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Hidden magnetism, nonlinear magnetodielectric coupling, and large multicaloric
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Fe,(MoOQy); is a well-established L-type ferrimagnetic (L-FIM) material with field-induced magnetic
ordering (7n;) and multiferroic properties below 7Ty; (around 12 K). In this study, we investigate the
magnetic properties of Fe;(MoOy); through temperature- and field-dependent ac and dc magnetic suscep-
tibility x (7) measurements. Isothermal magnetization data reveal an additional metamagnetic transition
(Hc) beyond the existing boundary between L-FIM and multiferroic phases (Hc)). Frequency-dependent
ac magnetic susceptibility data demonstrate reentrant-spin-glass-like behavior below 7y, with a critical
temperature () of 6.2 K. Notably, a nonlinear magnetodielectric response and concurrent anomalies in
M (H) at the two metamagnetic transitions (Hc; and Hc;) allude to a profoundly intertwined magneto-
electric (ME) nature. A finite nonlinear ME effect (ayvg) of about 0.56 ps/m is comparable to that of ME
materials such as NdCrTiOs and MnGa,04. The temperature-dependent adiabatic temperature change
(ATy) due to the contribution of magnetic spin entropy exhibits a small value (approximately 0.8 K) with
an oscillatory-like magnetocaloric effect. Remarkably, the adiabatic temperature change (A7Tyg) owing
to magnetoelectric coupling is quite large (5.2 K under a 7 T magnetic field) near Ty,. The tunability of
TN, with temperature and magnetic field strength represents a unique multicaloric medium whose temper-
ature and field parameters can be easily adjusted for potential cryogenic applications near liquid-helium

temperatures.

DOI: 10.1103/PhysRevApplied.21.054025

I. INTRODUCTION

The thermal response of solid materials to the simulta-
neous or sequential application of multiple external fields
under adiabatic conditions is called the multicaloric effect
[1-3]. Research efforts to explore large caloric effects in
single-phase ferroic systems such as NisoMnjsIn;s [4] and
GdsGe;Si; [5,6] are supported by parallel studies of mul-
ticaloric phenomena with more than one caloric effect:
magnetocaloric effect (MCE), electrocaloric effect (ECE),
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elastocaloric, and barocaloric effects in multiferroics for
solid-state refrigeration technology [7—12]. In addition to
the conventional MCE and ECE, the coupling between
ferroic ordered phases, for example, spin-induced ferro-
electric materials [13—18], displays magnetoelectric (ME)
coupling providing a third degree of freedom for adjusting
multiple order parameters via a single external stimulus
and providing improved adiabatic temperature changes.
However, the number of such substances with multiple
caloric effects in addition to individual caloric effects is
limited. Lisenkov et al. theoretically estimated large mul-
ticaloric effects associated with ECE and elastocaloric
effects in the multiferroic PbTiO3 system [19], and more
recently, NdCrTiOs [20] and Y,CoMnOg [21] have also
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been shown to be susceptible to multicaloric effects
caused by ME coupling. On the other hand, magnetization
reversal induces an oscillatory magnetocaloric process
accompanied by heating and cooling effects, and their
coexistence in a homogeneous magnetic system provides
benefits for the temperature stabilization of bath reservoirs
[22-25]. Research on new materials exhibiting interest-
ing magnetic phenomena alongside a multicaloric response
holds significant promise for future technologies.

Recently, magnetic molybdate oxides (RE/TM),
(MoQy4); (where RE, rare earth; TM, transition metal)
have attracted great research attention due to their thermal
expansion and multiferroic properties [26,27]. Rare-carth-
based molybdate oxides Tb;(MoQy4); and Gdy(MoOy);3
are ferroelectric and ferroelastic materials without soft
polar modes [22,23]. On the other hand, Fe;(MoQOy)s
exhibits interesting magnetic properties and ferroelas-
tic structural phase transitions (orthorhombic to mono-
clinic) at high temperatures [24,28,29]. The unit cell of
Fe;(Mo00y)3 contains four different Fe sites. In the magnet-
ically ordered phase, Mdssbauer spectroscopy reveals two
sextuplets with a sextuplet area ratio of «:8 ~ 3:1, indi-
cating that three Fe sites share a similar hyperfine field.
The difference between the hyperfine fields as a function
of temperature exhibits a finite moment close to 7Ty, indi-
cating weak ferrimagnetism arising from the incomplete
compensation of antiferromagnetically coupled sublattices
[30]. The slight differences in exchange interactions lead
to different rates of thermal evolution for the two sublattice
magnetizations. Despite the well-established L-type ferri-
magnetic (L-FIM) nature, the ground-state spin structure
and the spin orientation are not accurately resolved, and
two contrasting spin structures have been proposed. Moss-
bauer analysis indicates that the magnetic moments lie in
the ac plane, making an angle of 37°-58° or 122°-143°
with the ¢ axis [30]. On the other hand, neutron diffraction
analysis proposes a collinear magnetic moment parallel
to the [010] direction with the magnetic space group of
P21/a[31]. Ajay T. et al. reported exotic magnetic ordering
induced by an external magnetic field (), along with asso-
ciated multiferroic behavior at Ty, below the magnetic
ordering of L-FIM at Tw; [27]. The Tn; and associated
magnetoelectric phase were highly tunable with H. These
results suggest that Fe;(MoO4); might harbor complex
magnetism beyond the existing L-FIM order. In this study,
we explore a hidden magnetic glassy phase along with the
field-induced magnetic boundaries. Furthermore, a non-
collinear magnetoelectric coupling along with multicaloric
properties is established.

II. EXPERIMENTAL DETAILS

Polycrystalline Fe,(MoO,)3; samples were prepared via
a conventional solid-state reaction technique, as previously
described [32], and the detailed procedure is provided in

the Supplemental Material [33]. The sample purity was
confirmed through in-house x-ray diffraction (XRD) anal-
ysis, which was conducted with a D8 Advance Bruker
diffractometer using Cu Ko radiation. The XRD data
were analyzed using the FULLPROF_SUITE program [34],
and the crystal structure was visualized using the VESTA
software [35]. The details are provided in the Supple-
mental Material (Fig. S1) [33]. The surface morphology
was investigated using field-emission scanning electron
microscopy (FESEM; JEOL 6330F) along with energy-
dispersive x-ray spectroscopy (EDS). In Fig. S2 in the
Supplemental Material [33], an FESEM image is pre-
sented that illustrates randomly shaped grains with a size
distribution ranging from 10 to 50 pum, separated by dis-
tinct grain boundaries. The quantitative areal analysis
and elemental maps obtained via EDS reveal a uniform
sample composition with a stoichiometric ratio Fe:Mo:O
of 0.152:0.196:0.650. This ratio is consistent with the
expected stoichiometry of Fe, (M0Qy)3, and the details are
provided in the Supplemental Material (Table S2) [33].
The ac and dc magnetization measurements were per-
formed utilizing a superconducting quantum interference
device—based magnetometer (QD-MPMS-XL7). Specific
heat capacity [C,(7, /)] was measured using a heat-pulsed
thermal relaxation calorimeter via a physical property mea-
surement system setup. For transport measurements, we
applied silver paste on both sides of a pellet sample with
a thickness of approximately 0.8 mm to serve as elec-
trodes. Temperature- and field-dependent dielectric [&'(7,
H)] and polarization [P(7, H)] measurements were per-
formed using an Agilent 4294A (V,. = 10 V) LCR meter,
and a Keithley 6517B electrometer, respectively. The &’
(T, H) and P(T, H) measurements were performed with
the sample geometry H L E.

III. RESULTS AND DISCUSSION

A. Hidden magnetism: Metamagnetic transitions and
reentrant-spin-glass-like phase

Based on previously reported x (7) data [27], it is imper-
ative to elucidate the evolution of magnetization (M) in
Fe;(M00,)3 with an external magnetic field (). Initially,
the M(H) loop at 2 K [inset of Fig. 1(a)] manifests a
predominantly linear variation of M, displaying no incli-
nation towards saturation even under an H = 7 T field.
The observed magnetization at 2 K amounts to 1.5 ug/f.u.,
constituting approximately 15% of the total magnetization
attributed to the spin-only contribution of Fe’* magnetic
spins. At lower H, the M(H) loop exhibits finite hys-
teresis, suggesting a weak FIM nature [36]. However,
upon meticulous examination of the M(H) data at 2 K,
specifically dM/dH vs H, two pronounced jumps at two
metamagnetic transitions Hc; = 0.5 T and Hep, =2 T
become evident, as depicted in Fig. 1(a). To gain deeper
insights into the evolution of H¢; and Hcp, dM/dH vs
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(a) Isothermal dM/dH vs H curves at different temperatures for 7 < 7. The inset displays isothermal M (H) data at 2 K,

featuring two critical fields (H¢; and H»), (b) The H-T phase diagram for Fe,(Mo0Q4)3. Data points are derived from metamagnetic
transitions (H¢; and H;), and metadielectric transitions (H,/c; and H,/c») as shown in (a) and Fig. 3(a). Additionally, TN (x), T2
(Cp), Tna(x), Tna(€'), and T (P) data points are extracted from Ref. [27]. In (b), white represents the paramagnetic (PM) state, yellow
indicates the L-FIM regime, light blue denotes the multiferroic regime, and dark blue represents an unknown phase.

H at different temperatures is presented in Fig. 1(a). The
H ¢ and H ¢; systematically shift to higher magnetic fields
with an increase in temperature, and eventually, Hc, dis-
appears for 7> 5 K, while H ¢, persists close to 7~ 10 K.
The variation of Hcy and Hc, with T contrasts with
established polar and nonpolar multiferroic systems, where
the metamagnetic transition remains rigid with respect to
T[37,38]. With the help of new magnetic phase transitions
(Hcy and Hcy), the H-T phase diagram has been recon-
structed. The data points in the phase boundaries for y (7,
H), Cy(T, H), ¢'(T, H), and P(T, H) have been taken from
Ref. [27]. Further, for completeness, the two metadielec-
tric transitions of H,cq and H,/¢, (discussed in Sec. B)
data points have also been incorporated in the H-T phase
diagram as shown in Fig. 1(b). As seen in the figure, the
H ¢ trend closely resembles the phase boundary between
the L-FIM and multiferroic region and both can be inferred
to have the same origin. However, a new phase boundary
related to H¢, below T < 6 K, might be related to further
modification of the proposed conical spin structure. It is
important to mention that the new phase boundary (H ;)
does not lead to further changes in the existing polariza-
tion, despite the clear change in field-dependent dielectric
constant at H, that indicates it probably arises from the
higher-order magnetoelectric coupling. Furthermore, the
origins of these H¢; and H, transitions remain unclear
and further experimental studies are required to verify the
magnetic structure.

To further understand the magnetic behavior, the
T-dependent coercive field (H.,) and remanent magneti-
zation (M;) obtained from the isothermal M(H) curves
are shown in Fig. 2(a). Here, M, has a maximum value
near Tyn; and supports the expected L-FIM behavior in
Fe; (M0Qy)3 [26]. A similar trend in spontaneous magneti-
zation Mg vs T [inset (ii) of Fig. S4 in the Supplemental
Material [33]] further suggests the L-FIM. On the other
hand, H, increases with decreasing temperature and dis-
plays a peak near 7~ 5 K, and then decreases. In general,
this behavior is in contrast with the evolution of the FIM
nature.

To expose the nature of magnetism in the low-7 region,
the ac magnetic susceptibility measurements were per-
formed on Fe;(Mo00Q4)3. Both real (') and imaginary (x'’)
components of ac susceptibility data, measured at a fre-
quency of 11 Hz with an applied ac magnetic field of 1 Oe,
is shown in Fig. 2(b). Here, a sharp peak at 7y ~12 K
is consistent with the x(7) data. With a further decrease
in 7, another magnetic anomaly with a broad hump in
x’ and a clear transition in x” are observed at T~ 6 K,
probably indicating a magnetic glassy phase. Such a low-
temperature magnetic anomaly at 7' < Ty; has not been
previously reported in the Fe;(MoQO4)s system. To clar-
ify the spin dynamics of such a low-7 magnetic transi-
tion, we plotted x phase against T for various frequencies,
as shown in Fig. 2(c). Here, the frequency-independent
transition at 7Ty; and frequency-dependent peak below
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FIG. 2. (a) T-dependent coercive field (H.,) (left panel) and

remanent magnetization (M,) (right panel) derived from the
isothermal M (H) data. (b) T-dependent in-phase (') (left panel)
and out-of-phase (x”) (right panel) components of ac suscep-
tibility for a frequency of 11 Hz. (c) 7-dependent xphase at
different frequencies. The inset of Fig. 2(b) shows the fit of
the spin-glass temperature (7,) to the power law (solid line)
of Eq. (1).

T <7 K are detailed for different frequencies, and such a
frequency-dependent ac susceptibility at low tempera-
tures is clear evidence of magnetic glassy behavior. The
frequency-sensitive factor K = AT, /[Ty (log(2rf'))] of
spin dynamics, estimated from the y,n. data, is 0.028.
According to the different magnetic glass systems classi-
fied by Mydosh [39] and in Ref. [40] the obtained “K”
value is comparable to those of spin-glass systems. Addi-
tionally, the change in 7, with relaxation time (v = 1/f')
from xphase Was analyzed with a critical slowing down

model i.e., power law,

T _T —ZV
rzm(ﬁ7fﬁ) , 1)
g

where Ty is the glassy freezing temperature of magnetic
glass (as f— 0 Hz and Hg. — 0 Oe) and ZV is the criti-
cal exponent. A dynamic scaling analysis of xphase yields
the fitting parameters shown in the inset of Fig. 2(b). The
microscopic spin relaxation time (1) of 5.7 x 1077 s, crit-
ical exponent ZV'~ 6.6, and T4 ~ 6.2 K, indicate that the
magnetic nature of Fe;(MoQy)3 below T, resembles reen-
try into the spin-glass nature [41—44]. As mentioned pre-
viously, the ac magnetic susceptibility study has provided
comprehensive insights and confirmed the existence of a
hidden low-temperature magnetic phase with reentrant-
spin-glass (RSG)-like characteristics in Fe;(MoO4)3. RSG
characteristics have been reported for various magnetic
systems, where the dynamics of magnetic glass in long-
range magnetically ordered zones are driven by compet-
ing magnetic phases resulting from antisite disorder or
magnetic inhomogeneities [43]. However, the observed
RSG-like nature in Fe; (MoQO4); might differ from conven-
tional RSG. In fact, in conventional RSG, the H, sharply
increases at the T, [44].

The possible RSG-like behavior might originate from
the thermal evolution of two sublattice magnetizations.
In the L-type FIM state, in the ordered magnetic phase,
slight differences in exchange interactions lead to distinct
rates of thermal evolution for the two sublattice magnetiza-
tions [30]. The trends of hyperfine fields for both sublattice
magnetizations approaching each other as the temperature
approaches zero indicate that antiferromagnetic (AFM)
correlation grows at the expense of weak FIM moments.
The observed trends suggest that the reentrant-glass-like
magnetic phase at 7, may arise from the competition
between AFM and FIM domains below Ty;. In fact, the
peak in the H, vs T curve indicates the growth of AFM
domains at low temperatures. This contrasts with conven-
tional RSG behavior, where H ., typically exhibits a sharp
enhancement below T,. However, a more detailed analy-
sis is needed to confirm the origin of glassy magnetism
in Fe,(MoOQy)3, which is beyond the scope of the present
study.

B. Nonlinear magnetodielectric effect and
magnetoelectric coupling

Fe;(Mo00y); is a magnetically induced multiferroic sys-
tem below Tz [27]. To understand the correlation between
its metamagnetism and dielectric properties, and thus
its ME response, we measured the H dependence of
magnetodielectric [MD (%) (= ((¢'(H) — €'(0))/&’(0)) x
100)] effects at 2 K. Furthermore, to accurately compare
dM/dH at 2 K, which is plotted in Fig. 3(a), the H depen-
dence of MD (%) at 2 K is shown in Fig. 3(b). Here, the
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FIG. 3. [Isothermal (a) dM/dH vs H curve and (b) MD (%) vs
H curve at 2 K. The inflection points H ¢ and H¢; in the dM/dH
vs H curve represent the two corresponding metamagnetic tran-
sitions. The metadielectric transitions are denoted as H,/c; and
Hy 2, respectively. (c) T-dependent magnetoelectric coefficient
(amg) for different H values.

shape of the MD (%) curve changed and remained posi-
tive throughout the H range. The presence of such a sharp
anomaly in the MD (%) behavior may indicate electri-
cal polarization induced by the magnetic spin structure.
The MD (%) varied nonlinearly with H and showed two
anomalies, i.e., at Hycp = 0.51 T and Hyicp = 1.98 T,
which fitted well to the metamagnetic transition corre-
sponding to two critical magnetic fields H¢; and Hcy,
respectively. Beyond H¢;, the MD (%) curve decreased
more rapidly, i.e., the lattice polarizability eventually
changed; this is likely due to spin reorientation with H,
which accounts for the inferred spin structure (possibly

cycloidal order from L-type FIM order). The observation
of such one-to-one correspondence between H-induced
dM/dH and MD (%) behavior in the same critical magnetic
field confirms the strong interaction between magnetic and
dielectric coupling. The second metamagnetic transition
(at H ¢;) may contribute to the alteration of magnetic order-
ing from the speculated cycloidal spin structure to another
unknown magnetic ordering. However, a systematic study
of isothermal neutron scattering as a function of H is
required to unveil the magnetic spin structure, which may
be helpful for clarifying the observed nonlinear MD (%)
effect in Fe,(Mo00y4)3.

As the spin structure altered by H is the anticipated
origin of ferroelectric phenomena in Fe;(MoQOy);, the
ME coefficient is estimated by plotting the 7-dependent
dielectric permittivity (¢’) and electric polarization (P) for
various H values, as illustrated in Figs. S6(a) and S6(b)
in the Supplemental Material [33], respectively. Compared
with an individual ferroic material that responds to its
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FIG. 4. (a) The T-dependent heat capacity (C,) under 0 T and
the solid line in the main panel are derived from the fitted lattice
term (Cphonon) described in the text and magnetic specific heat
Cr (obtained by subtracting Cyponon from Cp). Inset to (a) is the
T- dependent C,, in the vicinity of magnetic transition for various
H values. (b) The 7T-dependent magnetic entropy (Sp,) and Cy,/T
[inset to (b)] for different H.
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TABLE I.

List of systems with multiple caloric effects in composite multiferroic systems and single-phase caloric systems. Here,

S. no., Sg, Tk, and T¢ denote the serial number, isothermal entropy change due to electric component, electrical induced adiabatic
temperature change and magnetic transition temperature respectively.

ASw/ASE
S. no. Composite multiferroic (Jkg™' K1 ATy (K) ATg (K) Tc (K)  Ref.
Composite systems
1 Pb(Fey sNbg 5)03-BiFeOs 0.0015(5T)  0.5(90 kV/cm) 300 [7]
2 La()A7Ca()A3 MnO3 -BaTiO3 —0.7 225 [8]
3 Gds(Si, Ge)4-PVDF 3 300 [9]
4 BiFeOs- Bis Ti3O12 —5.7 (305 kV/cm) 363 [10]
5 Pb(Mn; 3Nb,/3)03-32PbTiO; 0.62 K (28 MPa) 323 [11]
6 EugGa,6Gesp-EuO 13 70 [12]
Single-phase caloric systems
1 BiCu3Cr4O1, 28.2 39(57T) 5.4 (4.9 kbar) 189 [49]
2 NisoMnjsIngs 22.9 —19.7 K (350 MPa) 320 [4]
3 EuTiO3 3.66 K (100 kV/cm) ~200 [50]
5.31 K (200 MPa)
4 FeRh 20(7.5T) 333 [51]
13 5.17 (529 MPa) [52]
5 GdsGe;Si, —28 274 [5]
-12 —1.2 (200 MPa) [6]
6 BaTiO3 0.9 (12kV/cm and 200 MPa) 305 [53]
7 FeCr,S4 3.72(6 Kand 5T) 6 [54]
1.24 (100 kV/m)
8 CoCr,S4 399 (28K and 5 T) 28

0.56 (100 kV/m)

inherent stimulus, the modulation of P through the appli-
cation of an external H shows cross coupling between
different ferroic states. In the Fe,(MoQOy); system, the
modulation of the L-type FIM to a conical-like spin struc-
ture with an external H is directly related to the electric
dipoles and contributes to the ME effect. The ME cou-
pling coefficient is estimated by oyg = (0P/9H)g and
its T-dependence with different H values is plotted as
shown in Fig. 3(c). As T decreased, ME coupling began
at Tno (which depends on H), increased, and then satu-
rated at low temperatures. Here, o was initially large
under H = 1 T and then began to decrease under 3 T;
subsequently, it increased with H. Therefore, ayg exhib-
ited nonlinear behavior for 7' < Ty» and matched well with
the variation in spin-spin correlations, as observed in the
dM/dH vs H [Fig. 3(a)] and the MD (%) vs H [Fig. 3(b)]
plots. The estimated ME effect (apgp) for 7 T at 10 K
was approximately 0.56 ps/m, which is comparable to
that of known ME materials, such as NdCrTiO5 [20] and
MnGa, 04 [45]

C. Field-dependent specific heat capacity and
magnetic entropy analysis

Figure 4(a) shows the temperature dependence of spe-
cific heat capacity (C,). For zero field, C, exhibited an
anomaly at around 12 K, which is related to 7Ty;. Fur-
thermore, the concurrent emergence of Tp, caused by the

field-induced spin reorientation (shown in Figs. S3 and S6
in the Supplemental Material [33]) is consistent with the
results for x (7, H) and ¢'(T, H). The heat capacity (Debye)
induced by lattice vibrations was determined by construct-
ing a zero-field C,(7) curve in the large 7 region and
the data was modeled using one Debye and two Einstein
components as shown in Fig. 4(a). Therefore, the Debye-
Einstein theory used to describe the lattice-contributed heat
capacity Cpnonon Of this system can be expressed as follows
[46]:

T 3 p0p/T e
Cphonon = (I —p — @)9nR (%) /o wdx
2
+ 3R | p (E1/x) eXP(El/XZ)
(exp(E1/x) — 1)
q(Ez/X)zeXP(Ez/X) @
(exp(Ex/x) — 1 |’

where n is the number of atoms per molecule [for
Fe;(Mo00y)3, n = 17], R is the universal gas constant,
(1 —p — g) is the fraction of vibrational modes contribut-
ing to the Einstein-type heat capacity, 6p is the Debye
temperature, and £, and E, are the Einstein temperatures.
The parameters derived by fitting the C,(T) data to Eq. (2)
above 20 K are shown in Fig. 4(a). The extracted lattice-
contributed heat capacity (Cphonon) Was subtracted from
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the total Cy(7) data to determine the spin-contributed heat
capacity (Cy).

In addition to the magnetic entropy associated with the
FIM order at 12 K, (Cy/T)dT was integrated, and the cor-
responding spin entropy (Sp) is shown in Fig. 4(b). For
a zero magnetic field, the calculated saturation value of
Sm ~25Jmol~! K~!, which is the maximum entropy theo-
retically estimated from the spin-only contribution of Fe**
(S = 5/2), 29.8 I mol~' K~ [Sy, = 2RIn(2S+ 1)]. This
suggests that more than 84% of the spin entropy is emit-
ted just below the FIM order and that slight difference in
S is due to Fe** ions not having full effective spin at low
T values [47,48].

D. Solid-state refrigeration phenomena:
Magnetic-field-induced total adiabatic temperature
change

The coexistence of multiple order parameters and
the associated entropy changes during phase transitions
facilitate investigations into multicaloric phenomena in
multiferroic systems. Table I summarizes the reported
multiple caloric effects resulting from individual caloric
behaviors in composite and single-phase multiferroics
[4-12,49-54]. As Fe;(MoQy)s is a field-induced multi-
ferroic system with a phase transition from the L-type
FIM state to the proposed conical spin structure and
exhibits significant changes in magnetic susceptibility, it
may display a large multicaloric effect owing to its intricate
ME coupling. Using Maxwell’s equations, the MCE with
isothermal entropy change (—AS,,) is estimated for differ-
ent H ranging from 1 to 7 T at specified T values, as shown
in the Fig. S7(a) Supplemental Material [33]. AtH = 1T,
—ASp, showed a peak around 7y, and it increased at lower
T, which agrees well with the magnetic-field-induced 7.
This feature became more evident as H increased; even-
tually, —AS;, exhibited oscillatory-like behavior due to
the conventional magnetocaloric effect and the inverse (or
negative) magnetocaloric effect (IMCE) over the entire
temperature range [55]. As expected, the IMCE peak
became stronger as H increased and shifted systematically
to higher 7, as indicated by the measurements of x (7, H)
and &'(T, H) shown in Figs. S3(c), S3(d), and S6 in the
Supplemental Material [33]. Such an oscillating MCE (i.e.,
—ASp) as a function of 7 and H can be attributed to the
Ty induced by H. Additionally, —AS,, was calculated
from the field-dependent heat-capacity data, as shown in
Fig. S7(b) in the Supplemental Material [33], using the
relation,

r
AS, :/ Cn(t, T) — Cm(Hl,T)dT 3)
0

T

The calculated MCE and its qualitative behavior agreed
well with the results obtained from the isothermal M (H).

|
=
foN

10 12 14 16

2 4 6 8
T (K)

FIG. 5. (a) Magnetically induced adiabatic temperature
change ATy, vs T, (b) adiabatic temperature change due to
magnetoelectric coupling ATy vs 7, and (c) the total adiabatic
temperature change A Ty vs 7 for different A values in various
temperature regimes (green, PM state; pink, L-FIM regime; and
yellow, multiferroic regime).

Meanwhile, the magnetically induced adiabatic temper-
ature change (AT,,) was estimated from the isoentropic
difference between S(0, 7) and S(H, T) as follows:

-T
ATy = — ASy,. 4)
CP

The results are shown in Fig. 5(a). The observed ATy
was positive with a maximum value of 0.81 K below T3,
whereas it was negative for T, < T < Tnj, With a magni-
tude of —0.43 K at Ty;. Finally, there was a positive MCE
with a maximum AT, ~ 0.7 K near Tx;.

Recently, Vopson [13,14] reported that coupled sys-
tems with multiple ferroic properties are suitable for
expressing significant adiabatic temperature changes
(ATota) = AT+ ATMEe) [56]. As discussed previously,
in addition to the good ME coupling of Fe;(Mo00y)s, its
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TABLE II. Magnetoelectric coupling—induced multicaloric effect in single-phase multiferroic compounds. Here, S. no. and Ty
denotes the serial number and magnetic transition respectively.
Transition ME coupling
temperature constant oy ATy (K) at ATy (K) AT (K)

S.no.  Multiferroic Tc (K) (ps/m) 7T at7T at7T Ref.

1 Fe;(Mo00Oy4)3 12 056at7T =2K 0.7 at T\ 5.2 at Tno 4.8 at Tnp and  This work
—0.43 at TN2 0.7 at TNI
0.8at2 K

2 Y,CoMnOg 75 04lat7T =75K 545at75K 034at75K 5.79 at Tx [21]

3 NdCrTiOs 21 05at7T=21K 63at21K 0.58at7T=21K 6.88at7Ty [20]

low magnetic hysteresis and low specific heat capacity
(approximately 0.2 mJ K=! at 10 K) render it suscepti-
ble to a strong adiabatic cooling response. Theoretically,
multiferroic StMnOj3 is predicted to contribute 60% of
its entropy change through its significant ME coupling
[57]. Therefore, considering ME coupling, the total adi-
abatic temperature change (ATi1) of Fe;(MoOy)s; was
estimated based on using H under the effects of electri-
cal quantities such as polarization and dielectric response
[58]. A change in the magnetic structure induces electric
polarization, thus resulting in an internal electric field (£)
with an ME effect of dE;, = (amg/e0x€)dH, where ayg
is the ME coupling coefficient, gy the permittivity of free
space, and x°¢ (=&’ — 1, where &’ is the relative dielectric
constant) the electrical susceptibility. Thus, the ATy, of
Fe;(Mo0Qy4)3 under the effect of H, as derived from the
generalized Maxwell relation, is as follows:

-7 (| oM o P
AT’(otal = _/ <_> + ZIE (-) dH.
Cp H, aT nE X% oT HE
Q)

Here, the first term represents the individual adiabatic tem-
perature change due to the MCE (ATy,), and the second
term represents the adiabatic temperature change (A7TyE)
due to the ME coupling. Using the available data, the com-
bined effect of adiabatic temperature changes due to the
ME effect (ATvg) and ATy, was estimated and plot-
ted as a function of T for different H values, as shown
in Figs. 5(b) and 5(c), respectively. Here, the estimation
yielded two peaks in ATy, for all H. One peak was due
to a single MCE of magnitude 0.7 K near Ty;, and the
other peak exhibited a large magnitude of approximately
5.2 K at Tnp owing to the isothermal temperature change
caused by ME coupling. As shown in Figs. 5(a)-5(c), the
contribution of the standard MCE to the total adiabatic
temperature change was insignificant, i.e., —0.43 K. How-
ever, the contribution from ME coupling to ATy, was
significant, with a magnitude of 5.2 K at Ty, for H = 7 T.
This combined caloric effect resulted in a cooling temper-
ature of approximately 4.8 K for Tx;. The AT, induced
by ME coupling was comparable to that of other magnet-
ically induced multiferroic systems (see Table II [20,21]).

Fe;(Mo00y); offers an important advantage in that, for all
single-phase and composite multiferroic or nonmultifer-
roic systems, it allows the maximum observed adiabatic
temperature change to be adjusted via an external H/ whose
temperature is similar to the ordering temperature. How-
ever, in the Fe;(Mo0QOy); system, the temperature regime
corresponds to a significant adiabatic temperature change,
and because Ty; is a function of H, the cooling efficiency
varies with the external H. This peculiar field-dependent
tuning behavior of the temperature zone for the large
caloric effect is specific to the Fe;(MoQ4); multiferroic
system.

IV. CONCLUSIONS

This study provides insights into the L-type FIM
behavior of Fe;(MoO4); and highlights some impor-
tant findings. The detailed H-T phase diagram obtained
from isothermal magnetization studies revealed an addi-
tional phase boundary (Hc;) extending beyond the
known multiferroic boundary (Hc¢;). Furthermore, the
evident dielectric anomalies coupled with the nonlinear
MD behavior associated with H¢; and H¢, highlighted
the complex interplay between the electric and mag-
netic orders. The frequency-dependent ac susceptibility
revealed concealed RSG-like behavior at Ty = 6.2 K,
which is below Ty;. Additionally, numerical calcula-
tions to estimate the MCE (AT, = 0.8 K) arising from
magnetic contributions indicated low values and oscillat-
ing behavior. ME coupling induced a significant adiabatic
temperature change near Tny (ATye = 5.2 K at 77T),
and demonstrated flexibility in temperature and magn-
etic field parameters. Therefore, the observed solid-
state cooling effects with respect to temperature and
magnetic field variations suggest that the multiferroic sys-
tem Fe;(MoQy)3 is promising for practical applications
in future cooling devices, particularly in low-temperature
solid-state caloric applications.
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