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The rhombohedral distortion-driven occurrence of the spontaneous electric polarization at a reasonably high
temperature (7') and an exchange bias (EB) effect below the antiferromagnetic (AFM) Néel temperature (7y)
are revealed in ZnFe,O4. We observe the magnetic memory effect, suggesting a cooperative glassy magnetic
state below Ty. The phase separation between the long-range AFM and the glassy magnetic component leads
to the EB effect below Ty. The synchrotron diffraction studies confirm a structural transition to a polar R3m
structure from the cubic spinel structure, involving a strong rhombohedral distortion. This distortion correlates
with the occurrence of the spontaneous electric polarization (P) below ~110 K (7gg;), which is accompanied by
a short-range order (SRO). The P-value enhances further due to an additional rhombohedral distortion below Ty.
A considerable magnetoelectric (ME) coupling is detected below Tgg;. The increase of P is ~7.2% for 5 T at the
liquid nitrogen temperature. There has been a fundamental interest among the community in the unique result of
the occurrence of ferroelectric (FE) order coexisting with SRO and having a significant ME coupling, which is
accompanied by a strong rhombohedral structural distortion analogous to that observed in BiFeOs;.

DOI: 10.1103/PhysRevMaterials.5.014410

I. INTRODUCTION

AB,X,-type compounds continue to inspire interest in mag-
netism due to the tuning of the A and B atoms, which are
crystallized in the spinel structure. Here, X represents either
the oxygen or the chalcogenides. For example, the solely A-
site magnetic atom in the spinel structure gives rise to exotic
effects such as spin dimerization [1], spin liquid ground states
[2—4], and suppressed antiferromagnetic order [5], which are
often regulated by either orbital ordering or geometric mag-
netic frustrations, or both. Transition elements in both the A-
and B-sites reduce the magnetic frustration, but this produces
interesting consequences such as structural instabilities [6—8],
intricate magnetic structures [9,10], ferroelectricity [11-14],
etc. The solely B-site magnetic atom in AB,X; is found to
have potential for the pyrochlore structure, producing strong
geometric magnetic frustration [15,16]. The geometrically
frustrated pyrochlore structure becomes the center of attrac-
tion when it reveals interesting fallout, specifically various
spin ice states [17-19], charge ordering [20,21], and intricate
magnetic structures [22,23].

The spinel Zn-ferrite ZnFe, O, (ZFO) attracts special atten-
tion due to the B-site magnetic frustration, which is attributed
to the pyrochlore structure [24]. An example of a pyrochlore
structure formed solely by Fe atoms in the Fd3m struc-
ture is depicted in Fig. 1(a). The structure is composed of
corner-sharing tetrahedra, where four corners of a tetrahedron
are occupied by the Fe atom. In the case of antiferromag-
netic (AFM) exchange interaction, a tetrahedral unit is highly
frustrated, as depicted by the question marks in Fig. 1(b).
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Long-range AFM order at Ty has been reported, suggesting
Ty is in the range of 10.5-13 K by means of the neutron,
1-SR, and Mossbauer studies [25,26]. The Ty at 13 K was
proposed with a high paramagnetic Curie-Weiss temperature,
® = 120 K, which provided a high value of the ® /Ty ratio,
pointing to strong magnetic frustration [26]. The density func-
tional theory further interpreted the nature of the AFM order
[27,28]. Revisiting the Mdossbauer studies, it was proposed
that the disorder, either introduced by the external pressure
or the internal pressure attributed to the chemical disorder,
was found to be crucial for tuning the magnetism of ZFO
[29-32]. The external pressure effect demonstrated an irre-
versible change in the unit-cell volume, correlating with a
change in the spin state [31]. The chemical disorder-driven
spin-glass and/or cluster-glass state was proposed [32], which
was also interpreted from ab initio calculations [33]. The
magnetic diffuse scattering results proposed a spin liquid
state, analogous to the three-dimensional (3D) quantum spin
liquid system, Y(Sc)Mn,, which was attributed to the strong
magnetic frustration [34,35]. For the dominant short-range or-
der (SRO), preferably, the existence of a ferromagnetic (FM)
cluster has been proposed in nanoscale ZFO from neutron
polarization studies [36]. In fact, a dominant SRO has been
proposed from the neutron diffraction studies of a ZFO crys-
tal, which was suggested to occur around 10 times (~105 K)
for Ty at 10.5 K, and also proposed to exist a SRO state even
below Ty [25]. Up to now, a lot of attention has been paid
to the magnetic ground state below Ty using different micro-
scopic experimental tools, although the physical origin of the
SRO, observed at much higher than 7y, remains unaddressed.

In the article, we report significant magnetoelastic coupling
close to the proposed emergence of SRO for ZFO. We ob-
serve a structural transition to a polar structure with a R3m

©2021 American Physical Society
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(b)

FIG. 1. (a) A part of the pyrochlore structure formed by the Fe
atoms crystallized in Fd3m structure within the unit cell. (b) An-
tiferromagnetically coupled tetrahedron unit, with examples of the
magnetic frustrations denoted by the “?”” marks.

space group from the cubic Fd3m structure around ~110 K.
Intriguingly, this structural transition is associated with a
ferroelectric (FE) order with the ordering at Trg; = 110 K,
which is followed by an evident signature of magnetoelectric
(ME) coupling at Ty. The value of electric polarization (P) is
considerable as ~125 uC/m? at liquid nitrogen temperature
for a 500 kV/m poling field. The value of P increases with the
application of a magnetic field (B), pointing to ME coupling.
The P increases up to ~7.2% for B =5 T at liquid nitrogen
temperature. The dc magnetization results show the magnetic
memory effect in the thermal variation as well as relaxation
dynamics below Ty, pointing to a signature of a cooperative
glassy magnetic behavior. The glassy magnetic component
coexisting with the AFM ordered state leads to the emergence
of an exchange bias (EB) effect due to the field-cooling below
Ty. The value of the EB field is reasonable: ~6.7 mT at 2 K
for a cooling field of 1 T. Current investigation has unfolded
the important issues close to Ty and Trg;. At Ty, a strong
rhombohedral distortion is proposed, which is accompanied
by an increase in the FE polarization and a magnetic phase
separation, giving rise to the EB effect. The structural tran-
sition to a polar R3m structure at Tpg;, which involves a
strong rhombohedral distortion, is very similar to the observed
ferroelectricity driven by the rhombohedral distortion in the
R3m structure for BiFeO5 [37,38].

II. EXPERIMENTAL RESULTS

Polycrystalline ZnFe,O, is prepared using a standard
solid-state reaction technique [25]. The chemical composi-
tion is checked by x-ray diffraction at room temperature
recorded in a PANalytical x-ray diffractometer (model: X’
Pert PRO) using Cu K« radiation. The single-phase chemical
composition is further confirmed by the synchrotron diffrac-
tion recorded with a wavelength of 0.1422 A (87.1 keV) at
the PO7 beamline of PETRA III, Hamburg, Germany. The
synchrotron diffraction data are analyzed using Rietveld re-
finement with commercially available MAUD software. The
polycrystalline sample, pressed into a pellet, is used for
the dielectric measurements, using an E4980A LCR meter
(Agilent Technologies, USA) equipped with a commercial
PPMS Evercool-II system of Quantum Design. The pyro-
electric current (/) is recorded in an electrometer (Keithley,
model 6517B) at a constant temperature sweep rate. In all
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FIG. 2. (a) Zn 2p and (b) Fe 2p core level XPS of ZFO. (c) >'Fe
Mossbauer spectrum recorded in the transmission mode at 300 K.
The fits in (a), (b), and (c) are shown by the solid curves. (d) SEM
image highlighting the particles.

the measurements, the electrical contacts are fabricated using
air-drying silver paint. The poling electric fields are applied
during cooling processes, and the values of I, are measured
in the warming mode in zero electric field. Before the mea-
surement of /,, the electrical connections are short-circuited
and left to wait for a sufficiently long time. Magnetization is
measured in a commercial magnetometer of Quantum Design
(MPMS, Evercool). Scanning electron microscopy (SEM) is
performed using a JEOL JSM-6010LA. X-ray photoemission
spectroscopy (XPS) is recorded with a spectrometer of Omi-
cron Nanotechnology. The Mdossbauer spectrum is recorded
in a transmission geometry using a >’Co source fixed in a Rh
matrix, where a Wissel velocity drive unit is used in a constant
acceleration mode. The Mossbauer parameters are estimated
with respect to the «-Fe.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Chemical and physical characterization

The Zn 2p and Fe 2p core level XPS of ZFO are sum-
marized in Figs. 2(a) and 2(b). In Fig. 2(a), the two peaks
observed at 1021.6 and 1044.7 eV correspond to the 2p3/»
and 2p,/, peaks of Zn, respectively. Figure 2(b) depicts the
spectrum with the peaks at 725 and 710.9 eV for Fe 2p;, and
2p3,2, respectively. The satisfactory fits are shown by the solid
curves on the experimental data in both figures. The results
indicate the Zn*t and Fe3™ states in ZFO, as reported earlier
[39—-41]. We note that the ratio of the area under the curve of
the Zn- and Fe-spectrum is close to 1:2, which is reasonable
for the composition of ZnFe, 0. To further confirm the oxida-
tion state of Fe, the Mossbauer spectrum is recorded at 300 K,
as depicted in Fig. 2(c). The paramagnetic state, as indicated
by the doublet spectrum, is realized with an isomer shift
(IS) of 0.36 mm/s and a quadrupole splitting (QS) of 0.45
mm/s. The value of the IS is consistent with that observed
for the high-spin Fe** state [29,30]. Figure 2(d) illustrates
the SEM image. The average grain size is obtained using the
mean lineal intercept technique, Dayerage = 1.56L/MN, where
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FIG. 3. (a) The T variations of ZFC-FC magnetization curves recorded at 7 mT. The arrow in the inset highlights 7y, below which ZFC
and FC magnetization curves deviate from each other. (b) The dM/dT with T recorded in ZFC mode, highlighting 7gg;. (c) The T variation
of the ZFC curve recorded at 7 mT, defined as a reference curve and the memory curve, as indicated by the solid curve. The arrow indicates
the aging temperature at 10 K. (d) Difference between these curves shown by AM plotted with T', highlighting a sharp “dip” close to 10 K.
(e) The r dependence of M at 12 K, 9 K, and again at 12 K for ¢1, #2, and ¢3, respectively, with 7 mT after cooling in ZFC mode. (f) The ¢
dependence of M at 12 K for 71 + #3 recorded at 7 mT, following a single stretched exponential function. (g) The ¢ dependence of M at 12 K,
9 K, and again at 12 K for ¢1, ¢2, and 3, respectively in zero-field after cooling in FC mode with a field of 7 mT. (f) ¢ dependence of M at
12 K for ¢1 + ¢3 in zero-field, following a single stretched exponential function. The T vs ¢ plots for the experiments in ZFC and FC modes

are shown at the bottom of panels (e) and (g), respectively.

Diyverage 18 the average grain size, L is the total length of
test line used, N is the number of intercepts, and M is the
magnification of the SEM image. Here, the proportionality
constant, 1.56, is essentially a correction factor, which was
derived by Mendelson [42]. The value of Dyyerage 15 2.6 um
with a standard deviation of 0.33.

B. Short-range order above Ty

Thermal variations of magnetization (M) are recorded in
the zero-field-cooled (ZFC) and field-cooled (FC) protocols,
which are shown in Fig. 3(a) for B =7 mT. A sharp peak
is observed in both the ZFC and FC curves, below which
they deviate from each other at 13.5 K (7y), as depicted
in the inset of the figure. The result is consistent with the
reported results [26]. Figure 3(b) depicts a derivative plot of
M (dM/dT) recorded in the ZFC mode with temperature (7).
The curve indicates that with decreasing temperature it starts
to increase slowly below 7gg;, as indicated by an arrow. Here,
Trg; denotes the FE Curie temperature, which is described
elsewhere in the text. The dM/dT (T ) curve is consistent with
the previous report, indicating the occurrence of SRO [25].
Here, we note that the SRO starts to appear significantly close
to Trg;.

C. Magnetic memory effect below Ty

To investigate the magnetic memory effect, the sample is
cooled from 300 K down to 10 K (< Ty) in zero field and
left to wait for 3600 s (¢,), which is followed by further

cooling down to 2 K. Next, the magnetization is recorded in
the warming mode with 7 mT for a temperature sweep rate
of 1 K/min. The magnetization curve is recorded up to 20 K,
which is depicted by a continuous curve with 7 in Fig. 3(c).
We notice an apparent signature of anomaly at 10 K, which
is further compared with the reference curve, as shown by the
open symbols in the figure. Here, the reference curve is the
same ZFC curve as shown in Fig. 3(a). The difference between
these two, defined as AM, is depicted in Fig. 3(d). The AM
versus T plot clearly shows a “dip” at 10 K, revealing the
memory effect. The result is consistent with that observed for
spin-glass systems [43]. During the aging process at 10 K, the
system is allowed to relax and it rearranges the spin configu-
ration toward the equilibrium. This equilibrium state is frozen
with a further cooling process, which can be retrieved during
measurement on reheating the system. The magnetic memory
effect observed in the ZFC mode suggests the cooperative
glassy dynamics, as commonly observed for the spin glasses
[43].

To verify the memory effect further, experiments on the
relaxation dynamics are carried out using the experimental
protocols proposed in the literature [44]. All the experimental
results are summarized in Figs. 3(e)-3(h). At first, the relax-
ation of M is recorded for a time period of 71 at 12 K (below
Ty) with 7 mT, after cooling the sample in zero-field from
300 K. At the end of 71, the sample temperature is lowered
to 9 K and the relaxation is recorded for ¢2. Finally, the
sample temperature is heated back to 12 K and the relaxation
is recorded for #3, as shown in Fig. 3(e). The changes of
temperature with time are depicted at the bottom of the figure.

014410-3
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As displayed in Fig. 3(f), the relaxation processes during
t1 413 at 12 K follow a single stretched exponential function
[45,46]. Similar results are observed for the relaxation dynam-
ics measured in zero field at 12 K after cooling the sample in
FC mode with B =7 mT from 300 K, as shown in Fig. 3(g).
Similar to the experiment in the ZFC mode, the changes in
temperature with time during the experiment are depicted at
the bottom of the figure. Figure 3(h) depicts the relaxation
process in zero field for 11 +¢3 at 12 K, following a single
stretched exponential function. The results demonstrate that
the relaxation process after the temporary cooling for T — AT
retrieves the previous history, pointing to the manifestations
of the memory effect in the relaxation dynamics. Thus, the
memory effects in both the thermal variation as well as relax-
ation dynamics suggest a glassy magnetic state. The glassy
magnetic state, coexisting with the long-range AFM order
below Ty, is analogous to that observed for ZnCr,O4 [47]. A
considerable EB effect was observed for ZnCr,Qy4, which was
attributed to the coexisting magnetic phases below Ty [47].

D. Exchange bias effect below Ty

Figure 4(a) depicts the magnetic hysteresis loop recorded
at 2 K, having a considerable coercive field (H¢). As depicted
in the inset of the figure, the loop closes around ~1.4 T,
above which almost a linear magnetization curve is observed,
as noted for the AFM ground state. The opening of the loop
in the low-field region for an AFM ground state indicates an
additional magnetic phase coexisting with the AFM phase
below 7Ty, which has also been reported earlier from the
combined neutron, ©-SR, and Mdssbauer studies [25]. Here,
the glassy magnetic component, as indicated by the memory
effect, coexisting with the AFM component, may lead to the
occurrence of the EB effect even in a chemically single phase
compound [48]. To test it, initially, we cool the sample down
to 2 K with the cooling field of &1 T and the hysteresis loop
is measured in between 5 T (Hp,x), as depicted in Fig. 4(a).
The inset of the figure highlights that the loop closes around
~1.4 T, which is less than 1/3 of Hy,«x. A negative shift for
the positive cooling field and a positive shift for the negative
cooling field are depicted in Figs. 4(b) and 4(c), respectively.
This manifestation is typical for the EB effect [49-53]. We
further note that the field-cooling from the temperatures above
Trg or Ty does not significantly influence the EB effect. From
the shift of the hysteresis loop in the field axis, the EB field is
defined as Hg = —(H; + H»)/2 and Hc = (H, — Hy)/2 for a
positive cooling field, where H; and H, are the left and right
coercive fields, respectively.

The values of Hg and H¢ at 2 K for a cooling field of
1 T are depicted in Figs. 4(d) and 4(e), respectively. Initially,
the EB field increases with increasing cooling field up to
1 T, which is associated with the increase in the coercive
field. This observation is an indication of the appearance of
a magnetic phase with the considerably increased anisotropy
driven by the cooling field. Thus the field-cooling process
gives rise to the emergence of a new layer composed of the
pinned spins at the interface between the AFM and the glassy
magnetic phases. The possible occurrence of a pinned layer at
the interface between the AFM and glassy magnetic layer is
illustrated in the inset of Fig. 4(d). The pinned layer, carrying
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FIG. 4. (a) Hysteresis loop recorded up to maximum field of
+5 T at 2 K for a cooling field of 1 T. The inset highlights that the
loop closes around 1.4 T, as indicated by an arrow. (b) Negative and
(c) positive shifts are shown for a cooling field of 1 T. Cooling
field dependence of (d) EB field and (e) coercive field at 2 K.
Temperature variation of (f) EB field for a cooling field of 2 T. The
inset of (d) illustrates a representative illustration of the occurrence
of a pinned layer at the interface between AFM and glassy magnetic
phases.

the unidirectional anisotropy, causes a systematic shift of the
hysteresis loop driven by the cooling field and leads to the
EB effect. This unidirectional anisotropy strongly depends
on the individual anisotropy of the magnetic phases coupled
with the pinned layer. We note that with a further increase in
the cooling field above 1 T, the EB field shows a decreasing
trend, which is often observed for the exchange bias effect,
involving the glassy magnetic component [54—57]. When the
cooling field is high, the frozen spins, belonging to the glassy
magnetic component, are almost fully aligned and vary a little
along the field with a further increase in the higher cool-
ing field. As a result of it, the magnetic coupling between
the strong cooling field and the glassy magnetic moment
increases, tending to polarize them along the field direction,
where the magnetic coupling dominates over the EB coupling.
This may lead to a decrease in the EB field at the higher
cooling field. As depicted in Fig. 4(f), the EB field decreases
with decreasing temperature and nearly vanishes close to Ty.
The result indicates that the AFM state below Ty leads to a
crucial role for the EB effect.
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FIG. 5. The T variations of (a) I, recorded with a constant T '-
sweep rate of 5 K/min at different poling temperatures (Tyo1c), as
described in the text and for a poling field (E£) of 500 kV/m; (b) P
for E = 4300, £500 kV/m, and 500 kV/m with a magnetic field of
5T, (c) I, for E = £500 kV/m and the same with a magnetic field
of 5 T for Tj. at 15 K; and (d) P, as calculated from the data given
in (c). The inset of (a) highlights another low-T' peak and (c) shows
the dc bias current (Ipc) with 7' with a “dip” at ~10.5 K. The T
variations of (e) € at f = 2 kHz and (f) MD(%), showing Txg, and
Ty by the arrows. Plot of (g) M? with MD(%) at 10 K for f = 2 kHz.

E. Ferroelectric order above Ty

Figure 5(a) shows a temperature variation of the pyroelec-
tric current (/,) recorded with the poling electric field of 500
kV/m and a thermal sweep rate of 5 K/min in the different
poling conditions. To confirm the peak in I,(T"), appearing
due to a genuine occurrence of the polar order, the values of
I,(T') are recorded for the different poling temperatures. In the
figure, Thore (1), Tpote (2), Tpote (3), and Tpope (4) represent the
poling temperatures at 150, 95, 20, and 8 K, respectively. In
all the cases, a peak at 110 K is always observed, pointing to
a genuine occurrence of the peak [7,58,59], which is shown in
the figure. For T, (1) another high-temperature peak is ob-
served, which disappears with T}, close to or below the polar
order. The high-T peak appears due to the extrinsic thermally
stimulated depolarization currents (TSDC) [7,58-60]. For the
poling at 95 K, an additional peak close to 95 K appears below
the peak at 110 K. The peak around 95 K disappears for the
poling at 150, 20, and 8 K, although the peak at 110 K is

always evident, which is described as Trg;. After subtracting
the TSDC component for T, at 150 K, the I,(T), integrated
with time, provides the thermal variation of P. The P(T)
curves are depicted in Fig. 5(b) for different poling fields. The
P(T) curve reverses almost symmetrically due to a change of
sign of the poling field, pointing to the FE nature of the polar
order. The value of P at 15 K is ~148 1.C/m? for a poling field
of 500 kV/m. With the application of a magnetic field, the
P-value increases, pointing to a significant ME. The changes
of P due to a 5 T magnetic field are 7.2 (%) and 8.6 (%) at the
liquid nitrogen temperature and 17 K, respectively.

We note that another peak is observed in I,(T') close to
Ty for Tye (1), as highlighted in the inset of Fig. 5(a). To
focus on this low-7 peak, the poling is further done at 15 K
with a temperature sweep rate of 5 K/min for a poling field
of £500 kV/m. As depicted in Fig. 5(c), the I,(T') exhibits
a sharp peak at 10.5 K, which reverses due to a change in
sign of the poling field, pointing to the FE nature of the
additional polar order below Ty . The inset of the figure shows
a sharp “dip” in the bias current (Ipc), which is recorded in the
heating cycle with a thermal sweep rate of 5 K/min and a bias
electric field of 500 kV/m. Thus the sharp peak in I,(T) is
genuinely observed at 10.5 K (Txg»). Integration of 1,(T") with
time provides P(T), which is shown in Fig. 5(d). With the
application of a 5 T magnetic field, the P(T") does not change
convincingly, as also indicated in Fig. 5(d).

F. Dielectric and magnetodielectric effect

Dielectric permittivity (€) is recorded with 7 at a fixed
frequency (f), for example at f = 2 kHz for a magnetic field
(B) of 0 and 5 T. Thermal variation of the real (¢") component
of € is shown in Fig. 5(¢). We note that the value of €’ is not
reliable above ~40 K, which is attributed to the low resistivity.
To test the reliable value of € below ~40 K, we calculate
the value of P/E, which is found close to the value of €.
The value of P/E is ~33 for E = 500 kV/m, which is quite
reasonable for ¢’ ~ 24 at 16 K. This discrepancy may be
attributed to the nonlinear behavior of the P-E curve close to
E =500 kV/m. The percentage of magnetodielectric (MD)
response, defined as [¢/(B)/¢'(B = 0) — 1] x 100, is depicted
with T for B = 5 T in Fig. 5(f). Ty and Tgg, are highlighted by
the arrows. A minimum in MD(T) is noted around 7}. Below
Trg>, the MD(T') shows a maximum around 7 K.

The MD consequences are correlated to the ME coupling,
which have been phenomenologically expressed using the
Ginzburg-Landau theory through the ME coupling term
yP2M? in the thermodynamic potential (®), which is defined
as

q>:c1>0+aP2+§P4—PE+a’M2+%M4—MB

+yP?M>. (D

Here, a, B, o', B/, and y are the constants and functions of
temperature. In the magnetically ordered state, the influence
of magnetic order on the MD response is followed by a
linear response of the M? versus MD(%) curve. Here, the
M?* with MD(%) plot at 10 K is shown in Fig. 5(g). We
note that the linearity of the curve holds satisfactorily for
0.15 < B < 1.2 T, as indicated by the arrows. The linearity
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FIG. 6. (a) High-26 peaks shown at different 7 around 7gg; at 110 K. (b) Integrated intensity (,.,) of (600) peak with 7', showing arrows
at Tyg; and Ty. Comparison of (c) the refinements (red solid curve) of the selected 26 peaks at 90 K using Fd3m and R3m space groups.
Rietveld refinement of the (d) diffraction pattern at 90 K using R3m structure. The inset amplifies the result on the quality of refinement in a
selected high-26 region. The T variations of (e) refined lattice constants, a and ¢ in range of 8.7-250 K, (f) ¢, and (g) a at low-T with R3m
structure, highlighting 7rg, and Ty by the arrows, (h) V in the entire T range, and (i) V at low-T', showing Trg, and Ty.

of the plot indicates that the ME coupling term y P>2M? of the
Ginzburg-Landau theory is significant for ZFO, as reported
earlier for the different multiferroics [14,45,47,61-63].

G. Structural correlation to the ferroelectric order

The structural properties are investigated using the syn-
chrotron diffraction studies over a wide temperature range of
8-250 K and at 300 K. The ZFO crystallizes in the normal
spinel structure with the cubic Fd3m (No. 227, Z = 8) space
group at 300 K. At 300 K, the diffraction pattern is satisfac-
torily refined (not shown here) with the lattice constant, a =
8.4658(3) A, considering Zn (x, x, x) with x = 0.3750(0), Fe
(0,0,0), and O (x, x, x) with x = 0.2412(9). The reliability
parameters, R, (%) ~ 6.60, Rexp(%) ~ 3.39, and x*(%) ~
1.94, are found to be reasonable. Figure 6(a) exhibits a peak in
a selected high-26 region, highlighting the T -region close to
Trg; in the range of 102.9-128.9 K. Here, the peaks at 109.7
and 111.9 K are the closest to Tgg;. From the high temper-
ature, the intensities of the peaks decrease systematically up
to 111.9 K, below which they suddenly increase at 109.7 K.
The integrated intensity (I, ), as estimated by the area under
the (600) peak, is depicted with T in Fig. 6(b). I, decreases
systematically with decreasing 7" up to 111.9 K, below which
a steplike sharp increase of I, is observed, which is followed
by a further increase up to ~100 K. Below 100 K, the Iy,
decreases until ~50 K, below which it shows a steep fall down
to ~25 K. A slow decrease in I, is observed below ~25 K.

This intensity change around Tpg; is remarkably high as
~ 73%, which is much larger than the results observed for
the multiferroics, involving the steplike isostructural changes
[13,14] and the structural transitions to the lower symmetries
[7,8,45,64]. We note that the refinement is not satisfactory
below Trg; with the Fd3m structure. The examples of the

refinement of the selected 20 peaks at 90 K with the Fd3m
structure are shown in Fig. 6(c) by the continuous curves.
We use the ISODISTORT [65] software to find out the possible
subgroup structures at the proposed structural transition close
to Trgi. We note that F43m (no. 216), R3m (no. 166), and
R3m (no. 160) are the possible structures with high sym-
metries. The refinements are performed using all the space
groups, which provide the values of the reliability parame-
ters as Ry, (%) ~ 7.07, 6.86, 7.33, and 5.96; Rex,(%) ~ 3.39,
5.04,3.33, and 3.37; and x2(%) ~ 2.08, 2.07, 2.20, and 1.50,
respectively, for Fd3m, F43m, R3m, and R3m. Out of these
structures, the R3m space group is a polar structure and fits
the best. The comparison of the refinements at 90 K with
both the high-T' Fd3m and the proposed R3m space group is
shown in Fig. 6(c). A satisfactory refinement of the diffraction
pattern using R3m space group at 90 K is depicted by the
solid curve in Fig. 6(d), where the inset shows the satisfactory
refinement in a selected 26 region. The refined coordinates
are Znl (0, 0, 0.375), Zn2 (0, 0, 0.675), Fel (0, 0, 0), Fe2
[0.8333(4), 0.1666(7), 0.1666(7)], O1 [0, 0, 0.2257(9)], O2
[0.1641(8), 0.8357(6), 0.0566(1)], O3 [0, 0, 0.7525(3)], and
04 [0.502(0),0.497(0),0.2339(0)] at 90 K.

Thermal variations of the lattice constants, as obtained
from the refinement, are depicted in Fig. 6(e). With decreasing
T, the lattice constant (a), crystallized in F d3m, decreases
almost systematically down to Tgg;. A structural transition to
a polar R3m space group is proposed at Tpg;, as depicted in
the figure. The lattice constants ¢ and a close to Ty and Trg)
are highlighted with 7 in Figs. 6(f) and 6(g), respectively.
As shown in Fig. 6(g), the a exhibits a discontinuous fall at
Trez. The ¢(T) in Fig. 6(f) exhibits a broadened maximum
in a(T) close to Tgg;. The unit-cell volume (V) is shown in
Fig. 6(h), which exhibits a steplike change at Trg;, pointing
to a first-order phase transition. We note that the contraction
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of V below Tgg; is remarkable as ~0.04%. The T -variation at
low-T is further highlighted in Fig. 6(i). The weak signature
of Ty may be noted in V(T), pointing to a magnetoelastic
coupling. However, a definite signature in V (T') is observed at
Trgz, below which the unit-cell volume contracts sharply. The
result proposes that further structural distortion in the polar
R3m structure correlates with the occurrence of another FE
transition at low-7".

The FE order in AFe,Q4-type ferrite has been reported for
Fe;04 [66,67] and NiFe,O4 [8]. The origin of the FE order in
ZFO is different from the recently observed ferroelectricity in
NiFe,O4 as well as Fe;04, having inverse spinel structure at
room temperature [8]. Here, Trg; is observed at much higher
than Ty, whereas the Trg; in NiFe,O4 and Fe;O4 was reported
much below 7y and found to correlate with the structural dis-
tortions. Here, the appearance of the FE order at 7Tpg; = 110K
is a rare consequence, because the FE order is associated
with a short-range magnetic order, which is much above Ty
(~8 times Ty). Current results are analogous to the proposed
short-range order driven occurrence of the FE order from the
recent calculations [68]. In fact, the FE order coexisting with
the SRO has been reported in a few occasions, such as spinel
chromate [13], and a few spin-chain compounds [45,69].
Additionally, we note that the ME coupling is considerably
below Tpg;. This has also been observed for the spin-chain
compounds exhibiting FE order, which was associated with
SRO [45,69]. The increase in P-value in ZFO may be corre-
lated with the additional structural distortion in multiferroic
CoCr,S4, driven by the magnetic field [14]. We further note
that the P-value below Ty for ZFO does not change convinc-
ingly with the magnetic field when a separate polarization
measurement is carried out close to Ty, as evident in Fig. 5(d).
The result infers that neither the long-range-ordered state nor
the structural distortion, giving rise to the additional electric
polarization below Ty, is influenced by the magnetic field.
Thus, the more plausible reason for the change in P-value
in the high-T region due to magnetic field may involve the
coexistence of electric polarization with SRO, where the spins
are easily polarized by the magnetic field in the SRO state.
Therefore, the role of SRO needs to be explored for improving
ME coupling in multiferroics.

The ZFO experiences a large magnetic frustration, as in-
dicated by the large ®/Ty ratio [26], which is attributed
to the pyrochlore structure formed by the Fe atoms in the
spinel structure. Recently, the release of geometric magnetic
frustration has been proposed by a strong isostructural tran-
sition in the extensively investigated CaBaCo4O7 [70], which
was found to be associated with the occurrence of FE order
[71-74]. Here, we observe a structural transition to a polar
R3m structure from the cubic spinel structure, at which a
FE order appears, coexisting with the SRO in ZFO. The re-
sult may suggest that the release of the geometric magnetic
frustration due to the antiferromagnetically exchange-coupled
pyrochlore structure correlates with the strong structural tran-
sition. We further note that the structural change at Tpg;
in ZFO is quite analogous to the most studied multiferroic
BiFeOs, where the R3m structure provides a rhombohedral
distortion of the pseudocubic high-7" perovskite structure
formed by the Bi atoms. This structural distortion correlates
with emergence of the FE order [37,38].

(@)

TFEZ _TFEI

R3m——s < Fd3m

60.010

60.005 9,

a (deg)
Q

60.000
150 50 100 150

FIG. 7. (a) Connecting cubic unit cell along the [111] direc-
tion formed by Fel (0,0,0) atoms at the corner of the unit cell of
Fd3m structure and a thombohedral structure shown by the thick
red colored lines. Axes of the rhombohedral structure are defined as
[100],, [010],, and [001],. (b) Hexagonal structure formed by Fel
(0,0,0) atoms crystallized in R3m space group and formation of a
rhombohedral structure. The T variations of (c) lattice constants, a,,
and (d) « of the isohedral rhombohedron, showing Trg;, T, and Ty
by the arrows.

Here, the structural transition to the R3m space group from
the cubic spinel structure also involves the strong rhombohe-
dral distortions, as produced by the Fe atoms in ZFO. The
results of the rhombohedral distortion, for example led by
the Fel atoms, are summarized in Fig. 7. Here, the single
Fe (0,0,0) site in the Fd3m structure divides into two Fe
sites (Fel and Fe2) in the R3m structure. We note that the
Fe2 atoms also produce similar distortion. Figure 7(a) depicts
the relation between the cubic structures connected along the
[111] direction, as indicated by the green arrow, which are
formed by the Fel (0,0,0) atoms in the F d3m structure, and
a pseudorhombohedral structure, as indicated by the thick red
lines. These atomic arrangements are analogous to the atomic
arrangements of Bi (0,0,0) in the cubic perovskite structure of
BiFeOj3 [37]. In the figure, the three arrows located at B are
the axes of the rhombohedral structure, which are described
as [100],, [010],, and [001],. Here, AB is defined as d[11;,
which is the diagonal distance along the [111] direction of
the rhombohedral structure. Below the structural transition,
the possible rhombohedral structure formed by the Fel (0,0,0)
atoms, crystallized in the R3m space group, is defined by the
thick red lines, as depicted in Fig. 7(b). Similar to that defined
in Fig. 7(a), the arrows at B are the axes of the rhombohedral
structure. In the R3m structure, the ¢ axis direction exactly
matches with the [111] direction of the isohedral rhombohe-
dron, which is defined along the B’A’ direction in Fig. 7(b).

Thermal variations of the rhombohedral lattice constant,
a,, and the angle () of the isohedral rhombohedron are
depicted in Figs. 7(c) and 7(d), respectively. The steplike
decrease in a,(T'), which is significant as ~0.02%, is observed
close to Tgg;. Here, the a,(T) is considered as half of AB
in Fig. 7(a), having high-T Fd3m structure. Below Ty, the
a,(T) decreases systematically until ~30 K, below which an
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anomalous increase in a,(T') is observed, as highlighted in the
inset of Fig. 7(c). Below Ty it shows a sharp peak, around
which Trg) is observed, as indicated by an arrow in Fig. 7(c).
As depicted in Fig. 7(d), «(T) is nearly T -independent above
the structural transition, and a steplike rise in « is observed
from 60° to 60.011°. Below Tgg;, (T) shows a broadened
maximum around ~70 K, following a slow decrease. A sharp
“dip” in «(T") is observed at Trg;, as indicated by an arrow in
Fig. 7(d), around which a sharp peak in a,(T') is also noted.
Therefore, another rhombohedral distortion at Trg, correlates
the low-T FE order. The possible glassy magnetic state and/or
AFM order might also be involved with the occurrence of low-
T FE order. We note that the geometric magnetic frustration
driven by the pyrochlore structure formed by the Fe atoms in
ZnFe,0, plays a significant role, which correlates with the
glassy magnetic behavior and the occurrence of AFM order
at reduced temperature. Thus, the structural distortion, glassy
magnetic state, and AFM order correlate with the observed
low-T FE order, which needs to be explored in further studies.

IV. SUMMARY AND CONCLUSION

In summary, the experimental observations are focused
mainly on two issues: (i) the high-T results close to Trg)
and (ii) the low-T results below Ty. The high-T results are
focused on the structural transition to a polar R3m space group
from the cubic spinel structure close to ~110 K. The strong
rhombohedral distortion at the structural transition leads to the

emergence of the spontaneous electric polarization, which is
associated with a short-range magnetic order. A considerable
ME coupling, as indicated by a ~7.2% increase in polarization
due to a 5 T magnetic field at the liquid nitrogen temperature,
is noted below Tgg;. Intriguingly, the FE polarization is fur-
ther increased below Ty, which links to another anomalous
rhombohedral distortion.

The low-T magnetization results reveal the intricate mag-
netic phase separation between a glassy magnetic component
and an AFM component, proposing a reentrant spin-glass-
like state. The magnetic memory effect proposes the glassy
magnetic component below Ty. The pinning mechanism at the
interface between these two magnetic components driven by
the magnetic field-cooling leads to the EB effect below Ty .
ZnFe,0, attracts the attention of the community due to the
rare occurrence of multiferroic order, which correlates closely
with the strong rhombohedral distortion, analogous to that
observed in BiFeOs;.
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