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Is CdCr,S, a multiferroic relaxor?

Avrising from: J. Hemberger et al. Nature 434, 364-367 (2005)

Materials showing simultaneous ferroelectric
and magnetic ordering are attracting a great
deal of interest because of their unusual phys-
ics and potential applications'. Hemberger et
al.” have reported relaxor-like dielectric prop-
erties and colossal magnetocapacitance (in
excess of 500%) for the cubic spinel compound
CdCr,S, and related isomorphs®~, conclud-
ing that CdCr,S, is a multiferroic relaxor. We
argue here, however, that their results might
also be explained by a conductive artefact.

The polarization hysteresis loops of Hem-
berger et al.” have a shape unlike that seen
in ferroelectrics and more like that of a
lossy dielectric®”, such as the semiconduct-
ing thiospinels. The ‘remanent’ polarization
is much larger than the pyroelectric one,
whereas switchable polarization must always
be smaller than the pyroelectric polarization
— which on its own calls the hysteresis results
into question. The pyroelectric polarizations
0f 0.05-0.07 uC cm* are themselves tiny for
any proper ferroelectric, and are consistent
with thermally stimulated discharge of space-
charge injected during poling®.

Ab initio calculations® preclude soft pho-
nons, and hence proper ferroelectricity. Nor
have Raman experiments’ found soft phonons
or alack of centrosymmetry. Raman results
with wavelengths near or below the resonant
edge' are consistent with local non-centro-
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Figure 1| Temperature of dielectric maxima as a
function of alternating-current frequency. Data
were extracted from refs 2-4 and fitted with the
Vogel-Fulcher law of relaxors. The good fit (blue
line) gives a negative value, whereas the T; (the
finite temperature at which the relaxor dynamics
‘freezes’ into a polarizable state) suggested by
Hemberger et al.” (red line) does not reproduce
the data. If T is not positive, there can be no
remanent polarization. If an Arrhenius law

is fitted to the dielectric peaks, the activation
energy (about 0.33 eV) (refs 3-5) is similar

to that obtained from fitting the conductivity
data (0.2-0.3 eV), indicating that the dielectric
relaxation is indeed due to the temperature
dependence of the conductivity.
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symmetry (a necessary, although insufficient,
condition for ferroelectricity) — however, this
technique is unreliable because nominally for-
bidden odd-parity longitudinal-optical pho-
non scattering can be strong even in centric
crystals'' when there is real absorption.

Broad dielectric peaks occurring as a func-
tion of temperature, and shifting to higher
temperatures as the frequency of the alternat-
ing current (a.c.) increases, are interpreted by
Hemberger et al. as evidence that CdCr,S, is
a relaxor ferroelectric’. In a relaxor, the tem-
perature of the dielectric peak (T,,) depends
on the a.c. frequency, f, in accordance with the
Vogel-Fulcher law: f= f, e """~ Here, T;
is the finite temperature at which the relaxor
dynamics ‘freeze’ into a polarizable state. We
have fitted the data for CdCr,S, (Fig. 1) and
obtain an unrealistic value for T; of about
-175 K. For polarization to be remanent at
the temperatures suggested by Hemberger et
al., Trought to be in the region of 60 K, which
does not fit the data (Fig. 1).

Relaxor-like behaviour can actually appear
in any heterogeneous semiconductor as a result
of the Maxwell-Wagner effect, a conductive
artefact unrelated to relaxors'*". The low-fre-
quency divergence of the imaginary permittiv-
ity’* is indeed consistent with direct-current
(d.c.) conductivity in a Maxwell-Wagner sys-
tem"’. Furthermore, any Maxwell-Wagner
system (any heterogeneous semiconductor)
that is magnetoresistive can show magnetoca-
pacitance' (Fig. 2), and the thiospinels are all
magnetoresistive’ .

Other indicators of magnetocapacitance
due to magnetoresistive artefacts' are the
large effect of magnetic fields on dielectric
loss, the strong frequency dependence of the
magnetocapacitance and its correlation with
magnetoresistance’’. The magnetocapaci-
tance in fact exceeds that possible for linear
magnetoelectric coupling" and, whereas
larger magnetocapacitance is possible for
nonlinear coupling, a different temperature
and field dependence would be expected; in
the thiospinels it is neither proportional to the
magnetization M or M?, nor correlated with
the alleged onset of polarization.

Hemberger et al. try to rule out contact
artefacts by using different electrodes’™,
but Maxwell-Wagner does not require con-
tact-related depletion layers. The unusual
dielectric features disappear on annealing®,
indicating that there could be a heterogeneous
distribution of defects that can be annealed
out. The authors’ single crystals were grown
with chlorine as a transport agent, so chlo-
rine-based impurities are one possibility. The
authors themselves acknowledge the possibil-
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Figure 2 | Maxwell-Wagner equivalent circuit
model of a heterogeneous lossy dielectric. The
model shows approximated equations for the real
part of the apparent dielectric constant (¢) at
high and low frequencies of alternating current.
At high frequencies, the two types of region act as
two capacitors in series (C1 and C2). The effect

of lowering the frequency is the same as that of
decreasing the resistance (R) of one of the two
components: it allows the current (arrows) to flow
through, reducing the apparent thickness and
increasing the measured capacitance (C). In the
thiospinels, applying a magnetic field has the same
effect on capacitance as reducing the frequency’,
consistent with negative magnetoresistance in a
Maxwell-Wagner system'*.

ity of sulphur non-stoichiometry'’, so that is
another possible culprit.

The greater message here is that magneto-
capacitance is not a property of a material,
but an impedance measurement of a circuit;
it may reflect the intrinsic magnetodielec-
tric properties of the crystal under study', or
extrinsic parasitic contributions. Artificial
magnetoelectric effects are common and do
not require that the material be multiferroic.
Because these artefacts are more likely in semi-
conducting samples, such as the spinels, and
because all reported data are consistent with a
magnetoresistive Maxwell-Wagner effect, this
seems to be the most plausible explanation. At
a minimum, our analysis shows that evidence
for the spinels being true relaxor multiferroics
is at present inconclusive.

Gustau Catalan, James F. Scott
Department of Earth Sciences, University
of Cambridge, Downing Street,
Cambridge CB2 3EQ, UK

e-mail: gcatO5@esc.cam.ac.uk

1. Eerenstein, W., Mathur, N. D. & Scott, J. F. Multiferroic and
magnetoelectric materials. Nature 442, 759-765 (2006).

2. Hemberger, J. et al. Relaxor ferroelectricity and colossal
magnetocapacitive coupling in ferromagnetic CdCr,S,,.



NATURE|Vol 448|23 August 2007

Nature 434, 364-367 (2005).

3. Lunkenheimer, P, Fichtl, R., Hemberger, J., Tsurkan, V.
& Loidl, A. Relaxation dynamics and colossal magneto-
capacitive effect in CdCr,S,. Phys. Rev. B72, 60103
(2005).

4. Hemberger, J. et al. Multiferroic behavior in CdCr,X, (X =
S, Se). arXiv:cond-mat/0508014 (2005).

5. Weber, S. et al. Colossal magnetocapacitance and
colossal magnetoresistance in HgCr,S,. Phys. Rev. Lett.
96,157202 (2006).

6. Lines, M. E. &Glass, A. M. Principles and Applications of
Ferroelectrics and Related Materials (Clarendon, Oxford,
1977).

7. Pintilie, L. & Alexe, M. Ferroelectric-like hysteresis loop
in nonferroelectric systems. Appl. Phys. Lett. 87,112903
(2005).

BRIEF COMMUNICATIONS ARISING

8. Fennie, C.J. & Rabe, K. M. Polar phonons and intrinsic
dielectric response of the ferromagnetic insulating spinel
CdCr,S, from first principles. Phys. Rev. B72, 214123
(2005).

9. Koshizuka, N., Ushiodo, S. & Tsushima, T. Resonance
scattering in CdCr,S,: magnetic-circular-polarization
properties. Phys. Rev. B 21,1316-1322 (1980).

10. Gnezdilov, V. et al. Evidence for local lattice distortions
in giant magnetocapacitive CdCr,S,. arXiv.cond-mat
0702362 (2007).

11. Martin, R. M. & Damen, T. C. Breakdown of selection
rules in resonance Raman scattering. Phys. Rev. Lett. 26,
86-88 (1971).

12. Catalan, G., O'Neill, D., Bowman, R. M. & Gregg, J. M.
Relaxor features in ferroelectric superlattices: a Maxwell-
Wagner approach. Appl. Phys. Lett. 77,3078-3080

(2000).

13. O'Neill, D., Bowman, R. M. & Gregg, J. M. Dielectric
enhancement and Maxwell-Wagner effects in
ferroelectric superlattice structures. Appl. Phys. Lett. 77,
1520-1522 (2000).

14. Catalan, G. Magnetocapacitance without
magnetoelectric coupling. Appl. Phys. Lett. 88,102902
(2006).

15. Brown, W. F. Jr, Hornreich, R. M. & Shtrikman, S. Upper
bound on the magnetoelectric susceptibility. Phys. Rev.
168, 574-577 (1968).

Received 29 January; accepted 10 July 2007.
Competing financial interests: declared none.
doi:10.1038/nature06156

MAGNETOELECTRICS

Hemberger et al. reply

Replying to: G. Catalan & J. F. Scott Nature 448, doi: 10.1038/nature06156 (2007)

Catalan and Scott' propose an alternative
interpretation for our findings” for CdCr,S,
in terms of Maxwell-Wagner effects. They
also quote related isomorphs, such as HgCr,S,
(ref. 3), which has been discussed elsewhere®’.
As we have shown, Maxwell-Wagner relaxa-
tions can indeed strongly affect the dielectric
properties of transition-metal oxides®” and
semiconductors®. We do not find Catalan and
Scott’s arguments about CdCr,S, convincing,
however, and think that our experiments pro-
vide ample evidence for multiferroic relaxor
behaviour.

Taking the arguments of Catalan and Scott
point by point, we explain why we stand by our
interpretation. First, lossy dielectrics reveal
purely elliptical hysteresis loops. The observed
hysteresis is typical for relaxors when satura-
tion is not reached’. CdCr,S, is not a proper
ferroelectric. Because of the history and time
dependence of relaxors’, the thermo-rema-
nent polarization cannot be compared with
results from P(E) loops. We excluded space-
charge effects by frequency-dependent P(E)
measurements’.

Second, coupled spin and polarization
waves, not soft phonons, are the relevant col-
lective excitations in multiferroics'®"!. Recent
Raman experiments'’ revealing local polar
distortions cannot be explained by resonance
effects: those data were determined with
energy that is much larger than the red-shifted
temperature-dependent interband excitation.
Consequently, the effect of local distortions on
the longitudinal-optical intensity is larger than
possible resonance contributions. Further-
more, the different temperature dependencies
of the longitudinal-optical mode intensities,
the absent multiphonon and fluorescent con-
tributions, and small phonon linewidth speak
against strong resonance contributions.

In their Fig. 1, Catalan and Scott analyse the
peak positions of the temperature-dependent

dielectric constant, &', reported by us>". Such
data do not provide precise information on
relaxation dynamics and are hampered by
conductivity contributions in semiconduct-
ing CdCr,S,. Figure 1 presents more accurate
information on the relaxation rate'’. At high
temperatures, a reasonable description with
T, ~ 60 K is possible. An analysis based on
¢'(T), as performed by Catalan and Scott', and
including the transition regime at low temper-
atures, leads to an unrealistic value for T;.

The low-frequency divergence of the loss is
a common feature of materials with significant
conductivity. The circuit discussed by Catalan
and Scott' cannot account for the complex
behaviour of CdCr,S, and more elaborate net-
works®” would be needed. Magnetoresistance
is a necessary but insufficient condition for
Maxwell-Wagner-related magnetocapacitance.
The field changes the relaxation dynamics™",
which explains the effect on the relaxation-
related loss and the frequency-dependent
magnetocapacitance. The correlation between
magnetocapacitance and magnetoresistance
arises because both are triggered by the strong
field-induced shift of the ferromagnetic tran-
sition temperature. Concerning the magni-
tude of the magnetocapacitance, CdCr,S, is
not a conventional multiferroic and cannot
be treated with the same theoretical footing’.
The dynamic nature of the effect™"’ explains
the lack of correlation between polarization
and magnetocapacitance.

From electron probe microanalysis and
the narrow linewidths in X-ray studies using
synchrotron radiation, we exclude any non-
homogeneous impurity distribution in our
single crystals. Meanwhile, we have repro-
duced all effects in annealed single crystals
grown without chlorine and in ceramics
doped with indium.

We therefore think that our experiments
provide evidence for intrinsic multiferroic
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Figure 1| Temperature dependence of the
relaxation rate of CdCr,S,. The relaxation rate, f,
was calculated from the relaxation times 7, shown
in ref. 13, determined from fits of the frequency-
dependent complex permittivity. These data are
more accurate than those analysed in Fig. 1 of ref.
1. As revealed by the Arrhenius representation

of Fig. 1, at high temperatures the data follow
thermally activated behaviour”, but they also can
be fitted by a Vogel-Fulcher law, with T; = 60 K
(line). At low temperatures, strong ferromagnetic
fluctuations” lead to deviations owing to an

acceleration of the relaxation dynamics™".

behaviour, supporting early assumptions of

polar phase transitions and magnetoelectric

effects in spinels'.
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