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Materials showing simultaneous ferroelectric 
and magnetic ordering are attracting a great 
deal of interest because of their unusual phys-
ics and potential applications1. Hemberger et 
al.2 have reported relaxor-like dielectric prop-
erties and colossal magnetocapacitance (in 
excess of 500%) for the cubic spinel compound 
CdCr2S4 and related isomorphs3–5, conclud-
ing that CdCr2S4 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.2 have a shape unlike that seen 
in ferroelectrics and more like that of a 
lossy dielectric6,7, 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 
of 0.05–0.07 μC cm–2 are themselves tiny for 
any proper ferroelectric, and are consistent 
with thermally stimulated discharge of space-
charge injected during poling6.

Ab initio calculations8 preclude soft pho-
nons, and hence proper ferroelectricity. Nor 
have Raman experiments9 found soft phonons 
or a lack of centrosymmetry. Raman results 
with wavelengths near or below the resonant 
edge10 are consistent with local non-centro-

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 
crystals11 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 CdCr2S4 is 
a relaxor ferroelectric2. In a relaxor, the tem-
perature of the dielectric peak (Tm) depends 
on the a.c. frequency, f, in accordance with the 
Vogel–Fulcher law: f = f 0 e –U⁄kb (Tm – Tf). Here, Tf 
is the finite temperature at which the relaxor 
dynamics ‘freeze’ into a polarizable state. We 
have fitted the data for CdCr2S4 (Fig. 1) and 
obtain an unrealistic value for Tf  of about 
–175 K. For polarization to be remanent at 
the temperatures suggested by Hemberger et 
al., Tf ought 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 relaxors12,13. The low-fre-
quency divergence of the imaginary permittiv-
ity3–5 is indeed consistent with direct-current 
(d.c.) conductivity in a Maxwell–Wagner sys-
tem13. Furthermore, any Maxwell–Wagner 
system (any heterogeneous semiconductor) 
that is magnetoresistive can show magnetoca-
pacitance14 (Fig. 2), and the thiospinels are all 
magnetoresistive3–5. 

Other indicators of magnetocapacitance 
due to magnetoresistive artefacts14 are the 
large effect of magnetic fields on dielectric 
loss, the strong frequency dependence of the 
magnetocapacitance and its correlation with 
magnetoresistance2–5. The magnetocapaci-
tance in fact exceeds that possible for linear 
magnetoelectric coupling15 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 M2, nor correlated with 
the alleged onset of polarization. 

Hemberger et al. try to rule out contact 
artefacts by using different electrodes3–5, 
but Maxwell–Wagner does not require con-
tact-related depletion layers. The unusual 
dielectric features disappear on annealing4, 
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-

ity of sulphur non-stoichiometry10, 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 study1, 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. 
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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 Tf  (the 
finite temperature at which the relaxor dynamics 
‘freezes’ into a polarizable state) suggested by 
Hemberger et al.2 (red line) does not reproduce 
the data. If Tf 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. 

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 (ε´) 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 frequency2, 
consistent with negative magnetoresistance in a 
Maxwell–Wagner system14. 
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Catalan and Scott1 propose an alternative 
interpretation for our findings2 for CdCr2S4  
in terms of Maxwell–Wagner effects. They 
also quote related isomorphs, such as HgCr2S4 
(ref. 3), which has been discussed elsewhere4,5. 
As we have shown, Maxwell–Wagner relaxa-
tions can indeed strongly affect the dielectric 
properties of transition-metal oxides6,7 and 
semiconductors8. We do not find Catalan and 
Scott’s arguments about CdCr2S4 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 reached9. CdCr2S4 is not a proper 
ferroelectric. Because of the history and time 
dependence of relaxors9, the thermo-rema-
nent polarization cannot be compared with 
results from P(E) loops. We excluded space-
charge effects by frequency-dependent P(E) 
measurements3.

Second, coupled spin and polarization 
waves, not soft phonons, are the relevant col-
lective excitations in multiferroics10,11. Recent 
Raman experiments12 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, ε´, reported by us2,13. Such 
data do not provide precise information on 
relaxation dynamics and are hampered by 
conductivity contributions in semiconduct-
ing CdCr2S4. Figure 1 presents more accurate 
information on the relaxation rate13. At high 
temperatures, a reasonable description with 
Tf ≈ 60 K is possible. An analysis based on 
ε´(T), as performed by Catalan and Scott 1, and 
including the transition regime at low temper-
atures, leads to an unrealistic value for Tf.

The low-frequency divergence of the loss is 
a common feature of materials with significant 
conductivity. The circuit discussed by Catalan 
and Scott1 cannot account for the complex 
behaviour of CdCr2S4 and more elaborate net-
works6,7 would be needed. Magnetoresistance 
is a necessary but insufficient condition for 
Maxwell–Wagner-related magnetocapacitance. 
The field changes the relaxation dynamics2,13, 
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, CdCr2S4 is 
not a conventional multiferroic and cannot 
be treated with the same theoretical footing2. 
The dynamic nature of the effect2,13 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 

behaviour, supporting early assumptions of 
polar phase transitions and magnetoelectric 
effects in spinels14. 
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Figure 1 | Temperature dependence of the 
relaxation rate of CdCr2S4. The relaxation rate, f, 
was calculated from the relaxation times τ, 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 behaviour13, but they also can 
be fitted by a Vogel–Fulcher law, with Tf = 60 K 
(line). At low temperatures, strong ferromagnetic 
fluctuations2 lead to deviations owing to an 
acceleration of the relaxation dynamics2,13. 

E5

NATURE|Vol 448|23 August 2007 BRIEF COMMUNICATIONS ARISING

© 2007 Nature Publishing Group 

 



magnetocapacitive coupling in ferromagnetic CdCr2S4. 
Nature 434, 364–367 (2005).

3. Weber, S. et al. Colossal magnetocapacitance and 
colossal magnetoresistance in HgCr2S4. Phys. Rev. Lett. 
96, 157202 (2006).

4. Catalan, G. & Scott, J. F.  Comments on “Giant 
dielectric response in the one-dimensional charge-
ordered semiconductor (NbSe4)3I” and “Colossal 
magnetocapacitance and colossal magnetoresistance 
in HgCr2S4. Preprint at arXiv:cond-mat/0607500 
(2006). 

5. Lunkenheimer, P. et al. Reply to comments on “Giant 
dielectric response in the one-dimensional charge-
ordered semiconductor (NbSe4)3I” and “Colossal 
magnetocapacitance and colossal magnetoresistance in 
HgCr2S4”. Preprint at arXiv:cond-mat/0701417 (2007).

6. Lunkenheimer, P., Fichtl, R., Ebbinghaus, S. G. & Loidl, A. 
Nonintrinsic origin of the colossal dielectric constants in 
CaCu3Ti4O12. Phys. Rev. B 70, 172102 (2004).

7. Bobnar, V., Lunkenheimer, P., Paraskevopoulos, M. 
& Loidl, A. Separation of grain boundary effects and 
intrinsic properties in perovskite-like Gd0.6Y0.4BaCo2O5.5 
using high-frequency dielectric spectroscopy. Phys. Rev. B 
65, 184403 (2002).

8. Ritus, A. I. et al. Determination of the parameters of 
semiconducting CdF2:In with Schottky barriers from 
radio-frequency measurements. Phys. Rev. B 65, 165209 
(2002).

9. Samara, G. A. The relaxational properties of 
compositionally disordered ABO3 perovskites. J. Phys.: 
Condens. Matter 15, R367–R411 (2003).

10. Pimenov, A. et al. Possible evidence for electromagnons in 

multiferroic manganites. Nature Phys. 2, 97–100 (2006). 
11. Katsura, H., Balatsky, A. V. & Nagaosa, N. Dynamical 

magnetoelectric coupling in helical magnets. Phys. Rev. 
Lett. 98, 027203 (2007).

12. Gnezdilov, V. et al.  Evidence for local lattice distortions in 
giant magnetocapacitive CdCr2S4. Preprint at arXiv:cond-
mat 0702362 (2007).

13. Lunkenheimer, P., Fichtl, R., Hemberger, J., Tsurkan, 
V. & Loidl, A. Relaxation dynamics and colossal 
magnetocapacitive effect in CdCr2S4. Phys. Rev. B 72, 
060103 (2005).

14. Schmid, H. & Ascher, E. Are antiferroelectricity and other 
physical properties ‘hidden’ in spinel compounds? J. Phys. 
C: Solid State Phys. 7, 2697–2706 (1974).

doi:10.1038/nature06157

E6

NATURE|Vol 448|23 August 2007BRIEF COMMUNICATIONS ARISING

© 2007 Nature Publishing Group 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


