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The entropy stabilized oxide Mg, ,Cog,Nip>Cug,Zno,O exhibits antiferromagnetic order and magnetic
excitations, as revealed by recent neutron scattering experiments. This observation raises the question of the
nature of spin-wave excitations in such disordered systems. Here, we investigate theoretically the magnetic
ground state and the spin-wave excitations using linear spin-wave theory in combination with the supercell
approximation to take into account the extreme disorder in this magnetic system. We find that the experimentally
observed antiferromagnetic structure can be stabilized by a rhombohedral distortion together with large second-
nearest-neighbor interactions. Our calculations show that the spin-wave spectrum consists of a well-defined low
energy coherent spectrum in the background of an incoherent continuum that extends to higher energies.
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I. INTRODUCTION

Entropy stabilization means that a single phase is stabilized
by the mixing entropy gained from randomly distributing a
number of elements, typically five or more, over a single
crystal lattice [1]. In 2015 a new family was added to the
class of high entropy materials with the discovery of the high
entropy oxides (HEOs). By mixing equimolar amounts of
MgO, CoO, NiO, CuO, and ZnO, Rost et al. [2] found that
Mg, ,C0¢.2Nig2Cug2Zng 2O (hereafter MgO-HEO) could be
stabilized in a simple rock-salt structure in which the oxygen
atoms occupy one of the face-centered cubic (fcc) sublat-
tices and the cations are randomly distributed over the other
fcc sublattice. The entropy stabilized nature of the phase is
apparent when considering that CuO and ZnO do not form
in the rock-salt structure that forces Cu and Zn into octahe-
dral coordination. Rost et al. demonstrated that the sample
could be switched between a multiphase structure and the
aforementioned single phase rock-salt structure by repeated
heating and cooling, thereby proving the reversibility of the
entropy-driven transition. Furthermore, a combination of x-
ray diffraction, x-ray absorption fine structure, and scanning
transmission electron microscopy with energy dispersive x-
ray spectroscopy showed that the MgO-HEO sample was
chemically and structurally homogeneous [2]. The HEOs are
not only interesting from a basic scientific point of view,
but also exhibit promising functional properties, such as high
Li-ion storage capacity and cycling stability [3], colossal di-
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electric constants [4], superionic conductivity [5], and a high
ratio of elastic modulus to thermal conductivity [6]. In addi-
tion to rock-salt HEOs, HEOs with perovskite [7-9], fluorite
[10,11], and spinel [12] structures have been discovered, to-
gether with high entropy carbides [13,14], borides [15], and
chalcogenides [16].

The magnetic properties of MgO-HEO had remained
largely unexplored, until recently. Exchange bias measure-
ments of permalloy/MgO-HEO heterostructures revealed
that MgO-HEO is an antiferromagnet [17]. In two subse-
quent studies, neutron diffraction and magnetic susceptibility
measurements have shown that bulk MgO-HEO displays anti-
ferromagnetic (AFM) order with Néel temperatures reported
to be 113 [18] and 120 K [19], with magnetic moments
arranged in the same AFM ground state as NiO and CoO
[20,21]. In this so-called AFM order of the second kind, spins
are parallel within the (111) planes and antiparallel between
the (111) planes (see Fig. 1). Inelastic neutron scattering mea-
surements have shown that spin-wave excitations are gapped,
with a spin gap on the order of ~7 meV [22]. The gap
is gradually buried in quasielastic fluctuations upon heating
towards Ty. Interestingly, the spin-wave excitations persist
above Ty, up to room temperature [18]. Unlike in binary
oxides such as NiO and CoO, no strong lambda anomaly
has been observed in the specific heat [18,19]. Recent muon
spin relaxation measurements [22] indicate that MgO-HEO
undergoes a broad continuous AFM phase transition start-
ing at 140 K and being fully ordered at 100 K, explaining
why the specific heat anomaly is very weak and broad. The
discovery of magnetic long-range order in MgO-HEO leads
to a number of questions. How can the experimentally ob-
served AFM long-range order be stabilized in the presence
of the randomly distributed moments of Co, Ni, and Cu and
the 40% of spin vacancies created by the nonmagnetic Mg
and Zn ions? What is the nature of spin-wave excitations in
such an extremely disordered magnetic environment? How
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FIG. 1. Spins on a face centered cubic lattice arranged in the
antiferromagnetic order of the second kind with ordering wave vector
g = (1/2,1/2,1/2) in which the spins are within/between the (111)
planes and aligned ferromagnetically/antiferromagnetically. Under
the rhombohedral distortion, the nearest-neighbor exchange coupling
is split into J; /J| between spins within/between the (111) planes,
whereas the second-nearest-neighbor exchange coupling J, is not
split.

do the magnetic properties of MgO-HEO compare with those
of Ni;_,Mg,O [23], Ni;_,Zn,O [24], and Co;_Mg,O [25],
which also display antiferromagnetic order in the presence of
similarly large spin-vacancy concentrations?

In this paper, we theoretically investigate the magnetic
ground state and spin-wave excitations in the high entropy ox-
ide MgO-HEO. We model the Co**, Ni**, and Cu*" cations
with spins of size 3/2, 1, and 1/2, respectively, and the
Mg?* and Zn?* cations as being spin vacancies. We randomly
distribute the cations on a rhombohedrally distorted face-
centered cubic lattice and analyze the magnetic properties
via linear spin-wave theory in combination with the super-
cell approximation. We find that large next-nearest-neighbor
exchange couplings and large rhombohedral distortions are
required in order to stabilize the experimentally observed
antiferromagnetic ground state with propagation vector g =
(1/2,1/2,1/2). The spin-wave excitation spectrum of our
model for MgO-HEOQ consists of a coherent component at low
energies and an incoherent component at high energies. We
also model Coy33Nip33Cug 330 containing moment-size dis-
order only and Nip Mg, ,O containing spin-vacancy disorder
only. We find qualitative differences in the spin-wave spectra
of these systems compared with that of MgO-HEO. Finally
we also investigate the influence of disorder on the spin-wave
gap and find that it is proportional to the average moment size
per lattice site.

II. METHODS

In order to qualitatively investigate the ground state and
spin-wave excitations in MgO-HEO, we use a simplified
model. X-ray absorption spectroscopy [18] and extended x-
ray absorption fine structure [26] are indicative of the cations
in MgO-HEO being divalent. In addition, electron paramag-

netic resonance [19] and density functional theory (DFT) [27]
have shown that Co?* is in the high spin state. Based on
these experimental and theoretical results, we treat the Zn>*
and Mg?* cations as spin vacancies and the Co*", Ni** and
Cu?* cations as spins with moment sizes 3/2, 1, and 1/2,
respectively, ignoring orbital contributions here. To describe
the interactions between the magnetic moments, we take
into account the nearest- and next-nearest-neighbor exchange
couplings. In the rock-salt structure, the nearest-neighbor
cations are connected through a cation-oxygen-cation group
that has a bond angle of 90°. For the second-neighboring
cations, the mediating oxygen ions are located in between the
two cations, such that the cation-oxygen-cation bond angle
is 180°. Therefore, according to the Goodenough-Kanamori
rules for superexchange [28,29], the nearest-neighbor spin
interactions are ferromagnetic and the next-nearest-neighbor
interactions are stronger and antiferromagnetic. This is also
what has been concluded from DFT calculations for CoO
[30], NiO [31], and MgO-HEO [32] and from some inelastic
neutron scattering studies for NiO [33] and CoO [34]. Finally,
we incorporate a rhombohedral distortion into our model.
On an undistorted fcc lattice the antiferromagnetic order of
the second kind will be a mixture of four degenerate or-
dering wave vectors: g = (1/2,1/2,1/2), (—1/2,1/2,1/2),
1/2,-1/2,1/2), and (1/2,1/2,—1/2). A rhombohedral
distortion with the trigonal axis along the [111] direction will
naturally stabilize the ¢ = (1/2, 1/2, 1/2) configuration in
favor of the other three ordering wave vectors [35]. Putting
it all together, we consider the following model:

{rrp {rra
-5 Y 88 -Kk> s, (1)
({r.r'))a r

where r labels the sites on the disordered cation fcc lat-
tice, ((r,7'))1, labels the first-nearest neighbors within the
ferromagnetic (111) planes, ({(r, r'))1, labels the first-nearest
neighbors between the ferromagnetic (111) planes, and
((r, r'}), labels the second-nearest neighbors. Overall our sim-
plified model depends on four parameters, J; = Ji(1 — A),
J», and K, where A quantifies the strength of the rhombohe-
dral distortion and K quantifies the magnetic anisotropy. This
model captures the disorder due to the random distributions
of the Co?**, Ni**, and Cu?>" moment sizes and treats the
Mg** and Zn** equivalently as spin vacancies. For simplicity,
disorder in the magnetic exchange couplings [32] has been
ignored.

To study the spin-wave excitation spectra of our model
for MgO-HEO, we use a combination of linear spin-wave
theory [36] and the supercell approximation [37]. The linear-
spin-wave formalism consists of two steps. First the classical
ground state configuration is determined. To this end we use
the conjugate gradient method as implemented in the Sp-
inGlassSW computer program [38]. In the second step, the
classical ground state is used to perform a Holstein-Primakoff
transformation so that our interacting quantum-spin model
(1) can be approximated as a quadratic boson Hamiltonian
that can be solved with exact diagonalization. To treat the
strong magnetic disorder in our model for MgO-HEO, we
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FIG. 2. Magnetic ground states for a Cos;Nis, Cus;Mgs,Znyg su-
percell in the case of isotropic interactions (K = 0) with (a) J, =
—Ji, A =0and (b) J, = —15J;, A =0.5.

use the supercell approximation in which the disordered sys-
tem is approximated by a large number of supercells, within
which the cations are disordered but beyond which they are
artificially periodic. For other studies using linear spin-wave
theory in combination with the supercell approximation, we
refer to Refs. [39,40], and for alternative methods to simu-
late magnetic excitations in disordered systems we refer to
Refs. [41,42].

III. GROUND STATE

Before studying the spin-wave excitations in MgO-HEO,
we first focus on the stability of the ¢ = (1/2, 1/2, 1/2) AFM
ground state depicted in Fig. 1. In the ordered fcc spin lattice
this AFM ground state is stabilized in the parameter regime
[J2/Ji] > 1 — A [35]. Here J; > 0 is the FM nearest- and
J» < 0 is the AFM next-nearest-neighbor exchange coupling,
and A parametrizes the strength of the rhombohedral dis-
tortion (see Fig. 1). From this inequality we can see that
the ¢ = (1/2,1/2,1/2) AFM ground state becomes more
stable upon increasing the magnitude of the second-nearest
exchange coupling and the rhombohedral distortion. Figure 1
shows that this makes intuitive sense. By inducing a rhombo-
hedral distortion, the magnitude of the FM exchanges within
the (111) planes (J;) will increase relative to those between
the (111) planes [J{ = J;(1 — A)]. The AFM J, exchange
only couples moments between the (111) planes and therefore
helps to further stabilize the ¢ = (1/2, 1/2, 1/2) AFM ground
state.

In the presence of disorder, the stability arguments for the
q=(1/2,1/2,1/2) AFM ground state qualitatively work the
same. In Fig. 2 we consider a 4 x 4 x 4 orthogonal super-
cell relative to the conventional fcc unit cell. This supercell
contains 52 § =3/2, 52 S =1, and 52 S = 1/2 moments
corresponding to the randomly positioned Co, Ni, and Cu
cations, respectively. That leaves 100 randomly distributed
spin vacancies corresponding to the Mg and Zn cation sites.
Figure 2(a) illustrates that for J, = J; and A = 0, the ground
state is in some noncollinear configuration. Upon increasing
the second-nearest exchange to J, = —15J; and the rhombo-
hedral distortion to A = 0.5, the g = (1/2,1/2,1/2) AFM
configuration is stabilized despite the disorder [see Fig. 2(b)].
We note that the positions of the moments within the super-

TABLE I. Percentage of orthogonal Cos,Nis,Cus,Mgs,Znyg su-
percells being in the ¢ = (1/2, 1/2,1/2) AFM ground state in the
case of isotropic interactions: K = 0, obtained from simulating 100
Cos,Nis,Cus;Mgs,Znyg supercells.

h=— h=-2)y L=-5 J=-15]
(%) (%) (%) (%)
A =0.0 0 0 0 6
A=0.1 0 0 0 42
A=02 0 0 20 81
A=05 2 65 94 95

cells in this paper have been randomized under the constraint
that in the ¢ = (1/2, 1/2, 1/2) AFM configuration, the total
moment is zero. To accomplish this, we divide the fcc lattice
into two sets of parallel (111) planes. We distribute the cations
in such a way that the sum of the total moments in the planes
for which in the ¢ = (1/2, 1/2, 1/2) AFM state the moments
are up [e.g., the purple plane in Fig. 2(b)] is equal to the
sum of the total moments in the planes for which in the
q=(1/2,1/2,1/2) AFM state the moments are down [e.g.,
the blue plane in Fig. 2(b)]. We note that in this paper we
have chosen the number of cations of each species to be even.
In principle that constraint could have been relaxed to reach
distributions closer to the equiatomic limit.

We now quantitatively investigate the stability of the ¢ =
(1/2,1/2,1/2) AFM ground state by varying the second-
neighbor exchange coupling and the rhombohedral distortion
parameter over a range of values. For each of the 4 x 4
parameter combinations listed in Table I, we simulate 100 or-
thogonal disordered Cos;Nis;Cus;Mgs,Znug supercells, again
under the constraint that the total moment is zero in the
q=(1/2,1/2,1/2) AFM configuration. For each supercell,
we minimize the classical energy via the conjugate gradient
method, starting from 20 different random spin configura-
tions. The configuration with the lowest energy is assigned
to be the ground state. The average percentage of energy
minimizations for which the ground state is found strongly
depends on the model parameters. Reaching the ground state
is the hardest for A = 0.0 and J, = —15J; for which the
lowest energy is typically reached only in two of the 20 energy
minimizations. For A = 0.5 and J, = —15J; on the other
hand the ground state configuration is typically found in eight
of the 20 energy minimizations. In total 4 x 4 x 100 x 20 =
32 000 energy minimizations have been performed to produce
Table I. To determine whether the ground state energy cor-
responds to the ¢ = (1/2, 1/2, 1/2) AFM configuration, we
considered the average of the absolute difference for each of
the spin vectors in these configurations. Appendix A contains
more details about how we differentiate spin configurations.

As expected, the percentage of cases for which the g =
(1/2,1/2,1/2) AFM ground state is realized increases as a
function of the next-nearest exchange coupling J, and the
rhombohedral distortion A (see Table I). Yet the strength of
the parameters required to stabilize the ¢ = (1/2,1/2,1/2)
AFM ground state is considerably higher than for the ordered
case, due to the disorder. For example, for the ordered case
with A = 0.1, J», = —0.9J; is sufficient. Our model for the
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FIG. 3. Spin-wave spectra of ordered CoO (left), NiO (middle),
and CuO (right) fcc lattice spin models with J, = —15J;, A = 0.5, 0.005
and K = 0. 0

disordered MgO-HEO with A =0.1 and J, = —15J; real-
izes the g = (1/2,1/2,1/2) AFM ground state in only 42%
of the configurations. Another interesting observation is that
for A =0 and J, = —15J;, 6% of the configurations resides
in the ¢ = (1/2,1/2,1/2) AFM ground state, even with-
out a thombohedral distortion. To investigate the influence
of anisotropy, we have performed the same energy mini-
mization procedure for a set of smaller CogNigcCusMgsZng
supercells. From comparing Tables III and IV, we see that the
number of configurations, for which the ¢ = (1/2,1/2,1/2)
AFM ground state is realized, is essentially the same for the
isotropic case (K = 0) and the anisotropic case (K = 0.05 J)),
respectively.

IV. SPIN-WAVE EXCITATIONS

Having understood the stability regime of the classical
q=(1/2,1/2,1/2) AFM ground state for our MgO-HEO
model, we move on to study the corresponding spin-wave
excitation spectrum. To that end we will focus on the pa-
rameters J, = —15J; and A = 0.5 and assume the ground
state to be the ¢ = (1/2, 1/2, 1/2) AFM configuration. Before
analyzing the influence of disorder in our MgO-HEO model, it
is instructive to consider the spin-wave spectra of the ordered
CoO, NiO, and CuO fcc spin models shown in Fig. 3. We
notice two things. First, the energy range of the spin-wave
spectra is proportional to the moment magnitude, S = 3/2, 1,
and 1/2, of the Co, Ni, and Cu cations, respectively. Second,
we convoluted the spin-wave spectra with a Gaussian of width
0.5J; for the purpose of visualization. Other than that, the
spin-wave bands in Fig. 3 are sharp in momentum and energy
space.

In Fig. 4 we present the spin-wave spectra for our MgO-
HEO model. These spectra are obtained from averaging over
100 configurations, each containing 250 fcc lattice sites on
average, over which the Co, Ni, and Cu moments and the
Mg and Zn spin vacancies are randomly distributed. We again
use the constraint described in the previous section that the
total moment vanishes in the ¢ = (1/2, 1/2, 1/2) AFM state.
To better average the disorder configurations, we not only
randomly distribute the cations within the supercells, but also
randomly change the shapes of the supercells themselves, as
Appendix B explains. Comparing the spin-wave spectrum of
the strongly disordered MgO-HEO model in Fig. 4 to those
of our models for the ordered CoO, NiO, and CuO systems
in Fig. 3 reveals notable differences. First, the spin-wave

0 02 04 06 08 1
(HiH!H)

FIG. 4. Spin-wave spectrum of the Mg ,Co2Nig,Cu,Zng,0
fce lattice spin model with moment size and spin vacancy disorder,
obtained from averaging over 100 nonorthogonal supercells with 250
fcc lattice sites on average and J, = —15J;, A = 0.5, and K = 0.

spectrum of the MgO-HEO model displays large broadenings
in energy and momentum space corresponding to the short
lifetimes and short mean free paths of the spin waves due to
the presence of strong disorder.

Another striking difference is that for the MgO-HEO
model the spin-wave spectrum can be characterized by two
regions. In the low energy regime, roughly within [0, 10]J,
the spin-wave spectrum exhibits a relatively sharp disper-
sion. At higher energies, roughly within [10, 100]J;, the
spin-wave spectrum broadens to such an extent that there is
barely any dispersion left. This featureless incoherent part
of the spin-wave spectrum should experimentally be dif-
ficult to distinguish from the background. Therefore, the
observed spin-wave dispersions in inelastic neutron scat-
tering most likely corresponds to the coherent part of the
spin-wave spectrum in our theoretical calculations. To fur-
ther illustrate the coherent and incoherent portions of the
spin-wave spectrum for the MgO-HEO model, Fig. 9 in
Appendix D presents energy distribution curves for eight fixed
momenta near the ¢ = (1/2,1/2,1/2) AFM ordering wave
vector. At this point, we do not have an explanation for the
origin of the ~10J; energy scale at which the sharp dispersion
and the broad continuum separate. Since a large concentration
of spin vacancies cannot, to the best of our knowledge, be
treated perturbatively, we do not know how to derive an ana-
lytical formula for the coherent-incoherent separation energy.

Note that for the spin-wave spectra of our disordered mod-
els (see Figs. 4-6, 9, and 10), a logarithmic scale is used for
the spin-wave intensity. We also note that the sizes of the
supercell Brillouin zones are strongly reduced with respect to
the size of the normal cell Brillouin zone corresponding to
the primitive cell of the g = (1/2, 1/2, 1/2) AFM state (see
Fig. 7). This leads to the formation of numerous spin-wave
branches and gap openings. As the supercells become larger,
these extra bands merge to form the physical broadenings of
the spin-wave dispersions. This is closely related to disorder
induced broadenings of electron and phonon bands simulated
via supercell unfolding [43-46].
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FIG. 5. Spin-wave spectrum of the Coy 33Nig 33Cug 330 fcc lattice
spin model with moment size disorder and without spin vacancy
disorder, obtained from averaging over 100 nonorthogonal supercells
with 250 fcc lattice sites on average and J, = —15J;, A = 0.5, and
K =0.

Next we dissect the consequences of the two different types
of disorder in our MgO-HEO model: the moment size disorder
induced by the Co, Ni, and Cu cations and the spin-vacancy
disorder induced by the Mg and Zn cations. In Fig. 5 we focus
on the moment size disorder by presenting the spin-wave
spectrum of the Cog33Nip33Cug330 model in which there
is only moment size disorder, but no spin-vacancy disorder.
We note two differences between Figs. 4 and 5. First, the
low energy part of the spectrum of the Cog 33Nig33Cu 330
model is much sharper than for our MgO-HEO model. This
illustrates that the scattering of low energy spin waves against
moment size disorder is strongly suppressed as a function of
energy. The situation is analogous to the case of low energy
acoustic phonons scattering against mass disorder, for which
in three dimensions the mass perturbation is proportional to
the quadratic power of the energy; see Ref. [47] and references

100 1
05
S
& 50 0.05
(0]
C
L
0.005
0

0 02 04 06 038 1

(H,H,H)

FIG. 6. Spin-wave spectrum of the Nig Mg ,O fcc lattice spin
model without moment size disorder and with spin vacancy disorder
obtained from averaging over 100 nonorthogonal supercells with 250
fce lattice sites on average and J, = —15J;, A = 0.5, and K = 0.

?

FIG. 7. Primitive cell of the ¢ = (1/2,1/2,1/2) AFM config-
uration spanned by a;, a,, and a; imbedded in the corresponding
orthogonal conventional cell spanned by A, = 3a; —a, — a3, Ay =
—a; + 3&2 — as, and A3 = —a; —a; + 3a3

therein. A second difference is that the magnon propagation
velocity, that is the slope of the low energy spin-wave band
close to the ¢ = (1/2,1/2, 1/2) AFM ordering wave vector,
is significantly higher. Similarly, the maximum energy of the
spin-wave intensity is also higher. The reason for the reduction
of the magnon propagation velocity and the maximum energy
of the spin-wave intensity in the MgO-HEO is the presence
of the spin vacancies, which make it energetically less costly
for the remaining spins to rotate away from the AFM ground
state.

In Fig. 6 the spin-wave excitation spectrum for the
Nip sMg, ,O model is presented. In this model there is an
equal concentration of disordered spin vacancies as in the
MgO-HEO model, but no moment size disorder. The magnon
propagation velocities and the maximum energy of the spin-
wave intensity in Figs. 4 and 6 are quite similar. Moreover,
the spin-wave excitation spectrum for the Nip ¢Mg, ,O model
is coherent roughly within [0, 10]J; and incoherent within
[10, 100]J;, just as for the MgO-HEO model. One conspic-
uous difference is that the incoherent part of the spin-wave
excitation spectrum of Nip ¢Mg, ,O shows a number of strong
gaps and kinks. Diluted fcc antiferromagnets have been real-
ized experimentally. For example, g = (1/2, 1/2,1/2) AFM
order in the presence of large spin-vacancy concentrations
has been observed in Ni;_,Mg,O [23], Ni;_,Zn,O [24], and
Co;_Mg,O [25]. It would be interesting if the kinks and gaps
in our Nig ¢Mg, ,O simulations could be observed experimen-
tally. The nature of the kinks and gaps in the NipsMg, 4O
originates from the different distributions of Mg spin vacan-
cies around the local Ni spins. Specifically, Fig. 10 shows
that the gap structure in the spin-wave excitation spectrum
correlates with the number of next-nearest-neighbor Mg spin
vacancies that surround the Ni spins.

Finally, we investigate the influence of magnetic disorder
on the spin-wave gap. Table II lists the spin gaps induced by
an easy-axis anisotropy K = 0.05J; for various model sys-
tems. For the CoO, NiO, and CuO models without disorder,
we see that the spin-wave gap is proportional to the size
of the cation moments, as expected. To extract the spin gap
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TABLE II. Spin gaps induced by easy-axis anisotropy K =
0.05J; for ordered and disordered fcc lattice spin models with various
cation compositions with J, = —15J; and A = 0.5.

Spin gap (J1)

CoO, NiO, CuO 6.26,4.17,2.09
Coo,gNiO‘ZCuo‘zMgO‘ZZnO.ZO 2.47
C00_33N10.33Cu0,330 4.32
Nig_ﬁMgOAO 2.55

for our disordered models, we fit the spin-wave excitation
spectrum at the ¢ = (1/2, 1/2, 1/2) AFM ordering wave vec-
tor with a Gaussian. The spin-wave gap that we obtain for
Co0.33Nig 33Cu0.330 is nearly equal to that for our NiO model.
This suggests that the the spin-wave gap is proportional to the
average moment size: %(3/2 + 14 1/2) = 1. This is further
confirmed by the fact that the spin-wave gaps of the MgO-
HEO and the NipsMg,,O model are close in energy. For
these two models we also notice that the spin gap is roughly
proportional to (1 — x) with x the vacancy concentration. For
example, the spin-wave gap of NiO multiplied by the moment
concentration is 0.6 x 4.17 = 2.51, i.e., approximately equal
to the spin-wave gap of Nip Mg ,O of 2.57, and of Mg-HEO
of 2.43. Overall, we find that the spin gap in our model is
roughly proportional to the average moment size if we count
the spin vacancies as having zero magnetic moment. Most
likely, the reason for this simple behavior lies in the long
wavelengths of the gapped spin waves, which average out the
effects of disorder.

V. DISCUSSION

In our paper we have qualitatively modeled the magnetic
ground state and spin-wave excitations in MgO-HEO with a
rhombohedrally distorted fcc spin model that depends on four
global parameters and fully takes into account the moment
size and spin-vacancy disorder. One aspect not modeled here
and to be considered in future studies is the influence of disor-
der in the exchange couplings on the spin-wave excitations.
Recently, the exchange couplings in MgO-HEO have been
computed from first principles [32]. From fitting the total
energy of three magnetic configurations in six ordered cation
distributions, the ratio of the second- to first-nearest-neighbor
exchange couplings was found to vary from J, = —11.4J;
for Ni-Ni pairs to J, = —2.6J; for Cu-Cu pairs, with an
average ratio of J, = —6.6J;. This is reasonably consistent
with our conclusion that J, = —5J; is needed to stabilize a
significant portion of the disordered configurations in the g =
(1/2,1/2,1/2) AFM ground state. In this same study [32]
an average fitting of the exchange coupling was performed
via calculations in a large disordered supercell and led to the
conclusion that J, = —15.1J;, very close to the value used
in our paper to study spin-wave excitations. Another aspect
that would be significant to consider is the influence of local
distortions on the exchange couplings. Local Jahn-Teller dis-
tortions of the oxygen anions surrounding the Cu* cations
have been observed in MgO-HEO via extended x-ray absorp-
tion fine structure spectroscopy [26], electron paramagnetic

resonance, and x-ray diffraction studies [48]. From DFT [49]
it is concluded that these Jahn-Teller distortions are randomly
orientated. Such distortions could induce a large spread in the
exchange couplings even for first- or second-nearest-neighbor
couplings of a fixed interspecies pair. For example, for the
high entropy alloy CrFeCoNi, DFT calculations show that
the nearest-neighbor Fe-Fe interactions can fluctuate roughly
between +10 and —10 meV depending on the local chemical
environment [50]. A realistic spin model can be benchmarked
against inelastic neutron scattering. Features that can be used
to constrain the model are the experimentally observed spin-
wave gap of 7 meV [22] and the magnon propagation velocity
[18]. In addition, our current paper has found that the spin-
wave excitations in MgO-HEO consist of a coherent part and a
featureless incoherent part. Inelastic neutron scattering exper-
iments on MgO-HEO are most likely only able to resolve the
coherent portion of the spin-wave spectrum. The maximum of
the coherent spectra (in our current simulations roughly equal
to 10J}) is an additional quantitative aspect of the spin-wave
spectrum that can be benchmarked against inelastic neutron
scattering. In order to make detailed comparisons against the
experiments, powder averaging will need to be taken into
account. Performing a spherical average over the momenta in
combination with the treatment of strong disorder will be a
computational challenge.

Another interesting aspect to consider in future investi-
gations is the magnetic frustration induced by competition
between the first- and second-nearest-neighbor exchange cou-
plings. In this paper we have worked under the assumption
that below the Néel temperature, MgO-HEO orders in the
q=(1/2,1/2,1/2) AFM ground state. This is what has been
reported based on neutron diffraction studies on MgO-HEO
and it is also the ground state that has been experimentally
observed for the end members NiO and CoO [20,21]. How-
ever, it is possible that no global rhombohedral distortion takes
place. Indeed, as of yet, no global distortion has been observed
experimentally, although this could also be due to limited res-
olution. In the absence of a rhombohedral distortion, the AFM
ground state of MgO-HEO could be a mixture of the four
ordering wave vectors ¢ = (1/2,1/2,1/2),(—1/2,1/2,1/2),
(1/2,—-1/2,1/2), and (1/2,1/2,—1/2) as is the case for
the ordered fcc model with weak nearest FM and strong
next-nearest AFM couplings [35]. Note that such a ground
state is not a mixture of single ¢ domains; even within the
domains the four ¢ vectors are mixed. The AFM ground
state has been resolved from powder diffraction for which
it is not possible to distinguish between the single or the
mixed g state. Interestingly, in the absence of a rhombohedral
distortion, the first-nearest-neighbor interaction is frustrated.
As can be seen in Fig. 1, half of the nearest FM exchange
couplings, labeled J|, are frustrated in the ¢ = (1/2, 1/2, 1/2)
configuration. A moderate frustration, expressed as the ratio
of the Curie-Weiss temperature over the Neel temperature, has
in fact been reported for MgO-HEO [19]. Frustration of the
nearest-neighbor interaction could possibly also explain some
of the other curious magnetic properties of MgO-HEO, such
as for example the broad phase transition ranging from 140
to 100 K [22], the persistence of spin-wave excitations up to
room temperature [ 18], and the bifurcation of the field cooled
and zero field cooled magnetic susceptibility [18,19].
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VI. CONCLUSION

In this paper we have investigated the spin-wave excita-
tions in the high entropy oxide Mg, ,Cop2Nig,Cug2Zny,0
(MgO-HEO). To model the magnetic interactions in
MgO-HEO, we utilize a fcc spin model with FM nearest- and
AFM next-nearest-neighbor interactions in the presence of
a rhombohedral distortion and magnetic anisotropy. The Co,
Ni, and Cu cations are modeled as spins with a moment size of
3/2, 1, and 1/2, respectively, whereas the Mg and Zn cations
are taken to be spin vacancies. We employ linear spin-wave
theory in combination with the supercell approximation to
treat the disorder in order to theoretically investigate the
ground state and the spin-wave excitations. Stabilizing the
experimentally reported g = (1/2,1/2,1/2) AFM ground
state in our disordered model for MgO-HEO requires
significantly larger second-nearest-neighbor interactions
and rhombohedral distortions compared to the case without
disorder. The calculated spin-wave spectrum of MgO-HEO
consists of a coherent dispersive part at low energies, whereas
at higher energies the spectrum is incoherent due to the
disorder induced broadening. To differentiate the influence
of moment size disorder and the spin-vacancy disorder we
compute the spin-wave spectrum of Cog33Nip33Cug 330
and Nip Mg, ,O and find these to be qualitatively different
from each other and from the one of MgO-HEO. We
also investigated the spin-wave gap for various cation
compositions and find that for the considered model, it is
proportional to the average moment size per lattice site.
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APPENDIX A: DIFFERENTIATING SPIN
CONFIGURATIONS

To quantify how close the ground state of a disordered su-
percell is to the g = (1/2, 1/2, 1/2) AFM configuration, one

could compute the g = (1/2, 1/2, 1/2) AFM energy relative
to the ground state energy. However, for comparing among
different parameter sets, the energy is not a good measure
because for a given configuration the energy varies as a func-
tion of the parameters. Therefore, instead we use the spin
configuration of the ground state to determine its closeness to
the g = (1/2,1/2,1/2) AFM configuration. To this end, we
define the difference between two spin configurations as the
absolute difference of the spin vectors averaged over the spins
in the configurations. While doing this, we have to be mindful
of the rotational invariance when computing this difference.
For example, in the isotropic case the difference between two
spin configurations should not depend on an overall rotation
of either of the spin configurations. To this end, we define the
difference between spin configurations A and B as follows.
We first perform an overall rotation of configuration B such
that its first spin aligns as much as possible with the first
spin of configuration A and then compute the average absolute
difference of the spin vectors. To not bias our measure of
difference toward the first spin, we also repeat the procedure
with aligning each of the other spins as much as possible.
Following the above, the difference of spin configurations B
and A is given by

ASME = ]% doIst skt (A1)

where N is the total number of spins, S is the spin vector of
spin 7 in configuration A, and

Sp? =ULPsy (A2)
is the spin vector of spin r in configuration B that is rotated to
align its spin ' as much as possible with the corresponding
spin ' in configuration A. For isotropic interactions, the
rotation matrix is an element of the three-dimensional rotation
group: U4 € SO(3). In that case, the spin ' of configuration
A and B can be perfectly aligned. In the presence of an
easy-axis anisotropy K > 0, the rotation matrix is an element
of the product of the group of 2D rotations around the easy
axis and the group of reflections in the plane perpendicular
to the easy axis : UZ € SO(2) x Z,. For example, suppose
we have an easy axis along the z direction and we have
two spins: S4 = (cos(¢a) sin(4), sin(g4) sin(f4), cos(64))
and Sp = (cos(¢p) sin(Og), sin(¢p) sin(fg), cos(fp)).
In that case the rotation matrix U4® rotates Sg to
(cos(¢a) sin(fp), sin(¢s) sin(fy), cos(Py)) with 6z  such
that sgn(cos(6;)) = sgn(cos(64)) and | cos(8y)| = | cos(0p)|.

Having defined a measure to differentiate two spin config-
urations, we have to choose a cutoff below which we consider
two spin configurations to be equal. In this paper, we con-
sider a spin configuration A to have the ¢ = (1/2,1/2,1/2)
AFM ground state if AS < 107*. For example, the config-
uration in Fig. 2(b) [Fig. 2(a)] has AS equal to 0.000 02
(2.126 36) and therefore is considered to be (not to be) in the
q=(1/2,1/2,1/2) AFM ground state.

APPENDIX B: NONORTHOGONAL SUPERCELLS

To better average the disorder configurations we not only
randomly distribute the cations within the supercells, but also
randomly change the shapes of the supercells themselves [37].
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Cuq Mgo nQ

FIG. 8. One of the nonorthogonal supercells used for computing
the disorder-configuration averaged spin-wave spectra.

To construct the nonorthogonal supercells, we first consider
the primitive cell of the antiferromagnetic order of the second
kind with ordering wave vector ¢ = (1/2,1/2,1/2) illus-
trated in Fig. 7.

We construct nonorthogonal supercells that are super-
cells relative to the primitive cell of the ¢ = (1/2,1/2,1/2)
AFM configuration. We note that while these resulting
nonorthogonal supercells satisfy the boundary conditions of
the ¢ = (1/2,1/2, 1/2) AFM configuration, they do not sat-
isfy the boundary conditions of the g = (—1/2,1/2,1/2),
(1/2,-1/2,1/2), and (1/2,1/2,—1/2) supercells. As a
result, the ¢ = (1/2,1/2,1/2) AFM configuration is sig-
nificantly more stable in these nonorthogonal supercells
compared to the orthogonal ones used to determine the ground
state configuration in Sec. III. We select the sizes of these
supercells to be within 115 and 135 ¢ = (1/2, 1/2, 1/2) AFM
primitive cells, corresponding to 230 and 270 cation sites.
We allow the unit cell angles to vary between 80 and 100°.
In Fig. 8 we illustrate one of the nonorthogonal supercells
used for computing the disorder-configuration averaged spin-

wave spectra. It is spanned by A; = —a; + 5a, — 5a3, Ay =
—4ay + 4a, + 2a3, and A3 = S5a; + a, — 3as. It contains 248
cations and its unit cell angles are o« = 83.1354, 8 = 90, and
y = 85.904.

APPENDIX C: ADDITIONAL GROUND STATE RESULTS

Tables III and IV show that the number of configurations,
for which the ¢ = (1/2, 1/2, 1/2) AFM ground state is real-
ized, is essentially the same for the isotropic case (K = 0) and
the anisotropic case (K = 0.05J;), respectively.

TABLE III. Probability of an orthogonal CogNisCusMgZng su-
percell being in the ¢ = (1/2,1/2,1/2) AFM ground state in the
case of isotropic interactions: K = 0, obtained from simulating 100
CogNigCusMg,Zng supercells.

h=—-h L=-2 JLh=-5, JL=-15]
(%) (%) (%) (%)
A =0.0 0 0 0 1
A=0.1 0 0 6 9
A =02 0 4 20 23
A=05 27 47 63 68

TABLE IV. Probability of an orthogonal CogNisCusMg,Zng su-
percell being in the ¢ = (1/2,1/2,1/2) AFM ground state in the
case of anisotropic interactions: K = 0.05J,, obtained from simulat-
ing 100 CosNigCusMg¢Zng supercells.

J=—J J, ==2J; J,=-=5] J,=-15J;
(%) (%) (%) (%)
A =00 0 0 1 2
A =0.1 0 1 6 14
A=02 1 10 18 22
A =05 33 49 64 70
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APPENDIX D: ADDITIONAL SPIN-WAVE EXCITATION
RESULT

Figures 9 shows eight energy distribution curves for fixed
momenta near the ¢ = (1/2,1/2,1/2) AFM ordering wave
vector, to further illustrate the coherent and incoherent por-
tions of the spin-wave spectrum for the MgO-HEO model.
Fig. 10 shows that the gap structure in the spin-wave exci-
tation spectrum correlates with the number of next-nearest
neighbor Mg spin vacancies that surround the Ni-spins.

10 E:o.ss —
— -0.57 =
T H=0.56 —— [
I 1 H=0.55 -
T H=0.54 —— =
! s —
S =052 —— |
~ 04 H=051 —— =
3 =
S 0.0 _
6)’ .

0 10 20 30 40 50
Energy (J;)

FIG. 9. Energy distribution curves of the spin-wave spectrum
of the disordered Mg, ,Coy>Nig,Cuy,Zn,,0 fcc lattice spin model
obtained from averaging over 100 nonorthogonal supercells with 250
fcc lattice sites on average and J, = —15J;, A = 0.5, and K = 0.

100 1
0.5
S
& 50 0.05
()
c
L
0.005
0
0 02 04 06 08 1
(H,H,H)
100 1
0.5
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(0]
C
L
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FIG. 10. Spin-wave spectrum of the Niy (Mg, 4O fcc lattice spin
model without moment size disorder and with spin vacancy disorder
obtained from averaging over 100 nonorthogonal supercells with 250
fcc lattice sites on average and J, = —15J;, A =0.5, and K =0,
projected on spins that have two (upper panel) and three (lower
panel) next-nearest-neighbor spin vacancies.
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