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ABSTRACT

We report the stabilization and investigation of a hitherto unexplored high-entropy spinel oxide with the composition
(Mg .2Cog »2Nig ,Cug ,Zny »)(Crg 4Mng 4Feq 4Aly 4Gag 4) Oy, representing the spinel compound with five distinct elements at both the tetrahe-
dral and octahedral sites in the spinel structure. Detailed structural characterization using x-ray diffraction (and scanning electron micros-
copy) confirms the cubic crystal structure, while DC magnetic and AC susceptibility measurements reveal complex magnetic behavior below
150K and spin glass state at 37 K. AC susceptibility measurements along with zero-field-cooled and field-cooled memory effect and aging
effect confirm the spin glass state of the material. The power law and Vogel-Fulcher analyses confirm this material’s cluster spin glass state.
This work highlights the potential of entropy-driven design in tailoring multifunctional materials for advanced applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0242505

High entropy oxides (HEOs) have recently emerged as a transfor-
mative frontier in materials science, with the potential to fundamen-
tally reshape material design and properties."” HEOs are characterized
by significant configurational entropy, resulting from forming a solid
solution where multiple metal cations (typically five or more) share a
single sublattice. For these oxides, the configurational entropy becomes
so dominant that it influences the free energy (AG = AH — TASiy)
during high-temperature material synthesis. In this equation, AG
denotes the change in Gibbs free energy, AH is the enthalpy change,
and the mixing entropy (ASy;x) is given by ASmix = —R > x;In (x;).
Consequently, the formation of the single-phase solid solution is often
governed more by entropy than by enthalpy.” The pioneering work by
Rost et al.” in 2015 that stabilized and investigated the high-entropy
oxide (HEOs), (Mgy,Cog,Nij,Cug,Zny,)O, marked a significant
milestone in the development of HEOs. Since then, HEOs have gar-
nered considerable attention due to their exceptional structural integ-
rity, remarkable multi-functional properties, and enhanced flexibility
in the material’s design provided by the incorporation of multiple cati-
ons within their structure.”>>°

The inherent disorder and augmented design flexibility in
entropy-stabilized systems significantly enhance their functional

properties. Notable examples include high entropy-protected magne-
tism” and tunable magnetism® in spinel oxides, sizable magnetic frus-
tration and high exchange bias fields,”'" robust ferrimagnetism in
spinel thin films,'" extremely high colossal magnetoresistance in high-
entropy manganites, ” and superior catalytic performance in Al-based
spinels.”” Further, remarkably improved corrosion resistance, *
extraordinary increase in electrochemical ammonia generation, ” and
promising thermoelectric properties with record-low thermal conduc-
tivity'® are observed in HEOs.

Herein, we present a high entropy spinel oxide with a composi-
tion of (Mgp,Cog,Nig,Culg 2Zng ,)(Cro 4Mny 4Feg 4Aly 4Gag.4)O4. This
is a spinel compound having five different elements in both the A and
B sites of the spinel structure (AB,O,). In the spinel structure, denoted
as AB,O,, A cations occupy the tetrahedral sites, while B cations reside
in the octahedral sites. The B cations form a pyrochlore-like network,
and the A cations establish a diamond-like lattice that exhibits collin-
ear antiferromagnetic order." "' Exploiting this exceptional structure,
the high entropy spinel oxides have become a fertile ground for realiz-
ing intriguing physicochemical phenomena.”'"'***"* Further, the
high entropy stabilization route provides a powerful approach for fine-
tuning materials at the atomic scale, allowing for the development of
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materials with tailored properties to meet specific requirements.
Therefore, a strong motivation exists to explore interesting strongly
correlated high entropy oxides possessing unique structures and fasci-
nating properties. In this paper, we present structural, microstructural,
and spin glass properties of a high entropy spinel oxide
(Mg,2Coq2Nig 2Cug 2210 5)(Cro 4Mng 4Feg 4Aly 4Gag 4)Os.

The conditions for material synthesis and additional experimen-
tal details are provided in the supplementary material. Figure 1(a)
presents the Rietveld refinement of the room temperature (RT) x-ray
diffraction (XRD) pattern for this material, confirming a cubic crystal
structure (Fd3m) with lattice parameters (a=b=c=28.3067 (2) A).
Figure 1(c) displays a representative scanning electron microscopy
(SEM) image, along with the results of energy-dispersive x-ray spec-
troscopy (EDS) elemental mapping. It reveals a near stoichiometric
composition of the material. The results of the EDS analysis performed
on the different positions of the sample are provided in the
supplementary material (Table S2). It reveals that all elements are near
stoichiometric and uniformly distributed within the sample at the
micrometer scale.

Figure 2(a) displays the temperature variation (3-300K) of the
DC magnetization measured at 50 Oe. The temperature-dependent
magnetization measurements demonstrate the existence of two peaks,
Tp=40K and Ty, = 75K, followed by a large irreversibility in the FC
and ZFC magnetization data. Also, the increment in the magnetization
data starts below 150 K. Similar to the other spinel materials,”'” this
significant rise in susceptibility at 150 K strongly suggests a transition
to a collinear ferrimagnetic state. Further, the observed peaks (Ty and
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Tp,) in the ZFC magnetization data can be attributed to spin freezing.
It is important to note that the high degree of structural disorder likely
contributes to this spin-freezing behavior in the sample. In general,
transition metal-based spinel oxides (including high entropy oxides)
are known for their complex and distinctive magnetic behaviors. For
instance, the tetragonal compound (Mng,Cog,Nij,Cug,Zng ;)
Mn; §Cr,04 exhibits unusual magnetic properties, transitioning from
a Néel-type collinear ferrimagnetic order at 85K to a noncollinear fer-
rimagnetic order at 23 K> CoMn,0, showcases two ferrimagnetic
orders: a collinear order at 200 K and a non-collinear order at 90 K.**
Furthermore, as depicted in the inset of Fig. 2(a), the magnetic
susceptibility as a function of temperature was examined under various
applied magnetic fields, providing additional insights into the field-
dependent magnetic behavior. As the sample is cooled below 150K,
the peaks (Ty and Tp) in the ZFC magnetization shift toward a lower
temperature with increasing magnetic field. The magnetic field varia-
tion of Ty and Ty, is shown in the inset of Fig. 2(b). It is found that Ty
follows the non-mean-field scaling theory in the low-field region
(below 0.5T). In non-mean-field scaling theory, T, (H)= Ty (0)
(1 — AH%?)>?° Here, A represents the amplitude, Ty (0) = freezing
temperature in the absence of a magnetic field, and ¢ is the crossover
exponent. A value of ¢ = 5.2 is obtained from the fitting of the Ty, val-
ues. A similar value of ¢ is observed in the cluster spin glass
CrosFeq5Ga.”® To further substantiate the complex nature of the mate-
rial, M-H loops at various temperatures are plotted. The ZFC magnetic
field-dependent magnetization measurements (M-H) illustrate a
ferrimagnetic-type M-H below T¢ [Fig. 2(b)]. However, the opening of

FIG. 1. (a) Rietveld refinement plot of the RT-XRD pattern, (b) crystal structure, and (c) RT FE-SEM image and the EDS mapping of (Mgo2Cog2Nig2Cug2Zng )

(Cro.4Mng 4Feg 4Alg 4Gap 4)Os.

Appl. Phys. Lett. 126, 051901 (2025); doi: 10.1063/5.0242505
Published under an exclusive license by AIP Publishing

126, 051901-2

LETT:TT G20z Areniged 20



Applied Physics Letters

M (emu/mole)

1200 : :
(a) 2
£
> g
< 800} =
£
£
= 400
>
0 [ L L L
0 100 200 300
T (K)

ARTICLE pubs.aip.org/aip/apl

8000

4000

-4000

-8000

uoH (T)

FIG. 2. Temperature dependent (a) FC and ZFC magnetization for (Mgg 2C0g.2Nig 2Cug 2Zng 2)(Cro 4Mng 4Feg 4Alg 4Gag 4)O4 measured at 50 Oe. The inset shows the bifurcation
between the ZFC and FC susceptibility curves measured in the presence of various magnetic fields. (b) M-H loops at different temperatures. The inset in figure (b) highlights

the magnetic field variation of the peak positions in the ZFC magnetization data.

the M-H loop (ferromagnetic type, coercivity) at low temperatures
(4.5 K) indicates the possibility of spin glass behavior. Further, the tem-
perature variation of the inverse of the susceptibility (Fig. S1 in the
supplementary material) shows a deviation from the linear behavior
below 310K and highlights the possibility of a Griffiths-like phase as
observed in several high entropy oxides.”” The disorder due to the exis-
tence of several magnetic cations could originate short-range magnetic
correlations above the transition temperature.

In materials exhibiting spin glass behavior, the competing inter-
actions among localized magnetic moments lead to a highly irrevers-
ible and metastable state characterized by the absence of long-range
magnetic order. This complex state can be effectively analyzed using ac
magnetization studies, which provide insights into the dynamic prop-
erties of spin glasses. Figure 3(a) presents the temperature dependence
of the in-phase component of the ac magnetic susceptibility, y'(T,v),
measured over a temperature range of 16-150K across a frequency
range from 31.6 to 10000 Hz. Similar to the dc-magnetization, the
7 (T,v) curve reveals a pronounced peak at the freezing temperature,
Ty, ~ 80 K and a smeared peak at Ty; ~ 37 K. The out-of-phase com-
ponent of the ac susceptibility, [x"(T,v)), also exhibits peaks near 80
and 37K. In both ¥ (T,v) and z"(T,v), the peak at 80K ((T},)]
shows minimal frequency dependence [Fig. 3(b)]. However, the peak
at Ty ~ 37K is much stronger and pronounced in the imaginary
component of the ac magnetic susceptibility y”(T, v) compared to the
in-phase component of y/'(T,v). Notably, for y”(T,v), this peak
exhibits frequency dependence, shifting to higher temperatures as the
frequency v increases from 31.6 to 10000 Hz. This frequency shift of
the freezing temperature (Ty;) in the imaginary component of ac mag-
netic susceptibility is the key signature of the spin glass state, reflecting
the slowing down of spin dynamics as the system approaches Tf;.
These peaks shift to higher temperatures with increasing frequency,
and their magnitudes are strongly frequency-dependent.

This frequency dispersion of the ac magnetic susceptibility peaks
is a well-known characteristic of spin glass systems. It has been
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FIG. 3. (a) Temperature dependence of the real part of AC susceptibility 5/ (T, )
measured at different frequencies (31.6-10 000 Hz). (b) Temperature dependence
of the imaginary component of the ac susceptibility [ (T, v/)].
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observed in various oxide materials with spin glass behavior, including
BiFeO;,”" CoGaAlO,,™ and Zn;V;0s™’ The observed frequency
dependence indicates short-range spin interactions and dynamic slow-
ing down as the system approaches the spin glass state. At higher tem-
peratures, above Ty, x(T) gradually sets to a value nearly zero, while
below Ty; and Tp,, it splits and assumes a non-zero value. This behav-
ior is a characteristic of the spin glass (SG) transition’””" and allows us
to distinguish the SG compounds from the disordered antiferromag-
netic systems.

The spin glass state of the material is further confirmed through
memory effect measurements [ZFC and FC, Figs. 4(a) and 4(b)]. To
investigate the memory effect in the dc magnetization, we followed a
specific protocol to measure the ZFC magnetization.” In this protocol,
the sample was first cooled down from 150 K in the absence of a mag-
netic field to 10K continuously; after reaching 10 K, a weak magnetic
field (50 Oe) was applied, and the susceptibility was recorded (continu-
ous measurements) on heating the sample at 1 K/min rate. On reach-
ing 150 K, the magnetic field was turned off. Then, the same procedure
to cool the sample is followed (in ZFC mode), but this time, while cool-
ing the sample from 150 to 10 K, we made two pauses at 23 and 15K,
respectively, for 8h each. In this case, when the magnetization data
were recorded while heating the sample from 10K at the same rate of
1 K/min, we observed dips at those temperatures where we made
pauses while cooling. This behavior points to the fact that the system
remembers the procedures applied to it. This observance of the mem-
ory effect in ZFC measurements confirms the glassiness in our sys-
tem.””" To investigate the presence of a memory effect in the FC dc
magnetization, the magnetization was recorded while cooling the sam-
ple from 110 to 10K at a constant rate of 1K/min under a 200 Oe
magnetic field. During the cooling process, the temperature was
paused at 23 and 15K for a waiting time of 4h at each pause. During
these intervals, the magnetic field was turned off, allowing the system
to relax. After each waiting period, the cooling process was resumed.
Once the cooling reached 10K, the sample was reheated continuously
under the same magnetic field and heating rate, while recording the
magnetization data. The magnetization obtained from this protocol,
referred to as M}a" | shows changes in slope at 23 and 15 K, despite no
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stops occurring at these temperatures during reheating. These (both
FC and ZFC) behavior demonstrates that the system retains a “mem-
ory” of its prior cooling history, a hallmark feature of spin glasses. For
. Ref .
comparison, a reference curve (My:-) was recorded by continuously
cooling the sample under a 200 Oe magnetic field without any inter-
ruptions, emphasizing the difference in behavior. We have also
observed the aging effect in our system, providing further evidence for
the emergence of a spin glass (SG) state in our high-entropy oxide sys-
tem. To study this effect, the sample was cooled to 20K in the zero-
field-cooled (ZFC) mode, and a magnetic field of 200 Oe was applied
after varying waiting times. The magnetization was then recorded as a
function of time. Figure 4(c) presents the evolution of magnetization
with time in the metastable state. As shown in the figure, the magneti-
zation grows more slowly for longer waiting times, indicating the
metastable nature of the low-temperature magnetic state. This behav-
ior is a characteristic of spin glass systems’’ and further supports the
presence of a SG state in the sample.

Next, we aim to categorize the spin glass (SG) nature of our high
entropy oxide (HEO) system. To quantify the frequency dependence
of the spin freezing temperature, we have calculated the Mydosh
parameter (S), a commonly used metric for analyzing the relative shift
in y{c with frequency, as shown in Fig. 4(b). The Mydosh parameter
is defined as

Y,
- TrAlogf’

where (AT; = Ty (fi) — Tri(f2)) and Alog, f = log,fi — log,.f2,
with fi and f, representing the initial and final frequencies, respec-
tively.”” Here, Ty indicates the freezing temperature corresponding to
Ty, in the (3"(T, v)) plot shown in Fig. 3(b). For our HEO material,
the Mydosh parameter S is calculated to be approximately 0.053 at
around 40 K, which is indicative of glassy behavior. This value of S is
significantly larger than that typical of canonical spin glasses such as
AuMn (S ~ 0.0045), yet it remains below the values commonly
observed in superparamagnets, such as holmium borate
[o-(Ho,05(B,05))] where S ~ 0.3.”” The intermediate value of S sug-
gests that the material exhibits characteristics of a cluster spin glass,
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FIG. 4. The memory effect as a function of temperature is studied using the (a) zero-field-cooled (ZFC) and (b) field-cooled (FC) protocol, as described in the text. The
observed negative values in the ZFC data are attributed to the trapped field present in the PPMS. (c) The aging effect is evidenced by the growth of magnetization over time.
To observe this, the sample was cooled to 20K in the zero-field-cooled (ZFC) mode, and a magnetic field of 200 Oe was applied after varying time intervals of 1 min, 1, and

8h.
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where spins form short-range correlated clusters rather than displaying
long-range magnetic order.”” Similar values of S have been observed in
other cluster spin glass systems, such as ZnV;Og (S = 0.028),”
NiCr,O,4 (S = 0.016 and 0.041),”® and CoALO4(S = 0.037).” The
observed intermediate Mydosh parameter in our HEOs suggests a
slow relaxation process, potentially signaling a transition to a cluster
spin glass phase characterized by short-range interactions. Analyzing
the frequency dependence of the AC susceptibility offers valuable
insights into the characteristics of the low-temperature glassy phase.
A well-established approach involves examining the relaxation time
1

T = 5 in relation to the temperature shift of the peak in AC suscepti-

bility, described by the power law, "’

l B E B —zv
To - Tg ’

where 7y is the characteristic relaxation time, T} is the spin glass order-
ing temperature, Ty is the freezing temperature at a specific observation
time, and zv is the critical dynamical exponent. This relationship is
instrumental in revealing the spin dynamics of magnetic particles near
the transition temperature. In our high entropy oxides (HEOs), fitting
this power law [Fig. 5(a)] yields parameters T, ~ 36 K, zv = 3.76, and
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FIG. 5. (a) The best fit of power law and (b) the best fit of Vogel-Fulcher law for
(Nio.2Mgo.2C00.2CUo 2ZNg 2) (Mng.4F€0.4Cro.4Gag 4Aly 4)Os.
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Ty & 5.56 X 1077 5. For conventional spin glass systems, the character-
istic relaxation time 7, typically lies between 1071° and 1071 s (Refs. 40
and 41) and between 107 and 107! for cluster SG.” The signifi-
cantly larger 7, value obtained for our HEOs suggests a deviation from
canonical spin glass behavior, pointing instead to the presence of a clus-
ter glass phase characterized by a slower spin dynamics. For instance, a
similar value of zv value (4.2) and characteristic relaxation time
(1.1 x 1071%) is observed for the cluster SG system CrosFeysGa.”
Further, we have analyzed the frequency dependence using the
Vogel-Fulcher (VF) law"” and determined the activation energy of the
relaxation process in the glassy phase. The VF law is given by

w o € Ea
= X —— |
O T ks(T; — T)

where g = characteristic ~ frequency,  =angular frequency
(w = 2mv), E, =activation energy, T = Vogel-Fulcher temperature,
and kz = Boltzmann constant. The best fit to the VF law, shown in
Fig. 5(b), is obtained with parameters wy = 1.12 x 10° Hz, E,/ks
= 140K, and T;, = 26.05K.

The characteristic frequency @, obtained from the fitting is signifi-
cantly lower than that typically found in conventional spin glass systems,
which is around 10" s.** This lower @, value is indicative of slower
dynamics, which aligns with the behavior expected in a cluster glass
rather than a canonical spin glass. Additionally, the values of E,/kp and
T, are both positive and in the range of tens of Kelvin, which is consis-
tent with the cluster glass behavior observed in similar systems.**

In this study, we have stabilized and comprehensively investigated a
previously unexplored high entropy spinel compound having five differ-
ent elements in both the A and B sites of the spinel structure (AB,O,).
Through comprehensive structural and microstructural characterizations,
as well as detailed dc and ac magnetic measurements, we demonstrated
that (Mgo,Cog2Nig2Cug2Zng,)(CrosMng sFeq 4Aly 4Gag 4)Oy exhibits a
complex magnetic behavior below 150K and a spin glass state below
37K. Our detailed AC susceptibility measurements along with the ZFC
and FC memory effect, and aging effect provide critical insights into the
magnetic behavior, confirming the spin glass nature of this high entropy
oxide. Furthermore, the Vogel-Fulcher analysis and dynamic scaling
investigations reveal critical exponents consistent with cluster spin glass
characteristics. This research highlights the potential of incorporating a
diverse range of elemental constituents into the crystallographic sites of
complex spinel oxide frameworks. It also emphasizes the promising
opportunities for tailoring and enhancing magnetic properties in strongly
correlated systems, paving the way for innovative applications in this class
of materials.

See the supplementary material for the detailed experimental sec-
tion, structural parameters obtained from the Rietveld refinements,
EDS details, and the temperature-dependent inverse of the
susceptibility.
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