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Based on the results of field-dependent dielectric and magnetic measurements, we observe several interest-
ing behaviors and phase transitions in this geometrically frustrated spinel system CdCr,S,. (1) A glassy dipolar
state occurs near T-~85 K, which is induced by the onset of ferromagnetic ordering. (2) A ferroelectric
ordering occurs near 7,,~56 K, which is enhanced by externally applying electric field. (3) Both the magni-
tude and step-up temperature of dielectric constant (¢’) near T are suppressed by an electric field yet are
increased by the magnetic field. (4) Both electric and magnetic fields colossally enhance the magnitude of
dielectric constant (&) near T, (5) A clear dip of magnetization under various electric fields is observed near
T, indicating the different spin-dipole interactions near 7 and T,. Attempts are made to analyze these field-
dependent properties by considering the strong spin-lattice coupling and exchange striction effect in this novel

multiferroic material.
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I. INTRODUCTION

The coexistence of ferromagnetic and ferroelectric (mul-
tiferroic) phases in a material has been one of the most at-
tractive issues in fundamental and applied research interests
in recent years.! Such materials are potential candidates for
applications in electronic devices which are operational both
by magnetic and electric fields. In order to understand the
interaction mechanisms existing among the magnetic mo-
ments, the electric dipole and the lattice responsible for the
uncommon behavior in such systems are considered as im-
portant issues in this fascinating field.>* CdCr,S, was origi-
nally discovered as a magnetic semiconductor more than 40
years ago,’ and this system drew significant attention due to
its important magnetoelectric behavior such as the shift of
the absorption edge,’® strong spin-lattice coupling, and un-
usual phonon shift.”® The evidence showed that the mag-
netic ordering in chromium chalcogenide spinels was
strongly coupled with dielectric and optical properties. The
strong spin-lattice (phonon) coupling had been considered to
be responsible for the change in phonon spectrum by mag-
netic ordering and had also been reported to lead to a local
lattice distortion appearing with the magnetic ordering.'®!!
Recently it was claimed by Hemberger et al.'? that CdCr,S,
exhibits multiferroic behavior with evidence of relaxor fer-
roelectricity and colossal magnetocapacitance. Catalan and
Scott,'>1% however, suggested an alternative explanation of
the relaxor behavior in CdCr,S, that it might possibly be
related to extrinsic properties such as chlorine-based impuri-
ties or sulfur deficiency. Because of such concerns,'>"'* one
group recently reproduced the result of magnetocapacitive
effect on a new single crystal synthesized using bromine gas,
instead of chlorine gas, as a transport agent. Also it was
suspected that bromine is hardly to enter the lattice.!> There-
fore, these multifunctional properties encouraged us to study
the temperature, electric-field-dependent and magnetic-field-
dependent magnetization, and dielectric constant on this
novel CdCr,S, system to investigate the conflicting interpre-
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tations. In this paper we present several features which sup-
port the evidences of multiferroic interaction in CdCr,S, un-
der the application of external electric and magnetic fields.

II. EXPERIMENTAL METHODS

Single crystals of CdCr,S, were grown by chemical vapor
transport from the synthesized powder. The primary reaction
products were enclosed in evacuated (107 Torr) and sealed
silica ampoules (a length of about 200 mm and an inner
diameter of 32 mm) along with electronic grade Cl, gas and
CrCl, as transporting agents. The ampoules were then heated
in two-zone gradient furnace. The optimal temperatures at
the source and deposition zones were between 900 and
850 °C, respectively. The two single crystals grown from
two independent batches were checked by magnetization and
specific-heat measurements. The checking results showed the
exactly identical behavior for two single crystals. For dielec-
tric measurements, the size of the single crystals used was
estimated to be about 2 mm X2 mm X 0.2 mm and silver
paint was used as the electrode. The value of applied electric
field was estimated by the ratio of voltage to the distance
between electrodes. Electric-field-dependent and magnetic-
field-dependent dielectric measurements were made under
different levels of ac electric fields by using an LCR meter
(Agilent 4980A) integrated to the physical properties mea-
surement system from Quantum Design, Inc. All results of
the two single crystals are reproducible for each independent
cycle. Electric-field-dependent magnetization was carried out
by superconducting quantum interference device (MPMS
XL-7) magnetometer and the direction of electric field was
applied perpendicular to the magnetic field.

III. RESULTS AND DISCUSSION

The frequency-dependent dielectric constant at fixed elec-
tric field 10 V/cm is plotted in Fig. 1. The observed enhance-
ment of dielectric constant just below the ferromagnetic or-
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FIG. 1. (Color online) Frequency-dependent dielectric constant
is measured at fixed ac electric fields (10 V/cm). No evidence of
relaxor behavior is observed between 150 and 250 K. Two single
crystals from different batches show an identical behavior.

dering transition temperature 7T-~85 K is strongly
correlated with ferromagnetic ordering and also consistent
with the previous report.'> Exchange striction, which me-
chanically induces the strain, is associated with the ferro-
magnetic ordering around 7 and local lattice distortion
takes place inducing the enhancement of dielectric
constant.'® The crucial role of the exchange striction in this
system has been previously noted.!®!? It is somewhat sur-
prising that the relaxor behavior appearing in the high-
temperature region (180-250 K) as reported in Ref. 12 is not
observed in Fig. 1 of the present dielectric measurement. In
the present study, two independently grown single crystals
were used and both were found to show identical behavior
confirming the reproducible data and the good quality of our
samples. Therefore, whether the existence of high-
temperature (~180 K) relaxor behavior reported'? recently
is an intrinsic or extrinsic feature needs further
clarification.'®!* Detailed information of crystal growth has
been described in the experimental methods.

Dielectric constant measured under different ac electric
fields from 10 to 100 V/cm and at a frequency of 20 Hz is
shown in Fig. 2(a). With increasing external electric field we
clearly observe two interesting phenomena. First, the gradual
decrease in the ferromagnetically stimulated step-up dielec-
tric constant around 7-=85 K indicates a highly disordered
or glassy-type dipolar state. Martin et al.!! proposed that
below T the system is magnetically inhomogeneous due to
the competing phase of superexchange, where the nearest-
neighbor (NN) Cr-S-Cr spins contribute to the ferromagnetic
coupling, while the next-nearest-neighbor (NNN) Cr-S-Cd-
S-Cr spins, more in number and further distant, show anti-
ferromagnetic interaction. Since the dipoles at temperature
near T are induced by spin ordering via exchange striction,
this leads to the local disordered dipolar ordering and hence
glassy-type behavior might appear. To further elucidate the
glassy behavior, the frequency-dependent dielectric constant
at different temperatures would provide the fruitful informa-
tion about it and be discussed in Fig. 3. The second phenom-
enon and the most striking finding shown in Fig. 2(a) is that
the electric field enhances a ferroelectric ordering at a lower
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FIG. 2. (Color online) (a) The dielectric constant is measured
under different ac electric fields 10 to 100 V/cm at a frequency of
20 Hz and two different transition states are observed: glassy
dipolar state near 7-~85 K and a ferroelectric ordering state at
T,~56 K. The inset shows the temperature-dependent remnant po-
larization at 100 V/cm supporting the occurrence of a ferroelectric
ordering. (b) Frequency-dependent dielectric constants at a field
100 V/cm near T¢ and T),. The enlarged scale near T is shown in
the inset.

temperature around 7,~56 K, which is indicated by the
highest peak of dielectric constant observed at a maximum
applied field 100 V/cm. This ferroelectric ordering is also
supported from the temperature-dependent remnant polariza-
tion at the same maximum field, shown in the inset of Fig.
2(a). The electric-field-enhanced ferroelectric ordering sug-
gests that the interaction between spin and dipole around 7),
is weaker than that around 7,.. When applying the electric
field the dipoles align easily along the field leading to a
maximum increase in dielectric constant at 56 K. It is noted
that dielectric behavior does not depend on applying high dc
bias with small ac field or vise versa. We also observe strong
frequency dependence of the dielectric constant, as seen
from Fig. 2(b) and its inset, where the dielectric constants of
both the magnitudes of glassy dipolar state near 7. and
ferroelectric ordering near 7), are suppressed with an increase
in frequency. These interesting observations under electric
field indicate a strong correlation of higher-order lattice vi-
brations (phonon-phonon interaction) between spins and di-
poles in the CdCr,S, system. These observations are also
consistent with those reported from the shift in Raman
frequency.'®
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FIG. 3. (Color online) The imaginary part of dielectric constant
(") vs frequency is plotted from 85 to 50 K showing the acceler-
ating relaxation behavior with lowering the temperature. Inset
shows that relaxation time derived from the dielectric peak follows
VF law by the solids lines, which are the best fits to the two sets of
data 10 and 100 V/cm, respectively.

In general, the contribution of extrinsic effects such as
grain boundary and electrode (the so-called Maxwell-Wagner
effect, an interfacial relaxation process) in the field of dielec-
tric spectroscopy is always an important issue to distinguish
the authenticity of dielectric phenomena. Because of the
natural thermal-activated behavior described by Arrhenius
law, linear curve in the plot of logarithm (7) vs 1/T will be
followed.!” The thermal-activated relaxation time will be ex-
tended as temperature decreases. However, in Fig. 3 we ob-
serve that the dipole relaxation time is shorter with lowering
temperature, clearly shown by the negative slope of curve in
the inset of Fig. 3. The unusual relaxation behavior below T
is an indication that the Maxwell-Wagner effect is not an
origin in describing the new observations and the nonlinear
curve in the inset of Fig. 3 doesn’t need to be described by
the thermal-activated behavior. Based on the results of Figs.
2 and 3, glassy behavior near T is suggested by an unusual
decrease in dielectric constant near 7~ when increasing the
electric field and nonlinear curve of relaxation time. To fur-
ther support it, the relaxation time derived from the fre-
quency dependence of dielectric peak at a temperature range
from 85 to 55 K is fitted by the Vogel-Fulcher (VF) law
written as In(7)=C,/(T-T,)+C,, where T, is the freezing
temperature and C; and C, are constants. In general, VF law
was used to describe the dynamic properties of systems with
glassy state which is attributed to broadening spectrum of
relaxation time.'®!° This law well fits the experimental In(7)
vs T curve as shown by the solid lines in the inset of Fig. 3
for two sets of data. Best fit to both the electric field data (10
and 100 V/cm) could lead to glassy transition temperature
T,=129%13 and 96*0.4 K, respectively. The fitting pa-
rameters (C1 and C2) are —118.5+5.1 K and —-13.7+0.1
for 10 V/em; —1240.6£589.6 K and -30.6*=5.2 for 100
V/em. The well-fitting results further support the glassy be-
havior in CdCr,S,;. We also plot the frequency-dependent
imaginary part of electric modulus (M") within the range of
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FIG. 4. (Color online) The imaginary part of electric modulus
(M") vs frequency is plotted for the temperature between T and 7),.
Alternative evidences support the unique and intrinsic properties in
CdCr,S,.

phase transition temperatures (7 and T,) in Fig. 4. Electric
modulus (M”) is defined as M*:M’+iM”:iwCOZ*=§
=—— where o is the angular frequency and Coz% is the

errslpg/ cell capacitance (A is the electrode area and d is the
separation between electrodes). Electric modulus is usually
compared with the impedance (Z) and permittivity (g) to
investigate the microscopic relaxation process, which could
be also used to analyze the contribution of grain and grain
boundary in a dielectric system.?® Therefore, the results of
Fig. 4 again support several important issues in these new
observations in CdCr,S,. First, the slowing relaxation prop-
erties could be also observed in the range between
Tc~85 K and Tp~56 K, where the relaxation time is
shorter as the temperature is lowered from 85 to 55 K.
Below 55 K, the relaxation behavior returns back to normal
case in which relaxation time is longer as temperature de-
creases. It supports the existence of phase transition below
55 K (~Tp) that a ferroelectric ordering state is enhanced by
electric field. Second, the magnitude of the M"” peaks in the
temperature range from 85 to 45 K is following different
trends. Above T, the magnitude is gradually increasing, how-
ever, it is lowering below T,. This result is associated with
the occurrence of polarization shown in the inset of Fig. 2
because the magnitude of M peak is relevant to the capaci-
tance of the investigated system. The capacitance value of
grain and grain boundary in the system is usually different.?!
Therefore, the possibility of extrinsic effects such as grain
boundary or impurity existing in single crystals studied could
be neglected and new observations enhanced by electric field
could be related to the intrinsic properties in the present sys-
tem.

The importance of spin-lattice coupling in the present sys-
tem is further indicated from the temperature-dependent
magnetization measurement under electric field as shown in
Fig. 5. A strong reduction in magnetization is observed well
below T~ 85 K with increasing external dc electric field. A
new and remarkable feature is that the external electric field
induces a dip in the M(T) curve at 54 K which gradually
grows deeper and clearer as the electric field increases. The
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FIG. 5. (Color online) Temperature-dependent magnetization is
measured at 500 Oe. A dip near 7, becomes gradually clearer with
increasing external dc electric field. The inset shows the isothermal
M(H) at 80 and 50 K at electric fields of 0 and 100 V/cm. Suppres-
sion of M(H) by electric field is seen at T=50 K (below T),), but
not observed at T=80 K (below T¢).

temperature of the dip is corresponding to the peak tempera-
ture 7, of dielectric constant under various electric fields
shown in Fig. 2(b). These newly discovered phenomena
shown in Figs. 2 and 5 can be explained to be due to the
strong correlation among magnetic spin, electric dipole, and
the lattice in CdCr,S,. The inset of Fig. 5 shows the isother-
mal magnetization measurement taken at 80 and 50 K (below
T and T, respectively) which indicates no detectable sup-
pression of magnetization by an electric field as high as 100
V/em at 80 K, but a countable suppression occurs at 50 K.
These observations also distinguish two types of dipolar or-
dering behaviors in CdCr,S,: one is the so-called glassy di-
polar state near 7-~ 85 K and the other is the ferroelectric
ordering around 7,~56 K as discussed in Fig. 2. To better
understand the relationship between dipoles and spins it is
essential to study the magnetic-field-dependent dielectric
constant.

Figure 6 shows that the dielectric constant at both glassy
dipolar state and ferroelectric ordering phase is enhanced by
magnetic field and shows significant colossal behavior. It is
important to mention that if we calculate the magnetocapaci-
tive ratio at magnetic field 5 T (the ratio is defined as
Ag’/e’(0 T)=[e'(5 T)-&’(0 T)]/&'(0 T) X 100%) for the
glassy dipolar state near T (shown in the inset of Fig. 6),
this ratio comes out to be ~500%, which agrees well with
that reported in Ref. 12. However, the ferroelectric ordering
near 7}, under magnetic field shows a much higher ratio than
that of the corresponding glassy dipolar state. This colossal
magnetocapacitive behavior might be due to the fact that
under magnetic field, spins are more ordered and the ex-
change striction is further enhanced. It is also observed that
the dielectric constant step-up temperature (7) is increased
with magnetic field as shown in the inset and also strongly
associated with the ferromagnetic ordering under magnetic
field. However, the peak temperature 7, associated with
ferroelectric ordering is slightly lowered by magnetic field.
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FIG. 6. (Color online) The position of glassy dipolar state
(~T¢) is shifted to high temperature with increasing magnetic field;
however, ferroelectric ordering temperature (7)) is slightly sup-
pressed. Dielectric constant of both states is colossally enhanced by
external magnetic field but it is much more heightened near 7, than
near 7. Inset provides a clear indication of dielectric constant near
Tc under different magnetic fields. The value of vertical axis for
each curve is offset by 20% for clarity.

Therefore, spin-lattice coupling assisted by magnetic field
clearly shows the distinct interactions between spin and di-
pole, which lead to two different behaviors of the dielectric
constants near T¢ and T,. Because the crystals used are not
of the rectangular shape, the electric field is not exactly par-
allel or perpendicular to the magnetic field. In fact, different
runs of measurements with different samples and electrode
connection configurations get a similar behavior. In addition,
CdCr,S, has a spinel cubic structure. Thus, the direction of
the electric field to the magnetic field would not much affect
the dielectric behavior we observed in the present study. The
frequency-dependent dielectric constant at constant magnetic
field (3 T) is plotted in Fig. 7. The magnitude of ferroelectric
peak near T, is strongly suppressed when frequency in-
creases and the relaxation behavior near 7 is consistent with
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FIG. 7. (Color online) The colossal magnetocapacitance is sup-

pressed by increasing the applied frequency from 20 to 10 kHz. The
value of vertical axis for each curve is offset by 40% for clarity.
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the case shown in the Fig. 2(b). The observation of magne-
tocapacitive peak suppressed by increasing frequency could
be compared with the published results of other ferroelectric
materials.?> From the extrinsic point of view, to investigate
the colossal magnetocapacitive effect in the present system,
the previous report?® indicated that the magnetodielectric ef-
fect could also have occurred without magnetoelectric cou-
pling. It could have resulted from the combination of mag-
netoresistance and the Maxwell-Wagner effect. However,
this assumption is not enough to describe these new field-
dependent observations based on the results of Figs. 3 and 4.
Therefore, the colossal electrocapacitive and colossal magne-
tocapacitive effects in the present system should be paid
more attention to investigate its essence.

According to the case of Rochelle salt,”* a strong spin-
phonon coupling in a two-sublattice system explained by an
asymmetric double-well potential has previously been
proposed.?>?¢ Interestingly, such a two-sublattice model with
strong spin-phonon coupling indicates the presence of two
transitions: one transition [T = f(V,J,K)] is related to the
spin-phonon coupling constant (V, containing higher-order
phonon-phonon interaction constants) and the spin-spin ex-
change constants (J and K), and the other [T, = f(J,K)] is a
function of only pure spin-spin exchange constants.'® The
two-sublattice picture for the CdCr,S, system with spin-spin
interaction constants (J and K for different sublattices, re-
spectively) was considered earlier by Wakamura et al.,” but
the direct spin-phonon interaction has not been proposed be-
fore. This two-sublattice picture might also be used to de-
scribe the complicated phonon spectrum and phase transi-
tions in the present CdCr,S, system where there is strong
coupling of a two subspin systems (NN and NNN) with the
lattice. The strength of the spin-lattice coupling in the two
subspin systems is not the same, and both are magnetic and
electric field dependent due to the exchange striction (a con-
sequence of strong spin-phonon and phonon-phonon interac-
tions). This is associated with spin ordering between the Cr
ions in the cubic cell and which might lead to a local anoma-
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lous volume increase or decrease.?’-*® Moreover, a recent re-
view article?® proposed that the nature of ferroelectricity in
the so-called “type II” multiferroic material can be induced
by the strong coupling with the magnetic spin through ex-
change striction. The present results are consistent with the
hypothesis. Therefore, the effect of exchange striction is
clearly significant both in electric and magnetic fields and is
responsible for the different magnetoelectric phenomena ex-
hibited in CdCr,S,.

IV. SUMMARY

In summary, there are several findings presented in this
paper. (1) A glassy dipolar state below T-~85 K which is
strongly associated with ferromagnetic ordering and an
electric-field-enhanced ferroelectric ordering at T,,~56 K,
are for the first time clearly identified in CdCr,S,. (2) Both
the magnitude and step-up temperature of dielectric constant
(¢") near T, are suppressed by an electric field yet are in-
creased by a magnetic field. (3) Both electric and magnetic
fields colossally enhance the magnitude of dielectric constant
(g') near T,. (4) The magnetodielectric effects near T and
T, indicate the different spin-dipole coupling mechanisms
responsible for these two transitions. These observations de-
rived from the frequency, electric-field-dependent and
magnetic-field-dependent dielectric constant, and magnetiza-
tion are rather unique among multiferroic materials. A further
understanding of the complicated coupling mechanism and
its possible application is necessary and deserves continuing
investigation in this interesting spinel multiferroic CdCr,S,
system.
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