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Phonon anomalies and possible local lattice distortions in giant magnetocapacitive CdCr,S,
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We investigate the origin of large magnetocapacitive effects in CdCr,S, single crystals focusing on phonon
anomalies in the fluctuation regime 7' < T* = 130 K and with the onset of ferromagnetic order 7. = 84.4 K. The
observation of longitudinal optical and formerly infrared active modes for 7' < T, is used to propose a loss of
inversion symmetry and Cr off-centering. Further anomalies in intensity, frequency, and linewidth have an onset
temperature 7* that coincides with the onset of magnetocapacitive effects. The respective intensity anomalies are
attributed in part to an enhanced electronic polarizability of displacements that modulate the Cr-S distance and
respective hybridization. This is taken as a prerequisite to the proposed Cr off-centering. Anomalies due to the
previously disregarded photodoping and resonance are analyzed comparing different excitation energies.
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I. INTRODUCTION

The coexistence and mutual coupling of magnetic and
dielectric properties in solids are presently discussed from both
fundamental and application points of view.! Large coupling
effects have been found in different material classes, ranging
from antiferromagnets (AF) with spiral ground states,' via
composite or lamellar materials that provide magnetoelastic
coupling at interfaces,” to lone pair systems with hybridized
electronic states that gain energy by polar distortions.? The
intrinsic coexistence, however, of ferromagnetic and ferro-
electric order parameters is hindered by exclusive symmetry
conditions and having occupied 3d electron states to provide
magnetic exchange and their energetic disadvantage in polar
distorted coordinations.*

Among the reported materials, the cubic thiospinel CdCr,S4
(T, = 84.4 K) stands out due to its large ferromagnetic (FM)
moment coexistent with a remanent dielectric polarization.
Furthermore, a pronounced fluctuation regime with relaxor
ferroelectric behavior’ and evidence for polar nanodomains
exists above T,. This is evident from a maximum of the dielec-
tric loss at Tyx(w — 0) = T = 130 K and a broadening of
x-ray peaks.® Most unusual in these observations is the Fd3m
space group symmetry of the paramagnetic phase. This group
symmetry strictly forbids the existence of a ferroelectric order
parameter. Therefore, mesoscopic or microscopic variations of
the electronic state which create local distortions may play an
important role for the relaxation effects and magnetocapacitive
effects.” In its turn magnetocapacity above T, might arise
due to magnetoelectric coupling between magnetic moment
fluctuations and local distortions. Similar to manganites, the
cross susceptibilities could be magnified by microscopic phase
separation.®” As suggested by Hemberger et al.” off-centering
of Cr ions in CdCr,S, could serve as an intrinsic mechanism
for this effect. Also in far-infrared studies!®© of CdCr,S.,
significant effects are detected in the temperature dependence
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of the plasma frequencies, indicating changes in the nature of
the bonds and significant charge redistribution.

On the other hand, there is evidence for a nonintrinsic
nature of some dielectric anomalies (see discussion in Refs. 9
and 10). Problems may arise due to nonstoichiometry, finite
conductivity, and possible internal interfaces of some samples
that impede a proper dielectric characterization. Nevertheless,
record values of magnetocapacitive effects with an increase of
the dielectric constant &” of up to a factor of 30 in a magnetic
field of 10 T are reported.” Due to the lack of microscopic
information, understanding of the underlying physics is rather
limited and requires further spectroscopic investigation as well
as high-quality samples prepared by different growth methods.

In the present paper, pronounced anomalies of the phonon
systems based on Raman light scattering (RS) on single
crystals of CdCr, S, are reported. Following intense study and
optimization of preparation parameters, we use CdCr, S, single
crystals grown by Br transport. These crystals are expected
to be free from transport agent contaminations. However,
they are smaller in size than samples from Cl transport.
Based on the observation of longitudinal polar phonons in
our Raman spectra, we suggest a noncentrosymmetric F43m
crystal structure at low temperatures (T < T,), clearing up a
longstanding dispute®!! on a possible Cr off-centering and loss
of inversion symmetry. Polar phonons that modulate the Cr-S
distances show large intensity gains in magnetically ordered
phase that point to an intrinsic magnetoelectric coupling effect
of the magnetic degrees of freedom and local polarizations.
Furthermore, we demonstrate that the onset of these anomalies
exists already in the fluctuation region for 7, < T < T*.

II. EXPERIMENT

RS experiments were performed on as-grown, shiny [111]
surfaces of CdCr,S4 single crystals prepared from a Br
transport reaction. Spectra of the scattered radiation were
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collected by a Dilor-XY triple spectrometer and recorded by
a nitrogen-cooled, charge-coupled device detector. We used
the excitation wavelengths A = 632.8 nm of a HeNe laser,
A = 488 nm of an Ar/Kr ion laser, and A = 532.1 nm of a
solid-state laser with a power level P < 6 mW, i.e. a factor 15
less than in previous studies.'>”'* In our experiments, we used
parallel (XX) and crossed (XY) light polarizations. Temperature
dependencies were investigated using a variable temperature
closed-cycle cryostat (Oxford/Cryomech Optistat, RT-2.8 K)
and a continuous helium flow optical cryostat (Cryovac,
RT-3K).

III. RESULTS AND DISCUSSION

Earlier RS experiments'>~'* showed agreement with factor

group calculations for the room temperature structure Fd3m
which is cubic and inversion symmetric.'> The decomposition
of the Raman-active symmetry components leads to I' =
A15(394) + E14(257) 4 3T54(99, 280, 352) with the calculated
phonon frequencies given in brackets (cm™").!3:16

In Fig. 1 Raman spectra of CdCr,S; measured in two
scattering geometries are presented. At room temperature,
very sharp maxima are observed, thus proving the high quality
of the used single crystals. Also the background level of the
spectra is uniform and flat. Samples that are defect rich or
nonstoichiometric show broad maxima due to fluorescence
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FIG. 1. (Color online) RS spectra of CdCr,S, as a function of
temperature taken with A = 532.1 nm. The curves are shifted for
clarity. The phonon lines are marked by dashed lines and assigned
according to the high-temperature structure (Ref. 15).
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effects. The number and frequencies of the excitations are
in detailed agreement with lattice calculations'® based on the
space group Fd3m. The modes are marked by dashed lines and
with the respective symmetry representation. The A, phonon
line is observed only in XX scattering geometry without
any leakage in the XY scattering geometry. With decreasing
temperature, several anomalies develop. Most spectacular is
the appearance of a new mode at 106 cm™!, i.e. 8 cm™!
higher than the lowest frequency mode at 98 cm™!. At the
same time, the high-frequency phonons with Aw > 250 cm™!
show different intensity versus temperature dependencies for
different incoming photon energies. While all four phonon
modes show an enormous gain in intensity with the excitation
wavelengths A = 532.1 nm, only two phonon modes with
Aw > 300 cm™! show a similar behavior with the excitation
wavelengths A = 632.8 nm.

In proximity of the 352-cm™! 75, mode and the 396-cm™
Ay, mode, the evolution of sidebands is observed at low
temperatures. The 7>, mode at 280 cm~! does not split (see
Fig. 2). The temperature dependence of the peak frequencies
shows a change of slope at 7%, and sidebands appear for 7' <
T.. The splittings themselves are rather small and of the order
of 1-2% for the high-frequency modes. These observations are
not compatible with a large reduction of symmetry and point
to a preserved cubic symmetry.
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FIG. 2. (Color online) RS phonon frequency of CdCr,S,; as
a function of temperature. The fluctuation regime between 7, =
84.4 K and T* = 130 K is marked by a dashed bar. Arrows mark
the approximate frequency of LO phonons at 7 = 10 K from earlier
IR absorption experiments (Ref. 17).
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FIG. 3. (Color online) Integrated RS intensity of CdCr,S, as a function of temperature for the high-energy and the low-energy modes in the
right panel (an exciting laser wavelength of A = 532.1 nm). The open symbols in the left and right panels correspond to the low-temperature
modes at 106, 352, and 390 cm™', respectively. The inset in the middle panel shows the results of the RS experiment with A = 632.8 nm.

In the same figure, the approximate frequencies of the
low-temperature longitudinal optical (LO) modes from an
earlier infrared absorption experiment are given by arrows.!%!”
It is obvious that the observed new modes are very close or
coincide with these data within the accuracy of the earlier
Kramers—Kronig analysis. For the 280-cm™! T», mode, no
corresponding LO phonon exists,'® and therefore no splitting
can be detected. With a loss of inversion-only LO phonons,
formerly IR active modes develop an RS cross section in
backscattering geometry.

In Fig. 3 the phonon intensities of the high-temperature
Raman active modes and additional modes are given. Both
characteristic temperatures are evident in the data. Noteworthy
is the large enhancement of the E, mode and high-frequency
T, and A, modes in the fluctuation regime between T, and T*
atexcitation under A = 532.1 nm. Itleads to an overall increase
by a factor 5 (E,) and 25 (T, Aig) to low temperatures.
Interestingly, the intensity of the LO phonons increases with
a similar slope down to lowest temperatures. The intensity
of the 280-cm™~! mode is nearly constant between 7, and T*
and enhances by a factor 8 to low temperatures. The intensity
of the 98-cm™! mode drops in the whole temperature region
with a sharp slope changing at 7. In contrast, the intensity
of the 280-cm~! and the 255-cm~! modes both drop by 70%
in the high-temperature regime and recover only to about 1/3
of this intensity at low temperatures with an excitation at A =
632.8 nm.

The RS intensity of a phonon mode is proportional to
the scattering volume and to the square of the electronic
polarizability with respect to the displacement of the particular
mode. A change of the surface conductivity may indeed
obscure the intrinsic intensity evolution of phonon modes.

However, the scattering volume and optical penetration depth
develop in parallel for all modes. Therefore, the observed very
specific anomalies must at least be partly related to the local
enhancement of electronic polarizability.

In Fig. 4 we show the temperature-dependent linewidths
(full width at half maximum [FWHM]) of the phonon modes
in CdCr,S,4. The T dependencies of the FWHM of all modes
show anomalies in the fluctuation regime and at the magnetic
ordering temperature.

The left panel of Fig. 5 shows the low-energy 75, and the
related LO mode close to T.. These modes demonstrate the
largest splitting which facilitates their discrimination. With
the onset of FM order, the T, mode is damped. The LO
appears clearly at the magnetic transition. This behavior is
different from the intensity gain that the high-energy 7>, mode
shows for temperatures around 7. At lowest temperature, the
intensity of the sideband is comparable to the high-temperature
intensity of the 75, mode.

Previous investigations using circular, polarized light and
optical pumping showed that resonance effects of the ex-
citation wavelength with electronic states in CdCr,S4 have
to be considered.'® These effects certainly complicate the
interpretation of Raman scattering experiments. On the other
side, they open up the opportunity to modify the local
electronic properties of CdCr,S4' by an internal photo effect
and an electron transfer from the highly structured valence
band of hybridized Cr #,,-S 2p states to an unoccupied Cr
e,-Cd s high energy continuum.'® The corresponding gap is
A =16-18eV.>

In the following, we will show evidence for a strong cou-
pling of the phonon system to exactly these states. In Figs. 5(b)
and 5(c) we compare RS with the previously used excitation
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FIG. 4. (Color online) The Raman phonon widths as a function
of temperature of CdCr,S,.

wavelength A = 632.8 nm (1.97 eV) and 488 nm (2.55 eV),
respectively. The difference is rather drastic. A reversal of the
effect of temperature on the RS spectra is evident, i.e. the
intensity ratio of the T, to the LO phonon with 488 nm is
close to that at T ~ T, with 632.8 nm. This effect cannot be
attributed to a modification of the selection rules similar to
observations in resonance scattering on semiconductors®! or a
varying penetration depth as the intensities of both modes
are affected. We attribute it to a local occupation of the
antibonding Cr e,—Cd s states within the conduction band. The
high selectivity of the Raman intensity to the laser excitation
energy reflects the difference in the lattice dynamics in which
different phonons modulate different electronic bonds. Note
that in accordance with the calculations by Lutz et al.'®
the vibration of 95 cm™! T, phonon mainly involves Cd
ions displacements, while to the LO 105 cm™! phonon,
besides Cd vibrations, the Cr and S ions displacements also
contribute.
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FIG. 5. (Color online) (a) Evolution of the low-frequency 7>,
mode with an excitation wavelength of A = 532.1 nm at T = 10, 25,
65, 80, 95, 110 K, from top to bottom. (b) and (c) RS experiments
with A = 488 nm (top, dashed line), 532.1 nm (middle, dotted line),
and 632.8 nm (bottom) at 7 = 10 K. Curves have been shifted for
clarity.
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FIG. 6. (Color online) Displacement patterns and excitation
energies of different modes that lead to a large modulation of the
Cr-S hybridization (Refs. 15 and 23).

Understanding the anomalous magnetocapacitive behav-
ior of CdCr,S4 involves two issues. The first addresses
the inconsistency between the high-temperature structure
and the observed properties, i.e. global or local deviations
from inversion symmetry. The second question concerns
the interplay between local distortions and the spin po-
larization, i.e. the magnetocapacitive coupling mechanism.
It must be outlined that a nonlinear relation between the
corresponding fields and susceptibilities that is compatible
with the observed phonon anomalies is a perquisite but no
proof of true magnetoelectricity.** In addition, spontaneous
moments of proper magnitude should develop with decreasing
temperatures.

With the present RS data, we give evidence that in
CdCr,S4 the inversion symmetry is lost, and the resulting
low-temperature symmetry is reduced from Fd3m to F43m.
As shown in Fig. 6, a frozen A,, mode corresponds to the long
suggested Cr-off-centering.'® The preserved cubic symmetry
of F43m is the only way to describe the observed excitation
spectrum.?” Note that electric polarization is also not allowed
by the symmetry of the F43m group. However, static Aj,-
type distortions provide magnetoelectric coupling between
magnetic and polar degrees of freedom. This low-temperature
structure allows invariants of the free energy F o« M M, P, +
M,M_P, + M,M_.P, with an electric polarization P with
some direction to a net magnetic moment M.?? This kind of
invariant was prohibited in the earlier accepted Fd3m space
group.

Cubic symmetry is conserved by A,, with Cr and S static
displacements, two nonequivalent Cr sites and two alternating
S-Cd bond lengths. In the new symmetry, the atom-occupied
sites are 4a-Cd(1), 4d-Cd(2), 16e-Cr, 16e-S(1), 16e-S(2). The
additional modes are a result of the related A,, displacement
that evolves into a long-range distortion for 7 < T,. The
number of Raman allowed modes are ' = 3A; + 3E +
TT,. Besides the previously observed 1A414(A1), 1 E,(E), and
3T54(T>), this number is enlarged by the former 2A,,(Ar)
and 2E,(E) silent modes related to S and Cr displacements
as well by 4T, (T») of far-infrared polar modes. Calculations
give Ay, modes? at 331 and 422 cm~! and E,, modes 214 and
357 cm~!. Those calculations have been done on the basis of
semi-empirical models. Nevertheless, below T, we observe in
the respective energy range additional lines at 238, 371, and
378 cm™', which could be attributed to the previously silent
modes.
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In addition to the single-phonon scattering, some lines in
our Raman spectra of CdCr,S4 can be interpreted as a multiple-
order scattering that is a fingerprint of lattice anharmonicity.
Note that assuming a second-order phase transition from
Fd3m to F43m in the high-temperature phase, one of the
A,, modes must demonstrate a soft-mode behavior. However,
this cannot be detected by far-infrared or Raman studies. In its
turn, under the approaching of 7, from low-temperature phase,
one of the A modes should be a soft mode and can be seen in
Raman spectra.

The intensity-polarizability enhancements of all high-
frequency modes are strong evidence for pronounced nonlin-
earities of the coupled electronic-lattice systems. The intensity
of these modes and the LO sidebands is still increasing in the
temperature range where the macroscopic magnetization does
not change very much.’ In Fig. 6, we sketch displacements
with enhanced polarizability, and it is evident that all modes
effectively modulate the hybridization of the Cr #,,-S 2p states
by a simultaneous stretching—squeezing of the S-Cd and S-Cr
bonds, respectively.'?!> In contrast, the intermediate frequency
modes show an antiphase stretching on the opposite sides
of the S-Cr cube. Depending on the relative amplitude of
the Cr and S displacements, such a motion can cancel the
contribution of all S-Cr bonds to the dielectric response as
well as to the RS response. This is in our opinion the origin
of the minimum observed in the intensity of, for example, the
255-cm~! mode with 632.8 nm excitation and for temperatures
below 7. The displacements sketched in Fig. 6 could also
be interpreted as a Cr-Cr dimer formation. Such structural
correlations lead to large energy gains on frustrated topologies,
i.e. it leads to the spin gap formation in MgTi,04?* and
Culr,S,4.%> For CdCr,S, the hybridized states, including some
nonstoichiometry, provide a finite but small density of states
at the Fermi energy.”®

The presently discussed magnetoelectrics provide a rather
complex picture of possible mechanisms for large cross
susceptibilities.! Systematic investigations of the phonon fre-
quencies and the magnetic ground state of different chromium
spinels show that CdCr,Ss is close to a bond-frustrated
phase with enhanced spin-electron-phonon coupling.'® For
some rare earth perovskites, such as RCrO; (R=La, Y,
Lu), similar conclusions have been drawn as well as the
observation of multiferroicity attributed to certain modulations
of the Cr-O-Cr bond angle and length.”’ To describe the
tendency for spontaneous polarizations and off-centering,?%%°
the concept of a second-order Jahn-Teller effect has been

PHYSICAL REVIEW B 84, 045106 (2011)

used. This effect is based on the hybridization of nearly
degenerate electronic states of appropriate symmetry>* that
overcompensates the cost of Coulomb energy due to the
distortions of occupied 3d electron systems. In multiferroic
BiFeOs, the off-centering of Bi is a result of a hybridization
of both the Bi 6s> and unoccupied 6p° states with O 2p
orbitals leading to a highly polarizable lone pair on one side
of the Bi ion.>* Weaker displacements and anomalies of the
Raman scattering intensity have been observed for the case
of Cd** ions in sulfur environments, e.g. in CdPS3.3! We
therefore attribute the enhanced local polarizabilities caused by
diagonal S displacements in CdCr,S, to hybridization effects
of moderately correlated Cd and S states.'® This also agrees
with recent observations of the effect of electric fields on
electric transport.®

The lattice degrees of freedom provide another peculiarity.
The energy splitting between polar and nonpolar modes in
CdCr,S; is extremely small compared to other energy scales
of the system. Evidently, it reflects some internal degeneracy
of the lattice subsystem. This accidental degeneracy can easily
be removed by third- or higher-order anharmonicity with a
negligible restoring force. Moreover, one can expect that the
respective distortion of the Fd3m structure being dynamic
at high temperatures becomes static at lower ones. More
direct evidence, however, must come from high-resolution
diffraction experiments that should indicate electronic redistri-
bution within the S¢ octahedra or a large atomic displacement
parameter of Cd?** in the fluctuation regime.

IV. CONCLUSIONS

Summarizing, Raman scattering experiments on stoichio-
metric single crystals of CdCr,S4 prepared by Br trans-
port reactions show pronounced phonon anomalies that are
evidence for a symmetry reduction and Cr off-centering
in the cubic unit cell. The resulting enhanced electronic
polarizability of displacements that modulate the Cr-S distance
is proposed as a microscopic mechanism for the observed large
magnetocapacitive effects.
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