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Geometrically frustrated structures, combined with competing exchange interactions that have different mag-
nitudes, are known ingredients for achieving exotic properties. Herein, we studied detailed structural, magnetic,
thermal (specific heat), magnetodielectric, and magnetic exchange bias properties of a mixed 3d-4d spinel oxide
with composition CoFeRhO,. Detailed magnetization, heat capacity, and neutron powder diftraction studies
highlight long-range ferrimagnetic ordering with an onset at 355 K. The magnetic structure is established using
a ferrimagnetic model (collinear type) that has a propagation vector k = 0, 0, and 0. The magnetodielectric
effect appears below the magnetic ordering temperature, and the exchange bias (EB) effect is observed in field-
cooled conditions below 355 K. The magnetodielectric coupling in CoFeRhO, originates due to the frustration
in the structure, collinear ferrimagnetic ordering, and uncompensated magnetic moments. The unidirectional
anisotropy resulting from the uncompensated magnetic moments causes the room-temperature exchange bias
effect. Remarkably, the appearance of technologically important properties (ferromagnetism, magnetodielectric
effect, and EB) at room temperature in CoFeRhO, indicates its potential use in sensors or spintronics.
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I. INTRODUCTION

Spinel oxides are an intriguing class of materials not only
for their potentiality for a wide range of applications, but
also because of a variety of new and exciting physics (such
as frustrated magnetism, multiferroic properties, orbital glass
system, spintronics applications, and spin-orbital liquids) that
continue to arise from the strong interactions among spin,
orbital, and structural degrees of freedom [1-14]. They have
a unique structure with a general formula of AB,O,4, where A
and B are metal ions (Fig. 1). This structure comprises an array
of metal cations in octahedral and tetrahedral coordination,
surrounded by oxygens, creating two sets of magnetic sublat-
tices [15]. B cations generally form a pyrochlorelike lattice
by residing in the octahedral sites and originate frustrated
magnetic interactions [16-19]. On the other hand, metal A
ions occupy the tetrahedral sites (eightfold) and construct a di-
amond lattice [21-25]. This bipartite lattice can be interpreted
as two face-centered interpenetrated cubic sublattices. These
sublattices are shifted diagonally by one-quarter. Variation of
magnetic and nonmagnetic cations on the tetrahedral A sites
and the octahedral B sites can originate complex magnetic
interactions by affecting the magnitudes of superexchange
interactions (Jaa, Jpp, and J4p). Therefore, exotic properties
(and states), such as a spiral spin liquid phase [26], unique,
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glassy magnetic behavior [22,27], and spin-orbital liquids
[3,28] emerge in spinel materials. The pyrochlore lattice is a
fertile playground for theoretical and experimental research to
explore new physics. At the same time, the bipartite diamond
lattice (in spinel systems) is a fruitful platform for realizing
exotic quantum behavior. In particular, the bipartite nature of
the diamond lattice can be useful in designing the recently
proposed three-dimensional topological paramagnetism for
the frustrated S = 1 diamond lattice [22,23].

In addition to geometrical frustration and competing ex-
change interactions having different magnitudes, spin-orbit
coupling (SOC) is a known ingredient that favors more ex-
otic spin order and dynamics. In this connection, 4d and
5d elements containing oxides have recently attracted great
research interest. Being spatially more extended (4d/5d or-
bitals), the on-site Coulomb repulsion energy (U) is smaller
in 4d and 5d elements than their 3d analogs. However, in the
spinel oxide family, only one 5d-containing material has been
reported so far. Spinel oxide containing iridium with composi-
tion Cu[lr; 5Cug 5]O4 highlights a highly frustrated magnetic
state [29]. Among the 4d-rhodium-based diamond lattice
spinel oxides, in the diamond-lattice Heisenberg antiferro-
magnet CoRh,0Oy4, a combined experimental and theoretical
work showed that the S = 3/2 spins are unfrustrated and
exhibit static and dynamic properties [21]. Tetragonally dis-
torted CuRh,O,4 shows an incommensurate magnetic order
for the S =1/2 spins and the presence of sizable quan-
tum effects [21]. A spin-orbit-entangled paramagnetic state
is suggested in NiRh,Oy4 [22,27,30]. Studies on magnetically
diluted Cu;_,Zn,Rh,04 highlight spin transition triggered
by an enhancement of preceding spin fluctuations [31]. At
the same time, it shows the suppression of orbital order
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on the octahedral sites in a percolative manner. In gen-
eral, geometrically frustrated structures with 4d/5d elements
(SOC) are ideal for realizing exotic phenomena. Therefore,
exploring new frustrated structures (geometrical frustration
and competing magnetic interactions) coupled with SOC is
essential.

In this article, we present detailed structural (using x-ray
powder diffraction, neutron powder diffraction, and elec-
tron microscopy), magnetic (magnetization), thermal (specific
heat), and magnetodielectric studies on a mixed 3d-4d spinel
oxide with composition CoFeRhO,. In this material, non-
magnetic Rh** cations occupy octahedral B sites; however,
they can be a source of SOC in the structure. An insulat-
ing and ferrimagnetic ground state is observed near room
temperature (RT) (T = 355 K). Detailed magnetic and mag-
netodielectric measurements highlight the room-temperature
exchange bias effect and the magnetodielectric effect in this
material.

II. EXPERIMENTAL DETAILS

Synthesis. We have used the standard solid-state reaction
route to synthesize polycrystalline CoFeRhO,4 materials. Sto-
ichiometric amounts of Co304 (99.9%) Fe,03 (99.999%),
and Rh (99.9%) metal powders were used for synthesis. The
stoichiometric amounts of the starting materials were mixed
with a mortar pestle. The materials were heated several times,
and the final sintering was performed at 1473 K for 36 h.

X-ray powder diffraction and neutron diffraction. X-ray
diffraction (XRD) using the powder form of the material was
collected at ambient temperature (RT) using a PANalytical
diffractometer (Cu Ko, » = 1.540 56 A). Neutron-diffraction
(NPD) data for the powdered CoFeRhO4 sample were col-
lected at various temperatures (12, 100, and 250 K) at the
JEEP 11, Kjeller Reactor, Norway (A = 1.5538 A). We have
performed the Rietveld refinements of the diffraction patterns
(XRD and NPD) using the FULLPROF suite software.

Electron microscopy. We have performed electron mi-
croscopy measurements (high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)
and electron diffraction) to explore the crystal structure of
CoFeRhO4. HAADF-STEM and electron diffraction were
carried out using a JEOL ARM-200F cold field-emission
electron gun probe image aberration corrected 200-kV mi-
croscope. The instrument is also equipped with a solid-angle
CENTURIO EDX detector.

Magnetism and specific heat. Direct current magnetization
(temperature and magnetic-field-dependent) measurements
were performed in a Quantum Design superconducting quan-
tum interference device 3. Magnetic measurements were
conducted in field-cooled (FC) and zero-field-cooled (ZFC)
modes. Specific heat was measured (2400 K) in a physi-
cal property measurement system (PPMS, Quantum Design)
without a magnetic field.

Dielectric measurements. The temperature and magnetic-
field-dependent dielectric measurements were performed
using an LCR meter (Agilent 4284A) and a sample insert for
a PPMS (Quantum Design).

FIG. 1. Crystal structure for the CoFeRhO,. Green spheres rep-
resent the Fe/Rh cations (octahedral B sites in the AB,O, structure),
Blue spheres represent the Co cations (tetrahedral A sites), and red
spheres represent oxygen.

III. RESULTS AND DISCUSSION

Preliminary Rietveld refinement uses the room-
temperature XRD pattern of CoFeRhO,. It shows that
the sample crystallizes in a cubic structure with a space-group
Fd3m, which is isostructural with CoFe,O4 [32,33].
However, a small amount of Rh is detected [main peak
at 20 ~41°, Fig. S1 in the Supplemental Material (SI)]
[20] in the RT XRD pattern for CoFeRhO,4. Furthermore,
to explore the detailed nuclear and magnetic structure, we
have collected the NPD patterns at 12, 100, and 250 K.
Therefore, we will use the results of the NPD Rietveld
refinements to describe the crystal structure of CoFeRhOj.
Similar to the XRD pattern, a small amount of Rh is also
detected in the NPD patterns. Figure 2 illustrates the plot
of the NPD Rietveld refinement for the pattern collected
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FIG. 2. Rietveld refinement plot of the NPD pattern collected at
12 K for CoFeRhO,. The lower ticks highlight the magnetic peak
positions (k = 0, 0, and 0). Insets in the figure show the enhancement
of the [111] and [220] NPD peaks with a lowering of the temperature.
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TABLE 1. Structural parameters for CoFeRhO, at RT extracted
from Rietveld refinement of powder XRD diffraction data.

Space group Fd3m,a =b = c = 8.4207 (1) A
Rp = 6.98, Ryp = 9.01, x> = 1.03,Rpag = 2.79
Riyag = 5.29, M (T;) = 3.4(1)up, M (Oct.) = 4.1(1) g

Atom Wyck. Pos. X y z Occu. Biso
Co(Ty) 8a 0.125 0.125 0.125 0.88(2) 0.1 (1)
Fe(T,) 8a 0.125 0.125 0.125 0.12(2) 0.1(1)

Co(Oct) 16d 05 0.5 0.5
Fe(Oct) 16d 05 0.5 0.5 0.44(1) 0.11(3)
Rh(Oct) 164 05 0.5 0.5 0.49(1) 0.11(3)
o) 32¢  0.249(1) 0.249(1) 0.249(1) 1 0.10(3)

0.065(5) 0.11(3)

at 12 K. The plots of the NPD Rietveld refinements for the
patterns collected at different temperatures are provided in the
supporting information (Fig. S2 in the SI) [20]. The structural
parameters obtained from the 12 K-NPD refinement for
CoFeRhOy, are summarized in Table 1. The crystal structure
of CoFeRhOy is highlighted in Fig. 1. Rh atoms and most of
the Fe cations occupy the structure’s octahedrally coordinated
B site [16d (0.5, 0.5, 0.5)]. Co cations occupy the eightfold
tetrahedral A sites [8a (0.125, 0.125, 0.125)]. Oxygen atoms
occupy the 32e (x, x, and x) Wycoff positions. Refinement
of oxygen occupancy indicates no deviation from the full
occupancy. Rh shows a slight deviation from full occupancy
[occupancy = 0.98 (2)]. Figure 3 shows the STEM-HAADF
image along the [011] direction for CoFeRhOy. The observed
STEM images agree with the expected crystal structure of the
spinel material. The lattice parameter obtained from STEM
images (8.4 A) matched the values found from the NPD
(Table I) and RT-XRD refinements.

The structural (Rietveld) refinement of the 250 K NPD
highlights the existence of magnetic peaks at that temperature.
These magnetic-ordering-related peaks show an increase in
intensity with decreasing temperature (inset in Fig. 2). The
position of all magnetic peaks for CoFeRhO, coincides with
the allowed nuclear reflections. Therefore, we describe the
magnetic structure using the propagation vector k = (0,0,0).
The best fit to the NPD magnetic reflections for long-range
magnetic order is achieved using a collinear ferrimagnetic

A Fe/Rh Octahedra

Co Tetrahedra

FIG. 3. HAADF image and crystal structure along the [011] zone
axis for CoFeRhOy, collected at room temperature. Fe, Rh, and Co
cations are highlighted in the figure. The corresponding electron
diffraction pattern is shown in the inset.
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FIG. 4. The observed magnetic structure (k = 0, 0, 0) for
CoFeRhOy,. A collinear ferrimagnetic ordering scheme is observed
in the NPD refinements. The NPD refinement does not provide any
indication on the direction of ordering (cubic magnetic unit cell). The
magnetic moments can be ordered along any of the three-unit-cell
vectors (a—c).

ordering model (Fig. 4). A similar magnetic-ordering scheme
was proposed for the CoFe,O4 material [32]. The absence of
a (200)-magnetic peak discards the noncollinear arrangement
of the spins. As predicted by the Yafet-Kittel model, any
long-range spin canting (ordering of the transverse component
of the magnetic spins) would result in the appearance of the
(200)-magnetic Bragg peak [32,34,35]. We do not observe the
(200) peak at 21.27° [(400) peak is observed at 26 = 43.43°].

Magnetic moments in different sublattices (M (T;)—
tetrahedral A sites, M (Oct)—octahedral B sites) obtained
from refinements are listed in Table I. The resulting magnetic
moment per formula unit obtained from NPD refinements is
0.7 (up at T = 12 K. However, a discrepancy is observed
between the magnetic moments’ experimental and theoretical
values in the tetrahedral and octahedral sites. Theoretically
calculated magnetic moments in different sublattices are M
(Ty) = 0.88 x3.874+0.12 x 59 = 4.11up and M (Oct) =
0.87 x 5.9+ 0.13 x 3.87) = 5.63up, calculated with MFfJr
(high spin, S = 5/2) = 5.9up and M¢,*t (S=3/2) = 3.87us.
Reduced magnetic moments could result from local disorder
(and/or local canting) of spins. The complex cationic distri-
bution and the existence of nonmagnetic Rh in the structure
can originate competing magnetic interactions and can create
nonuniform spin canting. A similar reduced magnetic moment
due to local spin canting is also observed for the CoFe,04 and
Ti-doped CoFe,04 materials [32,36]. However, a collinear
ferrimagnetic long-range magnetic ordering scheme is sug-
gested for both materials.

The temperature variation of the FC and ZFC magnetic
susceptibility (x-7") measured at 0.1 T for CoFeRhOy is pre-
sented in Fig. 5(a). The x-T shows a sharp upturn at 355 K,
highlighting the onset of the ferrimagnetic transition at that
temperature. Upon further lowering the temperature, the bifur-
cation between FC and ZFC susceptibilities (xrc and xzpc) is
visible at 220 K. Below 220 K, xr¢ shows an increasing trend
with decreasing temperature. Several competing magnetic in-
teractions exist in CoFeRhO,4. The complex crystal structure
(diamond and pyrochlore lattice) and the distribution of mag-
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FIG. 5. (a) Temperature-dependent magnetization (M-T') and
(b) magnetic-field variation of the magnetization (M-H) for
CoFeRhOy,. Ferrimagnetic behavior is observed for CoFeRhO;.

netic and nonmagnetic cations in two different sublattices
can create competing magnetic interactions and frustration.
For example, A-site magnetic cations are surrounded by 12
B-site magnetic and nonmagnetic first neighbors, which can
be Fe** or Co?* or Rh**; any B cation is surrounded by six
A- and six B-sited cations. Therefore, the bifurcation and the
rise in ypc at a lower temperature could be due to frustration
in the spinel structure. However, the ferrimagnetic transition
in CoFeRhOy4 is much lower than in CoFe,0Oy4. In CoFe, Oy,
the collinear ferrimagnetic transition is observed at 800 K
with a strong intersublattice antiferromagnetic (AFM) su-
perexchange interaction (Jap = —12.39 kp) [32]. Introducing
nonmagnetic Rh into the structure could dilute the magnetic
interactions by decreasing the strength of inter- and intrasub-
lattice superexchange interactions and, therefore, can reduce
the magnetic ordering temperature. Figure 5(b) shows the
magnetization as a function of the magnetic-field (M-H) at
various temperatures measured in the ZFC mode. Above the
magnetic transition temperature (at 400 K), a linear param-
agnetic type M-H behavior is observed. However, at 350 K,
the M-H loop illustrates nonlinearity at low magnetic fields,
indicating the appearance of the magnetically ordered state.
As we further lower the temperature, saturated ferrimagnetic-
type M-H loops are observed. The saturation magnetization
and coercive field (H¢) enhance with decreasing temperature.
The saturation magnetization (My) at a temperature of 4 K is
=~ 1.67up/formula unit, surpassing the ordered magnetic mo-
ments (0.7up) determined from refinements of NPD (recorded
at 12 K). The reduced magnetic moments observed in the
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FIG. 6. Temperature variation of the specific heat (C) for
CoFeRhOy4. An anomaly due to the magnetic ordering is observed
at 355 K. The green line highlights the fitted curve using Eq. (2).
Low-temperature C is also fitted using Eq. (1) and shown in the inset
of the figure.

NPD refinements could result from local canting of spins [32].
However, applying an external magnetic field aligns a greater
number of magnetic spins in the direction of the field, and,
therefore, My is higher than the ordered magnetic moments.
Figure 6 highlights the temperature variation of total spe-
cific heat for CoFeRhO4. Magnetic ordering usually involves
an entropy change, resulting in specific-heat anomalies. The
Cp vs T plot shows an anomaly at 355 K, indicating a true
phase transition. This also confirms the magnetic-ordering
temperature for CoFeRhQy4. The low-temperature part of the
specific heat (2-20 K) can be well represented by Eq. (1),

Cp=yT + BT, 6))

where y = the Sommerfeld coefficient and 8 = lat-
tice contributions to the specific heat. The obtained y =
0.015 Jmol ™' K=2 and 8 = 0.000 12 Jmol~! K~*. The De-
bye temperature 6p is calculated using the expression 6p =
(127*RN/58)'/3 where R = 8.314 T mol 'K~ and N = 7,
the number of atoms/formula unit. The calculated 6p gives
a value of 327 K. However, the total specific heat at higher
temperatures contains both the phonon and the magnetic parts
(Cp =Cpp +Cy). A combined Einstein-Debye model can
generally estimate the total phonon contribution in the specific
heat. Therefore, to estimate the magnetic contributions (C,,)
in the specific heat, we fit the data with the Einstein-Debye
model [37],

'xl%:iez‘i (2)

; Xp x4ex 2
C,, = 9Rx,, / ——dx+R a; ,
ph D 0 (ex_l)Z ; (821—1)2

where xp = 60p/T and xg; = 0g;/T and, Debye temperature
= 0p and Og; = Einstein temperature. R = 8.31 J mol ' K1),
and a; = degree of freedom for each Einstein mode. The fitted
curve is shown in Fig. 6. The best fit is obtained with 6, =
632, 01 = 177, and 0, = 740 K. The 6p value is obtained
from fitting using Eq. (2) is higher than the 6p calculated using
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FIG. 7. Temperature variation of the magnetic component of the
specific heat (C) (left axis) and calculated magnetic entropy (right
axis) for CoFeRhO,.

Eq. (1). Then, the contribution related to the magnetic order-
ing (C,,) in the specific heat is calculated by subtracting Cpy,
from the measured total specific-heat data. Figure 7 highlights
the C,,-T plot, showing a sharp maximum at 7 = 355 K. The
entropy change due to the magnetic ordering can be calculated
by using the following formula:

T
S (T) = / C’”;T)dT. 3)
0

The S,,(T") vs T plot is shown in Fig. 7. Magnetic entropy
increases with increasing temperature and shows a saturation
value of ~4.4 J mol~' K~ (above 355 K), and this is less than
the theoretically estimated magnetic entropy for CoFeRhOy4
[Sn(T) =R In(2S+ 1) = 26.41 T mol~' K~!, Co** adopts
the €}1,¢* electronic configuration with § = 3/2, Fe’* adopts
the ef,tg electronic configuration with S = 5/2). In general,
the frustration of the magnetic cations near and above the
magnetic transition temperature can reduce the entropy con-
tribution to the magnetic ordering. In CoFeRhOy,, geometrical
frustration in the structure (diamond and pyrochlore lattices)
and the distribution of magnetic and nonmagnetic cations
in two different sublattices could cause frustration of mag-
netic cations. The reduced magnetic moments in the neutron
powder diffraction experiments point to spins’ local disorder
(and/or local canting). Therefore, the reduced entropy related
to magnetic ordering can be attributed to the frustration of the
magnetic cations [38].

Oxide materials having geometrical frustration
and ferrimagnetic transition often result in exciting
magnetoelectric/magnetodielectric  coupling.  Geometric

frustration (local spin canting) in a magnetic system
is proven to be a key ingredient for magneto(di)electric
coupling. For example, the triangular Ising lattice Ca3Co0,0¢
shows magnetodielectric coupling below the ferrimagnetic
ordering temperature (24 K) [39]. The Haldane spin-chain
system Dy,BaNiOs shows a magneto-(di)electric effect
below the long-range ordering temperature (58 K) [40].
In spinels, the magnetodielectric effect is observed from

575 T T T B
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W 565
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150 300

5551 , T(K) | | o
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FIG. 8. Temperature variation of the real part of the dielectric
constant (€,) at several fixed frequencies for CoFeRhQO,. The inset in
the figure shows the dependence of the dielectric loss as a tempera-
ture function.

the beginning of the ferrimagnetic ordering in CoCr,;O4
(Te = 96 K) [41,42] and NiCr,0O4 [43]. MnCr,04 shows
magnetodielectric effect below the ferrimagnetic ordering
temperature (43 K) [44]. However, the magneto-(di)electric
effect in ferrimagnetic materials near room temperature is
rare. The near-room-temperature magnetodielectric effect
is essential due to its possible applications in spintronics
devices, magnetically accessible ferroelectric random-access
memories, and communication technology. Figure 8 shows
the temperature variation of the real part of the dielectric
constant (¢,) for CoFeRhO,4. The dielectric loss (tand)
is highlighted in the inset of Fig. 8. The extremely low
values of dielectric loss (tand) highlight the insulating
behavior of CoFeRhO4. It also excludes the possibility
of extrinsic Maxwell-Wagner-like behavior appearing
because of the leakage currents. However, the frequency
dispersion of €, and tan § started above 320 K, indicating the
growing Maxwell-Wagner-type relaxation or other sources of
conductivity around 320 K. However, the dielectric constant
is intrinsic below 320 K. In addition to a small hump near
the magnetic-ordering temperature (335 K), two anomalies at
220 and 50 K are observed in the €,-T plots. In particular, the
magnetization measurements also show two anomalies at 220
and 50 K.

As observed in our nuclear and magnetic structure refine-
ments, heat capacity, and magnetization studies, CoFeRhO4
hosts an exciting combination of complex crystal structure
(diamond and pyrochlore lattice) and competing magnetic
interactions. Similar to CoFe,Q4, the reduced magnetic
moments observed in the NPD refinements highlight the pos-
sibility of local spin canting (noncollinear spins) [32]. The
application of the external magnetic field aligns the magnetic
spins in the direction of the field, and saturation magnetiza-
tion is observed >1 T [Fig. 5(b)]. The M-H measurements
[Fig. 5(b)] highlight that a magnetic field >1 T is suffi-
cient to align the spins along the field direction by breaking
the local canting (noncollinearity). The competing magnetic
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FIG. 9. Temperature-dependent dielectric constant (real part €,)
at different magnetic fields (H = 0, 5, and 14 T) for CoFeRhQO,. The
inset highlights the magnetic-field variation of the dielectric constant
{Ae, = [e,(H) — €,(H = 0)]/¢,(H = 0)} at different temperatures.

interactions and the local spin canting can originate mag-
netic frustration in the structure. Magnetic frustration could
be the reason to observe these anomalies below long-range
magnetic ordering. To understand the effect of the magnetic
field on the dielectric constant, we have performed magnetic-
field dependence measurements of the dielectric constant.
Figure 9 shows the temperature variation of €, measured in
the presence of different magnetic fields. Interestingly, the
dielectric constant increases in the presence of a magnetic
field below the magnetic ordering temperature, and a posi-
tive magnetodielectrictance effect is observed. The starting
of the magneto(di)electric effect below the long-range fer-
rimagnetic ordering temperature indicates that the observed
magneto(di)electric effect is related to the magnetic ordering
of CoFeRhO,4. The change in the dielectric data with the
magnetic field is most pronounced near 220 K. The mag-
netodielectric constant [Ae, = [€,(H) — €,(H = 0)]/¢,(H =
0)] and its dependence on the magnetic field are shown in the
inset of Fig. 9. The maximum value of the magnetodielectric
constant is observed near 220 K (A¢, = 0.7%). In comparison,
CoCr,0y4, NiCr,04, and MnCr,04 show maximum values of
the magnetodielectric constant >~ 0.02% at 5 K [45]. Cr dop-
ing in Mn, O3 shows an enhancement in the magnetodielectric
effect, however, the maximum value of magnetodielectic con-
stant is >~ 0.2% at 5 K [46]. As discussed, the magnetic
frustration in the structure (geometric frustration, competing
magnetic interactions, and local spin canting) could be the
origin of the increase in €, with the magnetic field at that
temperature.

In recent times, complex magnetic materials (for instance,
ferrimagnetic systems Mns_,Pt,Ga [47], BayFe; 12058306
[48], and SrFeq 15C00.8502.62) [49], in particular, those hav-
ing a magnetic transition temperature near room temperature,
have attracted significant interest in exploring the EB. The
EB effect shifts the isothermal magnetization loop, becoming
asymmetric and shifting along the field axis. This effect has
important technological applications, such as in the devel-
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FIG. 10. M-H loop of CoFeRhO, at 100 K measured in the FC
mode (Hpc = 3 T). The inset highlights the enlarged central part of
the FC M-H loop. A shift along the left-field axis is highlighted here.

opment of magnetic sensors, magnetic recording read heads
[50], random access memories [51], and other spintronic
devices [52,53]. Figure 10 highlights the magnetic-field de-
pendence of magnetization at 100 K, measured in FC mode
(cooling field Hpec = 3 T). It shows a clear shift towards the
left field (negative magnetic field). The EB field (Hgp) can
be calculated from the shift of the hysteresis loop using the
following equation:

Hpp = —(Hewy + Hewry)/2, 4)

(Hc(ry and He(gy are the intercepts with the positive (right)
and negative (left) field axis. The calculated exchange bias
field Hgp = 65 Oe at 100 K. The exchange bias field is almost
constant with varying cooling fields (Hpc, ranging from 1
to 7 T). To investigate the temperature evolution of the ex-
change bias effect and to explore whether the exchange bias
property in CoFeRhOy is correlated with magnetic ordering,
we have measured the temperature variation of the EB field.
The material was cooled to the measuring temperatures in
a magnetic field of 3 T. Then, the M-H loops were mea-
sured between £0.5 T. Figure 11 highlights the temperature
evolution of the EB field for CoFeRhO,. Interestingly, the
EB effect emerges just below the long-range ferrimagnetic
ordering (350 K); however, with decreasing temperature, Hgp
shows almost constant behavior down to 10 K. In ferri-
magnetic systems, the presence of uncompensated magnetic
moments in a compensated AFM host is proven to be very
effective in designing the exchange bias effect (for instance,
Mnj_,Pt,Ga [47], BasFe; 120s08306) [48]. In this spinel
structure, there is an uncompensated magnetic moment due to
the distribution of two different magnetic cations (Co?* and
Fe3+) in two different sublattices. In CoFeRhQy,, as observed
from the neutron diffraction refinements (Table I), below the
magnetic-ordering temperature, the magnetic moment of the
B sublattice [M (Oct)] dominates over the M (7;). Under
FC conditions, the magnetic field orients the net magnetic
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FIG. 11. Temperature variation of the exchange bias field (Hgg)
for CoFeRhQO,. The exchange bias effect started to appear below the
long-range ferrimagnetic ordering (350 K).

moment of the sublattices along the field direction. Now,
as we gradually reverse the direction of the magnetic field,
the magnetic moments of the B sublattice [M (Oct)] do not
easily reverse its direction as they are antiferromagnetically
coupled with the A-sublattice [M (T;)] This pining effect
of irreversible uncompensated spins (octahedral B sublattice)
develops unidirectional anisotropy, and, therefore, exchange
bias is observed in CoFeRhO,.

IV. CONCLUSION

To summarize, we synthesized and examined the detailed
structural, magnetic, thermal (specific-heat), magnetodielec-
tric, and magnetic exchange bias properties of CoFeRhOQy,
a mixed 3d-4d spinel oxide. We used various diffraction

techniques, such as RT-XRD, NPD, RT-electron diffraction,
and STEM, to explore the material’s structural details. The
material crystallizes in a cubic structure with a space group
of Fd3m. Our measurements show a long-range ferrimag-
netic ordering with an onset at 355 K, which is explained
by a collinear ferrimagnetic ordering model with k = [0,
0, and 0]. However, we observe reduced magnetic moments
in the refinement, possibly due to the spins, local disorder,
local canting, or frustration. Magnetic frustration can also
reduce magnetic entropy as reflected in the specific-heat mea-
surement. The magnetic entropy increases with temperature
and reaches a saturation value of 4.4 J mol~' K~! (above
355 K) but is less than the theoretically estimated value.
Furthermore, our dielectric and FC magnetization measure-
ments show the appearance of two technologically significant
phenomena near room temperature: the magnetodielectric ef-
fect and the exchange bias effect. These effects appear below
the magnetic ordering temperature (355 K) and can originate
from magnetic frustration, collinear ferrimagnetic ordering,
and uncompensated magnetic moments. The uncompensated
magnetic moments create unidirectional anisotropy, resulting
in an exchange bias effect. Importantly, the presence of room-
temperature ferrimagnetism, EB, and the magneto(di)electric
effect demonstrates the potential of CoFeRhO, in the devel-
opment of materials for sensors or spintronics applications
operating at room temperature.
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