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Entropic contributions to the stability of solids are very well
understood and the mixing entropy has been used for forming
various solids, for instance such as inverse spinels, see Naw-
rotsky et al., J. Inorg. Nucl. Chem. 29, 2701 (1967) [1]. A
particular development was related to high entropy alloys by
Yeh et a., Adv. Eng. Mater. 6, 299 (2004) [2] and Cantor
et a., Mater. Sci. Eng. A 375-377, 213 (2004) [3] (for recent
reviews see Zhang et al., Prog. Mater. Sci. 61, 1 (2014) [4]
and Tsai et a., Mater. Res. Lett. 2, 107 (2014) [5]) in which
the configurational disorder is responsible for forming simple
solid solutions and which are thoroughly studied for various
applications especially due to their mechanical properties, e.g.
Gludovatz et al., Science 345, 1153 (2014) [6] and Lu et a.,
Sci. Rep. 4, 6200 (2014) [7], but also electrical properties,
Kozdlj et al., Phys. Rev. Lett. 113, 107001 (2014) [8], hydro-
gen storage, Kao et al., Int. J. Hydrogen Energy 35, 9046
(2010) [9], magnetic properties, Zhang et al., Sci. Rep. 3,
1455 (2013) [10]. Many unexplored compositions and prop-
erties still remain for this class of materials due to their large

1 Introduction Configurational entropy as driving
force for stabilizing, at a given temperature, different struc-
tures has been used in severa studies to tailor new materi-
als. When this entropy is large enough, e.g. when mixing
four or five metals like in high entropy aloys[4, 5] or five
cations in binary oxides [11], a high symmetry structure is
formed at high temperature (>850 °C for the case of a mix-
ture of five binary oxides). At high temperature this mixtu-
re forms a solid solution with rock salt structure which can
be quenched and is (meta)stable at room temperature due
to the small diffusion coefficients. This solid solution of
binary oxides was somehow unexpected since several of
the oxides used (Mg, Ni, Co, Cu and Zn oxides) do not ex-
hibit solid solutions in their binary phase diagrams. For the

phase space. In arecent report it has been shown that the con-
figurational disorder can be used for stabilizing simple solid
solutions of oxides, which should normally not form solid
solutions, see Rost et a., Nature Commun. 6, 8485 (2015)
[11] these new materials were called “entropy-stabilized
oxides’. In this pioneering report, it was shown that mixing
five equimolar binary oxides yielded, after heating at high
temperature and quenching, an unexpected rock salt structure
compound with statistical distribution of the cations in a face
centered cubic lattice. Following this seminal study, we show
here that these high entropy oxides (named HEOx hereafter)
can be substituted by aliovalent elements with a charge com-
pensation mechanism. This possibility largely increases the
potential development of new materials by widening their (al-
ready complex) phase space. As a first example, we report
here that at least one HEOx composition exhibits colossal di-
electric constants, which could make it very promising for
applications as large-k dielectric materials.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

case discussed previoudly the solid solution can be written
as (Mg,Ni,Co,Cu,Zn)O in a face centered cubic (FCC)
structure. Following this pioneering report [11], one of the
first questions to be answered is whether “classical” substi-
tutions can be performed on these materials, thus increa-
sing significantly the possibilities of synthesis of new ma-
terials and therefore of their properties and potential appli-
cations. Additionally the study of the physical properties of
these new materials is of great interest, as they cannot be
easily “guessed”’ from the crystal structure and the nature
of the congtituting elements. For example, for the parent
compound (Mg,Ni,Co,Cu,Zn)O (noted hereafter HEOx-0)
one may intuitively estimate that it is an insulator as all bi-
nary oxides composing it. However the band structure is
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probably not that of a statistical average of the five binary
oxides, and it is not clear whether electronic or magnetic
correlations can be maintained despite the chemical disor-
der.

2.2 Experimental

2.2.1 Synthesis All samples were synthesized from
binary oxides and carbonates, MgO, Co30,, Ni,Osz, CuO,
Zn0O, Li,CO;, Ga,0s. 2.7 g of the starting powders in stoi-
chiometric amount were mixed by mechanical grinding
using a Fritsch “Pulverisette 7 Premium ling”, with agate
balls and vias at 250 rpm during 60 min. The resulting
mixtures were then pressed into 12 x 3x 3mm® pellets
under 250 MPa, which were then heated for 12h at
1000 °C under air followed by air quenching. The geomet-
rical density of the samples was in the 75-80% range.

2.2.2 XRD Room temperature X-ray diffraction char-
acterizations were performed using a Panalytical X’ Pert
diffractometer by using a Cu K,; radiation, with a Ge(111)
incident monochromator and a X’ celerator detector. Struc-
ture refinements were performed using FULLPROF soft-
ware [24].

2.2.3 UV-VIS Room temperature optical diffuse re-
flectance measurements were performed on finely ground
powders using a Varian Cary 5000 double-beam, double
monochromator spectrophotometer, with a PTFE integrat-
ing sphere. The obtained diffused reflectance spectra were
converted using Kubelka—Munk relation and normalized to
100%-absorbance at high energy for qualitative compari-
son.

2.2.4 XPS XPS was performed on a Thermo Fisher
Scientific K, instrument equipped with a monochromatic
focalized Al K, source (1486.7 eV) using a spot of 400 um
and a hemispherical analyser, at a take-off angle of 0°.
Wide scan spectra were acquired at a pass energy of
200 eV and 1 eV energy step while the narrow scans were
acquired with a pass energy of 20 eV or 50 eV and 0.1 eV
energy step. The acquisition and interpretation of the spec-
trawere performed using Thermo Avantage software, con-
sidering a Shirley background and peak shapes were
30%/70% L/G. The full width at half maximum for the Li
line was 0.7 eV. The pressure in the analysis chamber was
in the low 10° mbar range. Charge compensation was do-
ne by means of a “dual beam” flood gun. The samples
were cleaned with Ar” ions at 200 eV and measured with
and without electron flood gun. The homogeneity of sam-
ples was checked by measurement on up to 4 different
points. The binding energy calibration was done relative to
Clspeak located at 284.8 eV.

2.2.5 Transport properties Transport properties
were measured with a LCR bridge Hameg 8118 (for low
frequencies) with a laboratory made system in a Janis
cryostat. Scan impedance analysis was performed with a
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7260 impedance meter (MMates), by scanning samples
from 2.3 MHz to 1.3 Hz with 20 measurements per decade
and applying an AC signal amplitude of 500 mV peak to
peak. The data were analysed with ZView/Zplot package
(Scribner), using the phase inflexion detection (PID) tech-
nique for decorrelating relaxation phenomena.

Samples used for measurements were as obtained bars,
thinned to about 1 mm, and with a surface of about 20 mm?
to 30 mm?. The large parallel faces were painted with sil-
ver paste for making electrical contacts. The contact re-
sistance was of the order of a few Ohm, several orders of
magnitude smaller than the resistance exhibited by the
samples. For high frequency impedance measurements,
sample was inserted into a Swagel ok type symmetrical cell
and placed into a climatic chamber (Binder) at a control-
led/desired temperature.

3 Results and discussion Although the binary pre-
cursors used in our study were not the same as the ones
used in the previous pioneering paper [11], where only
M?*O powders were used, the HEOx-0 sample obtained
after air-quenching from 1000 °C was single phase with a
rock-salt crystal structure (see Supporting Information (SI),
Fig. S1). Therefore, it scemsthat theinitial valence state of
the cations is not of primary importance for the materials
synthesis in this case: a formation equilibrium can occur at
high temperature with oxygen losses, and the phase ob-
tained at high temperature will be preserved by quenching.
The lattice parameter obtained from the refinement of the
XRD pattern is 4.2277(2) A, which is similar to the value
reported by Rost et al. It suggests that a reduction of the
3+ cations used as starting materials occurred during the
thermal treatment (a 2+ valence state for al cations was
confirmed by XPS, see later).

At a first glance, as the addition of a sixth element
to the compound should obviously increase the entropy
contribution, partial substitution by aliovalent elements in
order to tune the electrical properties of the materias
should be possible, as in the case of high-entropy alloys
where the valence electron count can be tuned by doping
[12]. Therefore, various substitutions by several aiovalent
eements were attempted (all compositions and corre-
sponding XRD patterns are summarized in the Supporting
Information, Fig. S1 and Table S1). It can be seen that the
situation is more complex than expected. All samples con-
taining a few percent of 3+ or 4+ doping elements exhibit
large amounts of secondary phases. This is independent of
the valence state of the doping element (3+ or 4+), of its
size (r(In®") > r(M?) whereas r(Ga>) < r(M?") [13] or of
its electronic configuration (d*° with In* or d® with Ti*").
We note that these 3+ or 4+ cations exist regularly in octa-
hedral configuration in binary oxides and thus would not
have to be “forced” to adopt this geometry in the targeted
rocksalt structure. It shows that the entropy of configura-
tion with five cations is not sufficient to stabilize a high-
symmetry solid solution in this case, at least not at 1000 °C.
Oppositely, the partial substitution of cations in HEOx-0
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Figure 1 Lattice parameters for a series of compounds in the
HEOx family. A linear fit up to 16% Li is shown for
(Mg,Co,Ni,Cu,Zn),,Li,O series, a change in the slope can be ob-
served for concentrations over 16% in lithium. Error bars are
smaller than the points.

by Li" leads to single phase rock-salt samples with a
decrease of the lattice parameter when increasing the Li
fraction that follows the Vegard's law (Fig. 1), up to a Li*
fraction as large as 16.6%. This composition corresponds
to (Mg,Co,Ni,Cu,Zn,Li)O, which evidences that Li* can be
successfully introduced into the rock-salt structure. This
decrease of the lattice parameter indicates that Li* does not
occupy insertion sites but rather substitutes divalent cations.
However, this seems inconsistent with the ionic radius of
Li* being slightly larger (in octahedral environment) than
the average atomic radius of the 5 divalent cations [13].
Therefore, it is indicative of other evolutions such as a
charge compensation mechanism that would occur to com-
pensate the difference of valence states between Li™ and
M?2*, This charge compensation could occur either through
a change in the valence state of one or several of the M**
cations, with the formation of (most probably) Co®" or Ni**
or through the formation of oxygen vacancies, both leading
to a decrease of the lattice parameters. To confirm this ob-
servation, a co-substitution by a 1+ and a 3+ element has
been attempted, (MgCoNiCuZn), ,,Li,GaO. The resulting
sample crystallizes in a single phase FCC structure with
dightly smaller lattice parameter than the pristine sample
(Fig. 1).

Therefore a self-compensation mechanism between the
two dopants enables the partial substitution of 2+ elements
by pairs of 1+ and 3+. As mentioned above, the decrease of
the | attice parameter observed with Li* substitution follows
the Vegard's law up to x(Li*) = 16.6%. Above this value,
the lattice parameter keeps decreasing but with a smaller
rate. This suggests that at least two compensation mecha-
nisms are present in the (MgCoCuNiZn),,Li,O series, de-

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pending on the Li fraction in the material. Besides, it
shows that the structure is very robust against substitution
by +1 elements, which can be introduced in large amounts.
In the previous report [11], it was shown that the presence
of 5 divalent cations was required to stabilize the HEOx
phase. A straightforward development to check the validity
of the charge balance condition was to completely sub-
stitute one of the divalent cations by a combination
of a +1 and a +3 cations. The resulting compound,
(MgCoNiCu)gg(LiGa)20, aso crystallizesin a FCC struc-
ture, Fig. 1, with only faint amount of secondary phases
and a significant decrease of the lattice parameters (the
average ionic radius of Li* and Ga* is smaller than the
average ionic radius of (Mg, Co, Ni, Cu, Zn)?*), which
confirms that a divalent cation can be completely substi-
tuted by a charge balanced combination of +1 and +3 (and
probably larger than +3) cations.

Collectively, these results indicate that the stabilization
of (Ms)O high entropy oxides and the partial substitution
of the cations require a good charge balance between the
cations and oxygen. Moreover, they show that intrinsic
charge compensation mechanisms can occur that stabilize
the partial substitution of 2+ cations by 1+ cations,
whereas this compensation does not occur for the stabiliza-
tion of the charge in the case of substitution by 3+ cations.
Last, they show that besides the large variety of combina
tions of 2+ cations that could lead to the stabilization of
(Ms)O, with probably numerous different physical proper-
ties and potential applications, the various possible substi-
tutions by 1+ elements or co-substitutions by 1+ and 3+
(or >3+) elements further widens the phase space of
these materials to a huge number of possible compositions.
This opens a new field in the study of functional oxide
materials.

In the following we will discuss in particular three
compounds with the compositions (Mg,Ni,Co,Cu,Zn)O
noted HEOx-0, (Mg,Ni,Co,Cu,Zn)ggsLioosO noted HEOXx-
Li5 and (Li, Mg,Ni,Co,Cu,Zn)O noted thereafter HEOx-
Lil6.

In order to get a better insight of the charge compensa-
tion mechanism in these materials, an XPS study has been
performed. For HEOx-0 sample XPS spectrum (see survey
in the Supporting Information, Fig. S2) confirmed that all
the cations are in a 2+ valence state. All three compounds
(HEOx-0, HEOx-Li5 and HEOx-Li16) show identical
Mg(1s), Ni(2p), Cu(2p) and Zn (2p) spectra. The effect of
Li* substitution can directly be observed in the spectra, for
the doped samples a Li(1s) peak appeared at 54.7 eV
whose intensity increased with the amount of lithium (inset
inSl, Fig. S3).

Notable changes were also observed in the spectra of
Co and O. In the undoped sample (HEOx-0) the X PS spec-
tra for the Co 2p peak is typical of a Co®* state, with broad
main lines 2ps, and 2py,, and with intense satellite peaks at
786 eV and 803 eV (Sl, Fig. $4).

The Co* spectra have sharper main lines, located
at slightly lower binding energies than Co** and with a
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satellite at ~789 eV (“shake-up”, O to Co charge trans-
fer) which is used to identify the oxidation state of Co
[14].

The HEOx-Li5 XPS spectrum indicates a decrease of
the intensity of Co?* satellite peaks and a shift towards lo-
wer binding energies for the main peaks, trend which is
clearly visible in the HEOx-Li16 with the apparition of a
peak at 789 eV, characteristic of Co®*.

It can be concluded from these data that the amount of
Co*" increases with the amount of lithium but there is not
enough evidence to sustain that all amount of cobalt is in
3+ state for the sample (Li,Mg,Co,Ni,Cu,Zn)O. However,
it can be confidently affirmed that the mechanism of char-
ge compensation upon Li* substitution involves, at least in
part, the oxidation of cobalt to its 3+ state. This observa-
tion can be correlated to the monotonic evolution with the
amount of lithium of the intensity of one of the absorption
features in the UV-Vis absorption spectra (S, Fig. S5).
These two results further confirm that Li* unambiguously
enters within the rocksalt structure.

A second mechanism for charge compensation might
correspond to the formation of oxygen defects. XPS spec-
tra for oxygen, which should be interpreted with cau-
tion [15], show small differences between these three sam-
ples (HEOx-0, HEOx-Li5 and HEOx-Li16). The oxygen
containing species adsorbed at the surface were removed
by low energy Ar* bombardment and this process is con-
firmed by the concomitant removal of carbon contamina-
tion species. The main O(1s) peak appeared at 529.6 eV
assigned to O* of the lattice (529.7 eV) in addition to a
small peak at 531 eV (SI, Fig. S3) whose intensity changes
for the three samples and which could be assigned to
hydroxides or oxygen defects [16] an “unusual oxygen”
[17], lower electron density oxygen [18] described as O-
or with subsurface defects [16]. Thus, a compensation
mechanisms involving oxygen cannot be excluded, in
agreement with the evolution of the lattice parameters with
Li* substitution, which suggests the existence of two dis-
tinct charge compensation mechanisms. It further confirms
that this system can be chemically versatile, and that many
p-type substitutions and co-substitutions are possible.

As mentioned previously, nothing is known to date
about the properties of this new class of materials, and they
cannot be easily guessed from those of the constituting
elements. Actually, transport properties revealed that
HEOX-0 had large electrical resistance at room temperature
but presented a very large capacitance with a strong tem-
perature and frequency dependence. For all HEOx samples
the resistance changes in an exponential manner as in a
semiconductor with electrical band-gaps of about 1eV,
gap that decreases with Li substitution (see SI, Table S2).
This band gap can be correlated to the second absorption
mechanism that can be observed in the UV-Vis absorption
spectra. We note that the large difference in the room tem-
perature resistance between these samples, more than two
orders of magnitude, constitutes a signature of the forma-
tion of electroactive defects correlated to Li* substitution.

www.pss-rapid.com

However, it is also consistent with the occurrence of a
charge compensation mechanism when substituting the di-
valent elements by Li". Indeed, if no charge compensation
mechanism occurred, the HEOx-Li5 and HEOx-Li16 sam-
ples would probably exhibit ametallic electrical behaviour,
as p-type doping would lead to a large concentration of
carrier or to the presence of an impurity band close to the
valence band maximum. Interestingly, the relative permit-
tivity (¢) is very large for al samples with no maximum
observed in the temperature range of the measurement. The
relative permittivity at 440 K measured at 20 Hz with a
LCR bridge is close to 2 x 10° for HEOx-Li5 (see Sl,
Fig. S6), making these samples colossal dielectric constant
(CDC) materials. Note that the resistance and capacitance
values obtained in a LCR setup do not take into account a
specific impedance model, the parameters are obtained by
considering a simple RC paralel circuit. The permittivity
decreases with increasing freguency, this dependence will
be discussed in the following part.

Large values of relative permittivity were obtained for
al (MgCoNiCuzn)O-based samples with HEOx structure
irrespective of subgtitutions; it seems that colossal die-
lectric constants is a characteristic of this family. In order
to verify this assumption, one of the samples used for the
measurements, HEOx-0, was heated at 700 °C for 10 hours
and dowly cooled. This slow cooling led to solid-solid
transformation into a mixture of oxides (S, Fig. S7),
which presented a relatively low resistance (<30 kQ at
room temperature) and no capacitance. It confirms that the
colossal dielectric constant is not a common feature of all
oxides containing these divalent cations, but is actually a
characteristic of the HEOx phase. The origin of this large
permittivity is not yet well understood. Indeed, many diffe-
rent mechanisms can lead to CDC behaviours in oxides,
which are not always easily determined [19].

Typically, it may arise in part from extrinsic Maxwell—
Wagner-type effects [20] which originate from charge ac-
cumulation at interfaces, including grain boundaries or
grain surfaces. As mentioned previously, the densities of
these samples are moderate (75-80%), which may affect
these results. Therefore, the development of different syn-
thesis processes would be of interest to get a better un-
derstanding of the actual contributions of the intrinsic and
extrinsic mechanisms.

However, as it will be seen in the following, there are
“intrinsic” contributions with colossal permittivity that can
be determined by high frequency impedance measure-
ments.

Complex impedance measurements showed, on the ob-
tained Bode diagrams (phase in function of the frequency),
two distinct dielectric relaxations (SI, Fig. S8). The fitting
of all impedance spectra was thus performed by using two
R|| Q electrica circuits (where Q stands for a pseudo-
capacitance) in series with a contact resistance for model-
ling the contacts and wires resistances, whose value was
dways <10Q, in our case (the equivalent circuit and
the fitting results are given in the Supporting Information,

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 Real part and imaginary part of the dielectric constant for HEOx-0 (g, b) and HEOx-Li16 (c, d).

Table S2). It is interesting to note that the first intrinsic
resistance (i.e. not related with the contact resistance) is
aways lower than the second one (at any temperature),
enlightening that the first dielectric relaxation corresponds
to a less resistive mechanism (and/or concerns a smaller
part of the sample studied). Moreover, the capacitance of
this first phenomenon is amost independent of the tem-
perature. On the contrary, the second mechanism has
larger resistance (either the process is more resistive or it
concerns a larger part of the sample) and exhibits large
variation of its capacitance with the temperature. Besides,
the lithium content in the sample has a significant impact
on the electrical response. Indeed, HEOx-0 exhibits the
largest intrinsic (i.e. bulk) resistances, whereas the sample
with the largest Li content exhibits the lowest intrinsic
resistance. Thus, it is worth noting that bulk resistance
of these materials can be easily tailored by the lithium
amount added during their synthesis. Plots of both in-
trinsic resistances as a function of the inverse of tempe-
rature gave activation energies for these processes (S,
Table S2). The first relaxation mechanism has a dlightly
larger value of activation energy than the second one,
for al samples. Further work is required to understand the

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

temperature dependence of the dielectric constant in these
materials.

The direct action of lithium, in this class of materials,
can also be seen through the value of the distortion param-
eter o, extracted from the fit of the pseudo-capacitance Q of
the second contribution (the capacitance of first contribution
having an invariable « parameter, close to 1, an ideal plane
capacitor). Without Li, this parameter remains also equa to
unity in alarge range of temperatures, whereas it noticeably
decreases with the lithium content and becomes sensitive to
temperature increase. Thisis probably related to alarger dis-
order of the structure, due to the defects that originates from
Li substitution, leading to a frequency dispersion of the
second relaxation phenomenon (deviation from idea plane
capacitor). By correcting the value of the pseudo-capa-
citance with the a parameter estimated from the fit, we can
caculate the second contribution “ideal” permittivity. It
should be pointed out that the lithium content has again a
large impact on the observed values. The less lithium the
sample contains, the higher is its intrinsic resistance (as
aforementioned) and the higher is also its maximum permit-
tivity. Moreover, this maximum is observed at lower tem-
peratures, when the amount of lithium in the materia is in-
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creasing, which alows, once again, to tailor the dielectric
behaviour of these compounds by adapted/controlled lithium
doping, opening awide variety of different usesfor example
in energy storage or electronic devices.

The representation of the real part of the globa “not
ideal” permittivity (deduced from the raw recorded com-
plex impedance data), as well as the evolution of dielectric
loss (tano) as function of the frequency, gives some infor-
mation about the dielectric behaviour of the materials in
real/practical conditions. We can observe that the permit-
tivity remains unusually high and stable on a wide range of
frequencies (2.3 MHz-100Hz), especidly for low
lithium content samples, and noticeably increases at lower
frequencies (<10 Hz) to finally reach large values under
DC solicitation. Data for HEOx-0 and for HEOx-Li16 are
shown in Fig. 2a—d (more details and data for other com-
positions are given in the Supporting Information, Fig. SO
and Table S2). It is noteworthy that & remains larger than
1000 in the MHz range while keeping a low dielectric loss,
of the order of 0.01. We underline that measurements with
different blocking electrodes (Pt/sample/Pt, Ti/sample/Ti,
Cu/sample/Cu) gave similar values of relative permittiv-
ity.

The more resistive is the compound, the smaller is the
tan 6 value, which is consistent with minimizing the di-
electric loss with higher intrinsic resistance.

Concerning the origin of this large relative permittivity
we can advance several hypothesis consistent with these
materials. dipolar fluctuations in nano-size domains [21],
interface effects or Maxwell-Wagner polarization [20],
electronic phase separation [22], defect dipoles [23], di-
poles relaxations [23] or hopping transport. Further work
will be required to clarify these aspects.

4 Conclusions We show here that the new entropy-
stahilized oxides can be substituted by aliovalent elements
with charge compensation mechanisms, which strongly
widens their phase space to a huge number of possible
compositions, and probably properties and applications. As
an example of these possibilities, we report in this letter
their promising electrical properties nhamely colossal die-
lectric constants. We emphasis the impressive amount of
substitutions possible as well as the possibility of forming
new systems with the same approach. There is a large va-
riety of properties that could be discovered in this new
class of materials. We point out that this new topic could
represents a paradigm shift and is opening a completely
new research direction in material science.

Supporting Information Additional supporting informa-
tion may be found in the online version of this article at the pub-
lisher’s website.
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