows a magnified view of the three first peaks of the
diffraction patterns of these samples, the intensity and width of the

(111) peak is almost independent on the exact copper fraction. On
the contrary, the intensity of the other peaks decreases while their
width increases when the copper fraction increases, until they
become highly asymmetric for large copper fractions. Moreover, it
should be underlined that no other peaks that could correspond to
secondary phases or superstructures can be observed in the whole
patterns even for the largest copper fractions (more particularly, no
tenorite can be detected), which suggests that this evolution does
not originate from a decomposition of the samples or from a
“simple” ordering of the cations that would be promoted by the
presence of Cu2þ.

As mentioned above, the I111/I200 ratio and the width of the
peaks slightly change from one synthesis to another presumably
depending on the cooling rate, see below. This observation can be
easily evidenced in Fig. 3, which shows the diffraction pattern of
two samples with same composition (MgCoNiZn)0.76Cu0.24O, the
first one quenched in air and the second one in liquid nitrogen
(left), and two samples with same equimolar composition (MgCo-
NiCuZn)O, the first one quenched in air and the second one cooled
from the synthesis temperature to room temperature at 200 �C/h
(right).

Although all diffraction patterns depart from the ideal rocksalt
pattern (I111/I200 different from the ideal value), for both composi-
tions the peaks corresponding to the largest cooling speed are
much narrower and more symmetric, and the ratio I111/I200 is
smaller, showing that the structure becomes closer to the ideal one.
For other compositions leading to diffraction patterns very close to
the ideal rocksalt pattern (see later), almost no effect of the cooling
speed has been noticed (the closer to the ideal pattern, the less
influence of the cooling speed). Therefore, it seems that for certain

Fig. 1. a. Comparison of the experimental and simulated diffraction patterns of (MgCoNiCuZn)O obtained by air quenching (for each pattern, the intensities of the peaks are
normalized to that of the largest peak): bottom ¼ simulation, middle and top: experimental patterns for two distinct synthesis. b. magnified view of the two first Bragg peaks of the
diffraction pattern of fig. a, top.

Fig. 2. Diffraction patterns of the series (MgCoNiZn)1-xCuxO (x ¼ 0.16 to 0.28).

Fig. 3. Influence of the cooling speed on the diffraction patterns of (MgCoNiZn)0.76Cu0.24O (a) and (MgCoNiCuZn)O (b).
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compositions, especially thosewith a copper fraction exceeding the
equimolar fraction, the entropy stabilized rocksalt structure is “less
stable” and that a second crystal structure, slightly different from
the ideal one, is kinetically favored.

To confirm this conclusion, a study of the decomposition of the
entropy stabilized rocksalt phase has been performed. The sample

chosen for that study was an equimolar (MgCoNiCuZn)O sample
with diffraction pattern “as close as possible” as the ideal one
(shown in Fig. 3b, top). Pieces of that sample were heated during
12 h at increasing temperatures from 300 �C to 800 �C, in order to
observe the evolution of the structure. Selected representative
diffraction patterns are gathered in Fig. 4.

In this figure, it can be seen that the Bragg peaks of the as-
synthesized (MgCoNiCuZn)O sample are quite narrow, with a ra-
tio I111/I200 larger than the ideal value but smaller than 1, which
shows that the structure of the sample is “close to” the ideal
rocksalt structure. Although High Entropy Oxides are metastable
(let us recall that they result from a complex mixture of binary
oxides that do not form solid solutions and that they are stabilized
at high temperature by the large entropy of configuration), no
trace of secondary phase can be observed in the diffraction pat-
terns after 12 h of annealing when the temperature does not
exceed 600 �C. At higher temperatures, supplementary peaks can
be easily detected, consistent with the decomposition of the
rocksalt phase. It shows that the kinetic of the decomposition of
these compounds is slow below 600 �C (for this composition)
from a chemical point of view, probably due to moderate diffusion
of the constituting elements as it is the case in high-entropy al-
loys, which is referred to as “sluggish diffusion effect” [21].
However, the situation is very different from a structural point of
view. Indeed, a significant evolution of the relative intensities of
the Bragg peaks can be observed after 12 h at 300 �C, although the
width of the peaks hardly changes. When the temperature of
annealing is increased, a significant broadening of all Bragg peaks
except (111) and (222) occurs, with a simultaneous evolution of
the relative intensities. It shows that a structural evolution to-
wards a second metastable state occurs before the chemical
(thermodynamic) decomposition of the compounds. This evolu-
tion should originate from short-distance displacements of the
cations/oxygen in the lattice as compared to their ideal position,
which would be kinetically more favorable than the chemical
decomposition as the involved activation energy would be
smaller.

As it can be noticed in Fig. 5, the departure from the ideal
rocksalt structure when the proportion of copper in the com-
pounds increases and the structural evolution of the compounds
at moderate temperature seem to correspond to the same phe-
nomena. This figure shows the diffraction patterns of a copper-
enriched sample (MgCoNiZn)0.76Cu0.24O (bottom) and an equi-
molar (MgCoNiCuZn)O sample post- annealed at 400 �C during
12 h (top). Both diffraction patterns are almost identical, with
sharp (111) and (222) peaks while other peaks are broad and
asymmetric.

Fig. 4. Diffraction patterns of as-synthesized equimolar (MgCoNiCuZn)O (bottom) and
(MgCoNiCuZn)O annealed during 12 h at increasing temperature. Secondary phases
are indicated by *, and include typically tenorite, which can be easily detected.

Fig. 5. Diffraction patterns of as-synthesized (MgCoNiZn)0.76Cu24O (bottom) and
(MgCoNiCuZn)O post-annealed at 400 �C during 12 h.

Fig. 6. Evolution with post-annealing treatments of the diffraction patterns of copper-free (MgCoNiZn)0.8(LiGa)0.2O (left) and copper-containing (MgCoCuZn)0.8(LiGa)0.2O (right).
The intensity of the peaks of all patterns were normalized to that of the main peak.
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We have shown in a previous study using X-ray Photoemission
Spectroscopy that in equimolar (MgCoNiCuZn)O, all cations are in a
divalent state [18]. Starting from this composition, each cation can
be individually substituted by an equimolar amount of aþI andþIII
element [18]. Interestingly, the diffraction patterns of the resulting
substituted compounds are close to the ideal rocksalt structure,
regardless of the quenching rate (a Rietveld refinement of Cu-free
(MgCoNiZn)0.8(LiGa0.2)O is given in Fig. S1 as example). Therefore,
in order to confirm the possible role of Cu2þ in the structural
evolution of the samples during moderate thermal treatments, we
have compared the thermal evolution of two samples crystallizing
in an ideal rocksalt structure, with and without copper, (MgCo-
NiZn)0.8(LiGa)0.2O and (MgCoCuZn)0.8(LiGa)0.2O. The evolution of
their diffraction patterns after identical thermal treatments are
shown in Fig. 6, with in both cases a simulation of the diffraction
pattern of a rocksalt structure with same lattice parameters
assuming a random distribution of the cations on one of the fcc
sublattices. As mentioned above, the diffraction patterns of both as-
synthesized samples correspond well to that of the ideal rocksalt
structure, as the experimental and simulated patterns are almost
identical. Nevertheless, a slight difference between the ratios I111/
I200 can be noticed in the case of the copper-containing sample. In
both cases, secondary phases (mainly a second rocksalt phase with
larger lattice parameters and a spinel phase) can be detected in the
diffraction patterns after 12 h of annealing at 600 �C, but no sup-
plementary peak can be detected after 12 h annealing at 400 �C.
However, significant differences can be noticed at this temperature
although both samples remain single phase.

In the case of the copper-free composition, the diffraction
patterns of the as-synthesized sample and the one annealed at
400 �C are identical (no evolution of the I111/I200 ratio and no peak
broadening), which shows that no structural evolution occurs at
this temperature, at least after 12 h. On the contrary, a significant
evolution of the diffraction pattern of the copper-containing
sample occurs: the I111/I200 ratio that was smaller than 1 for the
as-synthesized sample gets larger after annealing, and whereas
the width of the (111) and (222) peaks hardly changes, the other
peaks experience a strong broadening. This significant difference
between the thermal evolution of copper-free and copper-
containing samples unambiguously evidences the role of copper
that promotes the structural evolution from an ideal rocksalt
structure to a “distorted” or “disordered” one (see below). Besides,

it shows that this structural evolution does not constitute a first
step of the chemical decomposition, as this later one occurs in a
similar manner and at similar temperatures with or without prior
structural evolution.

3.3. Structural distortion

In the ideal case, high entropy oxides based on (MgCoNiCuZn)O
crystallize in the Fm3 m space group. From the non-isomorphic
subgroups of that space group, two distortions of the lattice can
easily occur towards non-cubic phases, namely rhombohedral
distortion (R3 m space group) and tetragonal distortion (I4/mmm
space group). Fig. 7 gathers a simulated diffraction pattern of the
ideal rocksalt structure and simulated diffraction patterns of the
same structure with slight rhombohedral or tetragonal distortions,
with a focus on the (111)c, (200)c and (220)c peaks (in the following,
the indices c, h and t refer to cubic, hexagonal and tetragonal unit
cells respectively). In the case of the rhombohedral distortion, the
(200)c peak remains unchanged (corresponding to (012)h), whereas
(111)c and (220)c peaks are split into (101)hþ(003)h and
(110)hþ(104)h respectively. In the case of the tetragonal distortion,
the (111)c peak remains unchanged (corresponding to (101)t),
whereas (200)c and (220)c peaks are split into (110)tþ(002)t and
(200)tþ(112)t respectively. In that second case, the ratio of the
multiplicity of the peaks resulting from the splitting of the “cubic
peaks” nicely corresponds to the asymmetry of the peaks observed
in the diffraction patterns of copper-enriched samples or copper-
containing samples after moderate thermal annealing. Therefore,
the evolution of the crystal structure in copper-enriched samples or
during thermal evolution seems to correspond to a tetragonal
distortion of the cubic unit cell.

However, this is an oversimplified picture, and the structural
evolution does not solely correspond to a tetragonal distortion of
the unit cell with a contraction of c parameter. Fig. 8 shows a LeBail
refinement of as-synthesized (MgCoNiZn)0.76Cu0.24O assuming I4/
mmm space group (with a focus of the first 3 Bragg peaks). The
position of the peaks corresponds to a 0.94% contraction of c as
compared to the cubic phase. In this refinement, the width of the
peaks was kept constant, and corresponds to the width obtained
through the refinement of another sample with ideal cubic rocksalt
structure and same FWHM of the (111)c peak. Both shape and in-
tensities of the (111)c and (222)c peaks are reasonably well simu-
lated. However, it is not the case for the other peaks (see Fig. S2 for

Fig. 7. Simulated patterns of an ideal rocksalt structure, one with a slight rhombo-
hedral distortion, and one with a slight tetragonal distortion. Both distortions were
chosen smaller than 1% and correspond to a contraction of the distances in the (111)c
and (100)c directions of the cubic unit cell respectively.

Fig. 8. LeBail refinement of the diffraction pattern of as-synthesized (MgCo-
NiZn)0.76Cu0.24O assuming a tetragonal distortion with a contraction of the cubic unit
cell along the c axis. The inset is a magnified view of the (200)c peak.
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larger angles, including (222)c). Although the asymmetric shape of
the (200)c and (220)c peaks is well explained by the relative in-
tensities of the simulated peaks, the FWHM of the experimental
and simulated peaks do not match, as a strong anisotropic (hkl-
dependent) broadening of the peaks is observed. This anisotropic
broadening corresponds to a large decrease of the coherence length
perpendicularly to the (111)c direction occurring simultaneously to
the tetragonal distortion.

In the case of high-entropy alloys, one of the four core effects
proposed by Yeh to characterize these materials is called “severe
lattice deformation” [22]. Indeed, the lattice of HEA consists of
different-sized atoms statistically distributed on the lattice points,
leading to high distortion and “roughened” atomic planes. This
lattice deformation leads to a decrease of the intensity of the Bragg
peaks, more rapidly at high diffraction angles, similarly to the
thermal effect, which can be mathematically formalized as a sup-
plementary term in the Debye-Waller factor [23]. Surprisingly, in
the case of high-entropy oxides crystallizing in a perfect cubic
rocksalt structure (for example as-synthesized (MgCoNiZn)0.8(Li-
Ga)0.2O shown in Fig. 6a), such severe lattice deformation is not
observed. Very good Rietveld refinement can be performed
assuming a random distribution of the cations on one of the fcc
sublattices with relatively low isotropic Debye-Waller factor (see
Fig. S1). Although it does not unambiguously exclude the possible
contribution of a deformation term, this one would be very small,
despite the significant differences between the ionic radii of the
cations (from 0.62 Å to 0.74 Å for respectively Ga3þ and Ni2þ in
octahedral coordination [24]). One possibility to explain the
different behavior of HEA and HEOx could be the presence of a
perfectly ordered anionic sublattice in the second case, which could
lead to an “accommodation” of the differences between the cations
sizes. The contribution of oxygen to the intensity of the XRD peaks
being very small as compared to the contribution of the cations, a
neutron diffraction study might reveal useful to confirm this dif-
ference between HEA and HEOx.

In the presence of Cu2þ in octahedral coordination, Jahn-Teller
effect could lead to a local deformation of the oxygen sublattice
around copper atoms in order to decrease the overall energy of the
crystal. However, copper atoms only occupy a fraction of the
cationic sites (typically up-to maximum 28% in this study), and the
other cations are not stabilized by Jahn-Teller effect in octahedral
environment. Therefore, a competition might occur between the
tetragonal distortion induced by Cu2þ and the regular octahedral
environment preferred by the other cations. It could induce both a
slight tetragonal distortion of the unit cell without long range
ordering, which leads to the splitting and broadening of some of the
Bragg peaks, and a lattice deformation, which leads to the decrease

of the intensity and broadening of the same peaks. Both effects
would be all the more pronounced when the concentration of
copper in the samples increases (being known that the fraction of
copper cannot exceed circa 30% to maintain the HEOx phase in the
case of 5-cations compounds). From the diffraction patterns, it
seems that the tetragonal distortion arises along the (001)c direc-
tion of the unit cell, while the lattice deformation occurs perpen-
dicularly to the (111)c direction.

In order to confirm the role of the local environment of Cu2þ in
the evolution of the crystal structure, EPR experiments have been
performed, by comparing a sample with almost perfect cubic
rocksalt structure (nominal composition (MgCoNiCuZn)0.9Li0.1O,
XRD pattern plotted in Fig. S3) and a very distorted one (nominal
composition (MgCoNiZn)0.74Cu0.26O, XRD pattern plotted in Fig. 2).

X band EPR experiments were conducted for both samples
(MgCoNiCuZn)0.9Li0.1O (MgCoNiZn)0.74Cu0.26O in order to probe the
geometry of the Cu ion in the lattice. At the temperature studied
(80 K), out of the two paramagnetic species in the samples (Co2þ, d7

and Cu2þ, d9) we expect only the copper ion to give raise to an EPR
signal. The EPR signal of (MgCoNiCuZn)0.9Li0.1O (Fig. 9, left) is
isotropic signal with gx ¼ gy ¼ gz ¼ 2.15, which corresponds to the
octahedral environment expected from the rocksalt structure.
However, the Cu-enriched sample (MgCoNiZn)0.74Cu0.26O (Fig. 9,
right) yielded a distorted signal that could be simulated with g
values gx ¼ 2.05, gy ¼ 2.13, gz ¼ 2.45 Ax ¼ 0.0003 Ay ¼ 0.0003
Az ¼ 0.014 denoting a slight deviation from axiality towards a
rhombic geometry with hyperfine coupling to a nuclear spin 3/2
Cu2þ ion (red line). Although gx and gy are rather close, corre-
sponding to a very slight distortion of the oxygen square sur-
rounding Cu2þ in the (xy) plane, gz is significantly larger, which
corresponds to a significant elongation of the octahedra in the z
direction. Simulations performed assuming an axial environment
only lead to rather poor fits (blue line), which unambiguously
confirms the rhombic geometry.

These results are partly consistent with the diffraction patterns
that evidence a very limited deviation from the ideal rocksalt
structure in the case of (MgCoNiCuZn)0.9Li0.1O (Fig. S3) as compared
to the significant distortion observed in the case of (MgCo-
NiZn)0.74Cu0.26O (Fig. 2). However, the elongation of the octahedra
in the case of (MgCoNiZn)0.74Cu0.26O might at the first glance seem
inconsistent with the apparent tetragonal distortion observed in
the XRD pattern that rather corresponds to a contraction of the
cubic cell in one direction. It means that the evolution of the crystal
structure, although certainly linked to the evolution of the geom-
etry of the Cu2þ polyhedra, cannot simply be explained by a
cooperative distortion of all octahedra occurring in the same
direction.

Fig. 9. Experimental and simulated X band EPR spectra of (MgCoNiCuZn)0.9Li0.1O (left) and (MgCoNiZn)0.74Cu0.26O (right). Conditions: T ¼ 80 K, MW freq. ¼ 9.37 GHz, MW
power ¼ 2.00 mW, MA ¼ 10 G, Mod. Freq ¼ 100 mHz, Gain ¼ 70 db.
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At 10 K, both Co2þ and Cu2þ signals could be observed (Fig. S4).
In the case of (MgCoNiZn)0.74Cu0.26O, a large signal could be
simulated with high-spin Co2þ (g ¼ 4.4). In the case of (MgCoNi-
CuZn)0.9Li0.1O, the signal was too small to perform a simulation,
which could be explained by the lower amount of powder and the
partial oxidation of Co2þ into Co3þ to compensate for the Liþ charge,
as previously shown by XPS [18].

These EPR observations are in agreement with the DFT calcu-
lations recently published by Rak et al., who showed that Co2þ is in
high-spin state in (MgCoNiCuZn)O as well as splitting of the Cu d-
states near the Fermi level attributed to possible Jahn-Teller
distortion [25].

3.4. Influence on the transport properties

In a previous study, we showed that some HEOx compositions
exhibit colossal dielectric constants over a wide frequency range
[18]. As the dielectric properties should obviously depend on the
local crystal structure, we have performed a long-term measure-
ment during an isotherm at ~170 �C of a Cu-containing sample,
with a Cu fraction larger than 20%. This temperature was chosen so
as to induce a very slow controlled transition, as compared to the
time-scale of the measurements, from a moderately to a more
distorted/disordered state. The apparent electrical resistivity and
dielectric constant measured using a RC-bridge are plotted in
Fig. 10a.

Both the electrical resistivity and dielectric constant exhibit a
strong evolution during the 35 days of the measurement. The
electrical resistivity monotonously increases during the measure-
ment, following a parabolic law r(t) ¼ r0 þ k.t0.5 with
r0 ¼ 142.34 kU cm and k ¼ 13.17 ± 0.02 kU cm day�0.5 (see Fig. S5).
In the same time, the dielectric constant first increases by about
20% until it reaches amaximum after about 14 h and then decreases
asymptotically. A similar measurement has been performed with
another sample with Cu fraction smaller than 20% (see Fig. S6). The
general trends are the same: the electrical resistivity monotonously
increases, while the dielectric constant first increases by about 25%
until it reaches a maximum after about 6 days and then decreases.
At this stage of the study, we are not able to suggest a physical
mechanism that would explain the evolution of the dielectric
properties, and further work would be required to understand this
mechanism. However, as it can be seen in Fig. 9b, the crystal
structure of the sample slightly changes during this measurement,
with a moderate increase of the distortion/disordering. Therefore,
we can confidently conclude that the evolution of the dielectric

properties of the sample is directly linked to the evolution of the
crystal structure. It shows that the distortion of the structure
originating from the Jahn-Teller behavior of copper can be used as a
new degree of freedom to control the properties of Cu-containing
high-entropy oxides.

4. Conclusion

To conclude, a particular role of copper has been evidenced in
(MgCoNiCuZn)O-based high-entropy oxides. Although copper-free
samples crystallize in an ideal rocksalt structure, with diffraction
patterns that can be perfectly simulated assuming Fm3 m space
group and cations randomly distributed on one of the fcc sub-
lattices, it is not the case for Cu-enriched samples. In that later case,
the local crystal structure of the samples strongly depends on the
precise copper concentration and on the thermal history on the
samples, as evidenced by the large deviation of the intensity, width
and shape of the Bragg peaks as compared to the ideal situation.
This deviation increases when the copper fraction in the samples
increases, when the cooling speed is slower, or when post-
annealing treatments are performed. This effect can be explained
by an evolution of the local environment of Cu2þ ions, from octa-
hedral in air-quenched Cu-sub-stoichiometric samples to rhombic
in Cu-enriched samples (with two large CueO distances, and two
pairs of slightly different smaller distances).

Interestingly, this distortion/disordering of the crystal structure
in Cu-containing samples, whose amplitude can be tuned by post-
annealing treatments, has a strong influence of the dielectric
properties of the materials. Therefore, it constitutes a supplemen-
tary parameter that can be used besides chemical composition to
control the functional properties of these materials, widening
further the possibilities offered by this new class of materials.
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Fig. 10. a. Evolution of the dielectric properties at 1000 Hz during a long term in-situ measurement of as-synthesized (MgCoNiCu)0.84Zn0.16O. b. XRD patterns of (MgCoNi-
Cu)0.84Zn0.16O as-synthesized and after 35 days of measurement at ~170 �C. To exclude the possible influence of the temperature on the measured dielectric properties, the results
plotted in figure a start after 1 h of stabilization at the temperature of measurement.
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