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We report appearance of polar order with a ordering temperature (7¢) at 28 K, which is well below the
ferrimagnetic order at 225 K (7y) for CoCr,S,. Intriguingly, the value of spontaneous electric polarization
(P) is ~122 uC/m? at 15 K, which is the second largest value in Cr octahedra-based spinels after CdCr,S,.
Incidentally, the P value is ~60 times larger than the value of P for the oxide counterpart CoCr,O4. The
significant magnetoelectric coupling is verified from the magnetodielectric response and magnetic field dependent
enhancement of P. We note that the field-dependent dielectric permittivity scales linearly to the squared
magnetization in the low field regime below ~10 kOe as described by the Ginzburg-Landau theory. Synchrotron
diffraction studies over a wide temperature range, 15-300 K, illustrate strong magnetoelastic coupling at Ty
and isostructural distortion at 7¢. Analyses of the diffraction patterns reveal that the occurrence of polar order
involves expansion of Co tetrahedra and contraction of Cr octahedra of the spinel structure and these distortions are
further enhanced driven by the magnetic field. The delicate interplay between magnetoelastic, magnetoelectric,

and electroelastic couplings in CoCr,S4 proposes the system as a potential candidate in multiferroics.
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I. INTRODUCTION

Multiferroics are the rare class of chemically single-phase
materials where more than two ferroic order parameters
coexist concomitantly. These materials are highly promising
for technological applications because of intriguing coupling
phenomena between the ferroic orders. The significant mag-
netoelectric coupling in a chemically single-phase material is
extremely promising, because one can control magnetization
by applying electric field or electric polarization by the
magnetic field [1-3]. Unfortunately, evidence of ferroelectric
order is very rare compared to the magnetic orders, which have
been explored extensively in the history of science. Out of
ferroelectricity, magnetic order driven ferroelectricity, termed
as improper ferroelectricity, attracts interest for the intriguing
magnetoelectric coupling [4]. From the technological perspec-
tive, enhancement of magnetic and ferroelectric polarizations
with a strong magnetoelectric coupling as well as increase of
multiferroic ordering temperatures close to room temperature
are the primary goal in this field.

Recent discoveries of multiferroic order in the ACr,Oy4
(A =Mn, Fe, Co, Ni) family with spinel structure has attracted
significant attention [5-11]. The first report of improper
ferroelectricity in this series was reported in CoCr,Oy4 [7].
Interestingly, magnetic field driven polarization reversal was
reported in this compound [8]. About 10 times enhancement
of ferroelectric polarization (P) was obtained in FeCr,O4
compared to the value for CoCr,O4 where additional distortion
of spinel structure ascribed to the Jahn-Teller active Fe** ion
was proposed for this significant increase [6]. A dynamical
structural disorder-driven relaxor-type ferroelectricity was
proposed in Co;_,Ni,Cr,O4 solid solutions with x = 0.2,
0.4, and 0.6 [11]. Comparable to the value of P observed in
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FeCr,04, a large value of P was also reported for NiCr,O4
and, intriguingly, the appearance of ferroelectricity has been
proposed in collinear magnetic structure [10]. Recently,
ferroelectricity was reported in MnCr,Oy4 [5]. The release of
topological frustration occurred due to the pyrochlore structure
of Cr-sublattice, short-range conical magnetic order, and the
emergence of ferroelectricity have been correlated to the
structural instability as observed from meticulous synchrotron
diffraction studies. Thus the origin of ferroelectricity in
ACr;0y is still a debatable issue.

Compared to the oxide spinels, sulphospinels are rather
less investigated, specially, in the context of multiferroics. The
spinel CdCr,S4 is the first unique compound that exhibited
ferroelectricity and ferromagnetism concomitantly [12]. It has
been suggested that geometrical frustration in the pyrochlore
structure formed by the Cr sublattice plays a vital role for
the relaxor ferroelectricity in CdCr,S4 [12,13]. Coexistence
of colossal magnetocapacitance and magnetoresistance asso-
ciated with the ferroelectricity, as observed from the hysteretic
polarization (P-E) loop, has been reported in HgCr,S,,
although ferroelectricity could not be detected from the pyro-
electric current measurements [ 14]. Recently, reasonably large
ferroelectricity was reported in FeCr,S4 [15]. Interestingly, the
ferroelectricity had two components, which were attributed to
the noncollinear conical spin order and Jahn-Teller distortion
as induced by the lattice symmetry breaking. Apart from
these rare consequences of multiferroicity in sulphospinels,
spin-driven ferroelectricity has also been reported in very few
chromium disulphides, AgCrS, [16,17] and CuCrS; [18]. The
helimagnetic order has been suggested for the occurrence of
ferroelectricity in AgCrS, and CuCrS,. An interesting scenario
of memory effect in dielectricity and magnetic field induced
rejuvenation were reported for CuCrS, above the ferroelectric
transition temperature [18]. The geometrical frustration in the
antiferromagnetically coupled two-dimensional (2D) triangu-
lar lattice was proposed for the dielectric memory effect.
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The sulphospinel compound CoCr,S4 (CCS) of our interest
has been less explored so far. A bulk magnetization study
exhibited ferromagneticlike transition at ~225 K [19-21]. A
strong hybridization between Co?>* and Cr** has been pro-
posed for a high value of Ty in CCS [22]. The magnetooptical
properties have been investigated extensively in CCS [22-28].
The possible collinear or noncollinear spin dynamics has been
discussed between A-site and B-site magnetic ions in an
A B;,S4-type spinel structure by considering the contribution
of relative magnitude of magnetocrystalline anisotropy at the
A or B site to the exchange interactions [27,28].

In this article we report another rare occurrence of spon-
taneous electric polarization in CCS. Intriguingly, the value
of electric polarization (P) has a ~60 times magnified value
compared to that observed in the oxide counterpart CoCr,Oy4
(CCO) [7]. The value of P is appreciably larger than the en-
hanced P value due to A-site [11] as well as B-site [29] doping
in CCO. Incidentally, the value of electric polarization with
P~122 uC/m? at 15 K for 4 kV/cm poling field is the largest
in ferroelectric spinels [14—18], except for CdCr,S4 [12]. The
magnetic field dependent P reveals significant magnetoelectric
coupling while the magnetodielectric response scales linearly
to the squared magnetization below ~10 kOe as described
by the Ginzburg-Landau theory. X-ray synchrotron diffrac-
tion studies clearly reveal strong isostructural magnetoelastic
coupling at the magnetic ordering temperature (7y). With
decreasing temperature the significant distortions of CoSy
tetrahedra and CrSg octahedra are observed at the ferroelectric
ordering temperature (7¢). These distortions are further
magnified upon application of magnetic field, which is evident
from the unique experiment of synchrotron diffraction studies
in magnetic field. We suggest that magnetic field induced
enhancement of P is correlated to the expansion of CoSy
tetrahedra in the spinel structure. The coupling between spin,
charge, and lattice degrees of freedom is discussed for realizing
unexplored improper multiferroic order in CCS.

II. EXPERIMENTAL DETAILS

The Co (99.9%, Aldrich), Cr (99.5%, Aldrich), and S
(99.98%, Aldrich) powders are used as starting materials for
preparing a polycrystalline specimen, CoCr,S4 using solid-
state reaction [21]. All the heat treatments are done in an
evacuated (<10~* torr) quartz tube and final heat treatment
is done at 1173 K with excess S. Single-phase chemical
composition is confirmed by the x-ray diffraction studies at
room temperature recorded in a SEIFERT x-ray diffractometer
(Model: XRAY3000P) using Cu Ko radiation, which is further
confirmed by the high-energy synchrotron radiation studies at
beam line PO7 of PETRA III in Hamburg, Germany. The used
wavelength is 0.1252 A(99 keV). The synchrotron powder
diffraction data are analyzed using Rietveld refinement with
a commercially available software MAUD (materials analysis
using diffraction), which is further checked by the FULLPROF
software. A 100 kOe horizontal field magnet (Cryogenics, UK)
has been employed for high-energy x-ray diffraction studies
under magnetic field.

A powder sample pressed into a pellet is used for the
resistivity measurement using a source meter (Keithley, model
2400) and nanovoltmeter (Keithley, model 2182A) for low
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resistance. Dielectric permittivity is recorded in a E4980A
LCR meter (Agilent Technologies, USA) equipped with a
cryogen-free cryocooler (JANIS, USA) on the compressed
powder specimens in the range 7-300 K. The pyroelectric
current (/) is recorded in an electrometer (Keithley, model
6517B) at a constant temperature sweep rate. The I, is
integrated with time for obtaining P. The poling electric fields
are applied during cooling processes and all the measurements
are carried out in the warming mode. For measurement of P in
field, magnetic field is applied during poling process and /,, is
measured in the absence of magnetic and electric fields. Before
measurement of /, electrical connections are short circuited
and rested for sufficiently long time. Electrical contacts are
fabricated using an air drying silver paint. The ac suscepti-
bility and dc magnetization are measured in a commercial
magnetometer of Quantum Design (MPMS, evercool).

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Thermal variation resistivity (p) in a semilog plot is
depicted in Fig. 1(a). With decreasing temperature the value
of p increases and stabilizes below ~150 K, which is followed
by another small increase in p below ~ 60 K as evident in the
inset of the figure. The value of p at 10 K is ~0.03 G<2-cm,
which is close to that reported for sulphur stoichiometric
compound [30]. Thermal variation of the real part of ac
susceptibility (x’) is depicted in Fig. 1(b). It shows a sharp
rise pointing to a ferrimagnetic transition at 7y = 225 K in
accordance with the previous reports [19-21]. With decreasing
temperature below Ty a broadened shoulder appears around
60 K. This is further indicated by the T derivative of x/,
dy'/dT as shown in the inset of the figure. Temperature
variation of the zero-field-cooled (ZFC) and field-cooled (FC)
magnetization (M) recorded at H = 100 Oe is displayed in
Fig. 1(c). The ZFC magnetization depicts quite a sharp increase
at Ty . The ZFC magnetization also exhibits a diffused shoulder
around 60 K. We note that the low-7 anomaly observed
in the ac and dc magnetization is also manifested in the
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FIG. 1. (Color online) (a) Thermal variation resistivity (p). Inset
highlights the low-T region. (b) Real part of ac susceptibility (x')
with 7. Inset shows T derivative of x’ with T in the low-T region.
(c) FC-ZFC magnetization with 7. (d) Magnetic hysteresis loops
recorded at various 7.
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FIG. 2. (Color online) Thermal variations of (a) real (¢’) and (b)
imaginary (€”) parts of dielectric permittivity at different f. Inset
of (a) shows the low-T region of de’/dT, highlighting the peaks.
Arrow indicates no shift of peak position at different frequencies,
f. (c) Magnetization (M) curve and magnetodielectric response
[¢’(H)/€'(0) — 1] with H. Inset demonstrates thermal variation of
€'(H)/€'(0) — 1. (d) Plot of M? vs 1 — €/(H)/€'(0) at 20 and 45 K.

thermal variation of p as well as the lattice constant (Fig. 5).
We further note that the onset of polar order starts around
this temperature (Fig. 3) as discussed elsewhere in the text.
Magnetic hysteresis loops measured at selective temperatures
are shown in Fig. 1(d). The loop at 2 K displays typical
soft ferromagneticlike character with a small coercivity of
~100 Oe. With increasing 7 the values of M at 50 kOe
decrease and a linear magnetization curve is observed in the
paramagnetic region at 240 K.

Dielectric permittivity (€) is measured at different frequen-
cies (f). The real (¢) and imaginary (¢”) components of €
with T are depicted in Figs. 2(a) and 2(b), respectively. The
€'(T) displays a steplike decrease with decreasing temperature,
which is followed by another steplike decrease below 100 K.
The de’/dT with T in the low-T region is depicted in the
inset of Fig. 2(a), which exhibits a peak around ~60 K.
Significantly, the peak position does not change convincingly
at different f. This confirms that the emergence of the peak
inde’/dT does not involve grain boundary effect. We observe
magnetodielectric (MD) response defined as, €' (H)/€'(0) — 1,
although we could not detect magnetoresistance below ~120 K
beyond the instrumental limitations (~0.05% of the value of
resistance). In accordance with the reported large magnetore-
sistance, we also observe significant magnetoresistance up to
~6.8% at Ty and it nearly vanishes below ~150 K [30].
The existence of MD without convincing contribution from
the magnetoresistance is vital, which indicates the intrinsic
magnetoelectric coupling. Thermal variation of MD(%) is
shown in the inset of Fig. 2(c), which exhibits a maximum
around 60 K. The maximum value around 60 K, at which
a peak in de’/dT is also observed, is considerable (0.6% in
50 kOe) and comparable to that observed for BiMnOs [31].
The value is rather significantly larger than the value for other
spinel oxides MCr,O4 (M = Mn, Co, and Ni) [32,33]. The
change in the sample dimension or lattice constant driven
by the magnetic field, i.e., magnetostriction, may lead to
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the observed magnetocapacitance effect. To confirm it, the
magnetic field dependent lattice constant, as obtained from
the Rietveld refinement of the synchrotron diffraction data
recorded in magnetic field at a particular temperature, is
estimated to be Aa/a~1.7 x 107> at 45 K and 50 kOe. Thus
the estimated change in € ascribed to the magnetostriction
is ~1.7 x 1073%, which is two orders of magnitude smaller
than the observed value of MD(%) ~0.5% at 45 K and 50 kOe.
This points to the fact that magnetostriction does not contribute
significantly to the MD value. Magnetic field dependent MD
and magnetization are also depicted, for example at 20 K,
in Fig. 2(c). The MD or magnetocapacitance effect can be
phenomenologically described by a simple Ginzburg-Landau
theory for the second-order phase transition and is attributed to
the ME coupling term y P> M? in the thermodynamic potential
(P) given by

<I>:<I>0+aP2+§P4—PE+o/M2+%M4

—MH +yP>M?, 1))

where «, B, o/, B/, and y are the constants and functions of
temperature. The influence of magnetic order on the magnetic
field driven magnetocapacitance can be followed by the linear
MD vs M? curve in the low field region [31-33]. Here, the
linear —[€'(H)/€'(0) — 1](%) vs M? plots at 20 and 45 K are
depicted in Fig. 2(d). We note that at both temperatures the
linearity of the curve holds below ~10 kOe. This illustrates
that the ME coupling term y P2M? of the Ginzburg-Landau
theory [Eq. (1)] is significant for CCS as reported in M Cr,O4
(M = Mn, Co, Ni) [32,33].

To confirm the origin of ME coupling correlated to the
occurrence of polar order, [, is recorded with T at different
conditions. A peak in /,(T') is observed as evident in Fig. 3(a)
recorded at different heating rates for 2 kV/cm poling field.
Time-integrated I, provides P as a function of T, which is
depicted in Fig. 3(b) for = 2 kV/cm poling field. Reversal
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FIG. 3. (Color online) (a) T variation of pyroelectric current (/)
at different thermal sweep rates for 2 kV/cm poling field. Thermal
variations of (b) electric polarization (P) for & 2 kV /cm poling field,
(c) P for difterent poling fields. Inset shows the plot of P with poling
field (E), and (d) P in H = 0, 50, and 90 kOe. Inset highlights the
low-T data.
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of P due to a change in sign of poling field confirms
ferroelectric order and suggests that CCS is a new improper
multiferroic compound. We note that ferroelectric transition
(T¢) occurs at ~28 K, around which any peak in €(7) is
not apparent. However, the results are consistent with that
observed for few improper ferroelectrics [34-39] including
spinel NiCr,O4 [10] and LuFe,O4 [40,41]. Here, a peak in
de’/dT is observed, around which polarization occurs and a
maximum in MD response is also observed, which is analogous
to that reported in ferroelectric Dy,BaNiOs [38]. Poling-field-
dependent polarization results are depicted in Fig. 3(c). The
inset shows poling-field (E)-dependent P at 15 K, illustrating
that P does not saturate even at 4 kV/cm field. Importantly,
the value of P is ~60 times larger than that of the value
for the oxide counterpart CCO [7]. Moreover, the magnitude
of P provides the second-highest value in the reported Cr
spinels [14—-18]. The polarization measured in H is shown in
Fig. 3(d). The P(T) results below T¢ are further highlighted
in the inset of the figure. The results illustrate that P increases
with increasing H up to ~0.4% at 7 K for H = 90 kOe and
confirms significant magnetoelectric coupling, in accordance
with that observed in the MD response.

The structural properties are thoroughly investigated by
synchrotron x-ray diffraction studies in the temperature
range, 15-300 K. The powder diffraction pattern recorded
at 300 K is depicted in Fig. 4(a). The diffraction pattern is
analyzed using Rietveld refinement by taking into account
of Fd3m space group with atomic positions, Co (0 0 0), Cr
(0.625,0.625,0.625), and S (x = y = z), which is consistent
with that observed for most of the spinel oxides including CCO
and chalcogenides [22,42]. The fitusing Rietveld refinement of

Intensity (a.u.)
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FIG. 4. (Color online) Rietveld refinement of x-ray powder
diffraction pattern (black symbols) at 300 (a). Solid curve demon-
strates the fit. Inset exhibits the fit of (440) diffraction peak. (b)
X-ray diffraction patterns at 300, 100, and 15 K. Inset depicts (440)
diffraction peak at three temperatures.
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the diffraction pattern (symbol) is illustrated by the continuous
curve in Fig. 4(a). The inset of the figure clearly demonstrates
the fit of the (440) diffraction peak by the continuous curve.
The bars below the diffraction pattern represent the diffraction
peak positions and the difference plot is shown at the bottom of
Fig. 4(a). The reliability parameters, R,,(~3.31), Rexp(~1.32),
and 0(~2.90) at 300 K are reasonably small.

Figure 4(b) depicts the diffraction patterns at 15, 100,
and 300 K. These are the three characteristic temperatures at
paramagnetic, below ferrimagnetic and ferroelectric transition
temperatures, respectively. The inset of Fig. 4(b) highlights
the (440) diffraction peaks at three temperatures. The results
do not show any change of shape of the peak, except for the
shift of the peak position toward high 26 value as expected
due to lattice contraction with decreasing temperature. This
indicates absence of symmetry lowering at the characteristic
temperatures as also observed for CCO [43,44]. Therefore, all
the diffraction patterns over 15-300 K temperature range are
refined using the Fd3m space group. The integrated intensity
of a single (220) diffraction peak is plotted with 7" as shown in
Fig. 5(a). A considerable change of intensity is observed at Ty
and ferroelectric 7¢. We note that the intensity change is nearly
doubled at T compared to that observed at Ty. Intriguingly,
the intensity change at T¢ is ~1.4%, which is much larger than
the results observed for improper ferroelectric MnCr, 04 [5],
Lio,ggCll(),mCI‘Og [45], and LiCr0,99F60,0102 [46] Positions
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FIG. 5. (Color online) Temperature variations of the (a) inte-
grated intensity of (220) peak, (b) S displacement, and (c) lattice
constant (a). Inset of (b) and (c) shows the low-T region of a. T
variation of (d) Cr-S bond length, (e) Co-S bond length, (f) Cr-S-Cr,
(g) Cr-S-Co, and (h) Co-S-Co bond angles. Vertical lines at 225 and
28 K demonstrate 7y and ferroelectric 7, respectively.
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of Ty and T¢ are illustrated by the vertical lines in Fig. 5.
These significant changes are also manifested in the refined
parameters, such as the coordinate of S and lattice constant (a)
as depicted in Figs. 5(b) and 5(c), respectively. The apparent
signature in a(7T") around 7Ty points to the significant mag-
netoelastic coupling. We note that the signature of transition
at T¢ is manifested by a considerable change in a(T') at T¢,
which is much stronger than that observed at Ty. The a(T)
decreases quite sharply below T¢, which is highlighted in the
inset of Figs. 5(b) and 5(c).

In the spinel structure with Fd3m space group Co>" and
Cr’t ions reside at the tetrahedral and octahedral positions,
respectively, where corners of the Co tetrahedra and Cr
octahedra are occupied by S atoms. Figures 5(d) and 5(e)
depict thermal variations of Cr-S (d¢r.s) and Co-S (dc,.s) bond
lengths, respectively. More convincing signatures of T and
Tc are evident in the thermal variation of dc;.s and dco.s. With
decreasing temperature dc,.s decreases almost linearly and this
trend becomes faster while approaching toward Ty. Below
~100 K, dcr.s becomes temperature independent and it de-
creases quite sharply below T¢. Unlike the thermal variation of
dcrs, deo-s exhibits an anomalous increase (~0.05%) around
Ty in the range, 205-220 K, below which it decreases sharply
and becomes nearly temperature independent below ~80 K.
Intriguingly, a rapid anomalous increase of dc,_s is observed in
contrast to the rapid fall of d¢,.g below T¢. The results below
T¢ are significant, because the appearance of ferroelectricity
involves expansion of CoS tetrahedra and contraction of CrSg
octahedra. The S displacement also leads to the almost steplike
changes in the Cr-S-Cr, Cr-S-Co, and Co-S-Co bond angles
at Ty and T¢ as depicted in Figs. 5(f)-5(h), respectively.
Temperature variation behaves similarly for Cr-S-Co and
Co-S-Co while Cr-S-Cr shows the opposite behavior.

We perform a unique experiment of synchrotron diffraction
studies under the magnetic field. The x-ray diffraction data
at 45 K recorded in H = 0 and 100 kOe are depicted in
Fig. 6(a). A change in (440) diffraction peak profile due to
application of 100 kOe field is shown in the inset of the figure.
The continuous curve demonstrates the satisfactory fit using
Rietveld refinement. The values of dco.s and dc,.s with H,
as obtained from the refinement, are displayed in Fig. 6(b).
The dcy.s decreases while dc,.s increases upon application of
magnetic field. We note that the increase of dc,.s is ~0.5%,
which is nearly double that of the decrease of dc,.s (~0.25%)
for H = 100 kOe. This is consistent with the distortion of
bond lengths with decreasing temperature below ferroelectric
Tc as evident in Figs. 5(d) and 5(e) and points to the fact
that thermally assisted and magnetic field driven distortion
of dco.s is much stronger than the effect on dc.s. Direct
observation of magnetic field dependent structural distortion
in the current observation is significant, which is consistent
with the proposed spin-orbit coupling in CoCr,S4 [47].

We note that the emergence of ferroelectricity involves
significant isostructural distortion of the centrosymmetric
Fd3m structure, as also observed similarly in multiferroic
oxide counterpart CCO [7,8] and MnCr, 0Oy [5]. As illustrated
in Fig. 7(a) CoS, tetrahedra are connected through the CrSq
octahedra or vice versa. The rapid S displacement below
ferroelectric T¢ leads to the expansion of CoS, tetrahedra
and contraction of CrS¢ octahedra as shown in Figs. 7(b)
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FIG. 6. (Color online) (a) At 45 K x-ray diffraction patterns
recorded at H = 0 and 100 kOe. Inset shows the (440) diffraction

peak. (b) Cr-S and Co-S bond lengths with H as obtained from the
refinement.

and 7(c), respectively. Analogous to the thermally assisted
behavior, application of the magnetic field further deforms
the CoS, tetrahedra and CrS¢ octahedra in a similar manner.
We note that the value of P increases upon application of
the magnetic field. This indicates that magnetic field driven
enhancement of P is somewhat correlated to the increase of
isostructural deformation of the spinal structure. Nevertheless,
only isostructural distortion of the centrosymmetric structure
can not explain the occurrence of ferroelectricity. Thus, the
emergence of ferroelectricity must involve a crucial role of
magnetic order and CCS is probably an improper ferroelectric
material. So far improper ferroelectricities in spinel oxides and
sulphides have been proposed either due to spiral spin order
as observed in CCO [7,8], MnCr,Oy4 [5], HgCr,S4 [14], and
FeCr,S4 [15], or due to collinear magnetic structure having
significant magnetostriction as also reported in NiCr,O4 and
FeCr,O4 [6,10]. In the case of multiferroic NiCr,O4 and
FeCr,S,4 the magnetostriction engages structural transition to

FIG. 7. (Color online) (a) An example of the linkage of CoS,
tetrahedra through a CrS¢ octahedron. Schematic representation of
(b) expansion of CoS, tetrahedron and (c) contraction of CrSg
octahedron.
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the lower crystal symmetry [10]. For example, ferroelectricity
of NiCr,04 involves symmetry lowering to Fddd space
group [48]. In the current investigation strong isostructural
transition is suggested to be correlated with the appearance
of spiral spin order below T¢ as pointed out in CCO and
MnCr,04 [49]. The unexplored low-temperature neutron
diffraction studies are proposed to settle this issue.

The significantly large magnitude of P in CCS among
Cr octahedra-based spinels is one of the central issues in
the current investigation. Importantly, the value of P is ~60
times enhanced than the value for the oxide counterpart CCO.
Intriguingly, the markedly enhanced P of CCS is associated
with the ~12 times enhancement of magnetization value at
2 K compared to the oxide counterpart CCO along the [111]
direction [22]. We note that these results are associated with
the significantly different lattice constant as well as covalency
between these two. The covalency has been found considerably
larger for CCS compared to CCO due to S ligand. The large
covalency significantly influenced the optical conductivity
spectra of CCS [22]. The magnitude of electrical conductivity
has been found to be comparable in magnitude for both the
CCS and CCO below ferroelectric T¢. The only difference of
conductivity between these two is the temperature-dependent
behavior of p, where p(T) stabilizes below T¢ for CCS in
contrast to slowly increasing trend for CCO with decreasing
temperature. At least partially, this might be correlated to the
development of electric polarization, where p(T) contributes
to the more lossy component to the polar order in CCO than
CCS. In accordance with the major spinel compounds, the
lattice constant of CCS at 15 K [9.9122(8) A] is significantly
larger than that of the value for CCO at 11 K [8.3211(1)
A] [22,42,43]. The change in lattice constant strongly influ-
ences the spin-phonon coupling in antiferromagnetic Cr spinel
and modify the magnetic properties. The increase of lattice
constant weakens the direct Cr-Cr exchange interaction. The
Cr-S-Cr and Cr-S-Co-S-Cr superexchange interactions be-
come important [50]. According to the Goodenough-Kanamori

PHYSICAL REVIEW B 92, 024401 (2015)

rule for instance, a 90° superexchange interaction between
magnetic ion-ligand-magnetic ions usually provides ferro-
magnetic superexchange interactions for insulating magnetic
materials [51]. Here, the Cr-S-Cr bond angle (~94°) is close
to 90° as evident in Fig. 5(f) and indicates ferromagnetic
superexchange according to the reported results [52]. This
enhances the ferromagnetic component and, as a result of it,
the bulk magnetic moment increases for CCS than CCO in
accordance with the other members of Cr spinels [22,50].
Thus the structural aspect has the significant role for the
magnetoelectric coupling, as magnetic and polar order are
intimately correlated to the strong isostructural distortions.

IV. CONCLUSION

In conclusion, the isostructural distortions of the spinel
structure at Ty and T¢ are the key for multiferroic order. For
CoCr;S4, the ferroelectric polarization provides the second
largest value in Cr-based spinels. Significant magnetoelectric
coupling is observed involving occurrence of ferroelectric
order and the magnetic field dependent dielectric permittivity
scales linearly to the squared magnetization in the low field
regime below ~10 kOe as described by the Ginzburg-Landau
theory. The delicate interplay between lattice, spin, and charge
degrees of freedom projects spinel sulphide CoCr,Sy as an
interesting system in improper multiferroics.
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