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Al-doping-induced magnetocapacitance in the multiferroic CuCrS2
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In this paper, magnetic and dielectric properties of the quasi-two-dimensional triangular-lattice system CuCrS2 and
its B-site-diluted analogs CuAl1−xCrxS2 (x = 0.01 and x = 0.02) are investigated. Antiferromagnetic phase transition is
observed at about 38.5 K by magnetization measurement without shift induced by a small amount of doping Al. Magne-
todielectric effect is found near TN in each of the three compounds. The dielectric constant decreases and the magnetoca-
pacitance increases with the increase of substitution of nonmagnetic Al3+ ions for the magnetic Cr3+ ions. The negative
magnetocapacitive effect reaches ∼ 13% for CuAl0.02Cr0.98S2.
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1. Introduction
In recent years, interest has been aroused in the correla-

tion between magnetic and dielectric properties, not only for
fundamental scientific research, but also for practical applica-
tion in materials-engineering.[1–7] Toward the enhanced mag-
netoelectric coupling, the multiferroic materials with dielectric
and magnetic orders have been extensively explored, but the
attempts have not been fully successful. For example, some
materials even with the multiferroic orders, exhibit magnetic
and dielectric phase transitions at various temperatures, result-
ing in the weak coupling between the orders. As the helimag-
netic ferroelectric material ABX2 family with the delafossite
structure (A=nonmagnetic monovalent ion, B=magnetic triva-
lent ion, and X=bivalent anion) has been discovered, the mu-
tual manipulation of the magnetic and dielectric properties be-
comes possible.[3,8–12]

CuCrS2, which is interesting and important in science
and industry, has been extensively investigated.[13–17] At room
temperature, it crystallizes into space group R3m with a quasi-
two-dimensional layered structure. The basic crystal structure
is composed of covalent-ionic bound S–Cr–S trilayers which
are separated by a van der Waals gap and weakly coupled. The
unit of CrS2 is metastable and comes into being only with
an electron donor, hereby the univalent ions Cu+ are sand-
wiched between CrS2 as shown in Fig. 1(a). At 300 K, CuCrS2

exhibits a paramagnetic electron–ion semiconducting behav-
ior and it undergoes the super-ionic conductor–semiconductor
transition and the electronic transition at 675 K and 110 K,
respectively. At about 37 K, it experiences the paramagnet–

antiferromagnet and the semiconductor–insulator transitions.
In the past several years, CuCrS2 has been an intensively in-
teresting subject as a multiferroic material due to the discov-
ery of spontaneous electric polarization in the corresponding
CuCrO2 oxide.[3,8,18] In the present paper, we report that the
magnetic defects caused by only a few percent dilution of the
magnetic ions Cr3+ with the nonmagnetic ions Al3+ induce
the negative magneto-capacitive effect.

2. Experiment
The polycrystalline samples of CuAlxCr1−xS2 (x = 0,

0.01, and 0.02) were prepared by the standard solid-state syn-
thesis method. High-purity powders of copper (I) sulfide
(Cu2S), chromium (III) sulfide (Cr2S3), and aluminum sulfide
(Al2S3) precursors were weighted according to the relevant
stoichiometric ratios. The resulting powders were carefully
ground, pelletized, and sealed into an evacuated quartz tube.
The tube was heated at 1125 K for 50 h. At room temperature,
the phase composition and the structure of the annealed sam-
ples were characterized by powder X-ray diffraction (XRD),
using a type RINT 2400 diffractometer (Rigaku Corporation)
with graphite monochromatized Cu Kα radiation.

The direct-current (DC) magnetic susceptibilities were
measured under an applied magnetic field of 0.1 T in a tem-
perature range of 3 K–400 K by using a Squid magnetometer
(Quantum Design, MPMSXL-7).

For the dielectric measurements, the samples were
cut into three thin plates each with a size of about
3 mm×5 mm×0.4 mm, and the electrodes were formed on
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both sides of the plates by heat-treated silver paste. The dielec-
tric measurements were performed on a Hioki-3532-50 LCR
meter at a frequency of 1 MHz. The controls of the sample
temperature and the external magnetic field were ensured by
the Squid magnetometer. The direction of the electric field
was perpendicular to the magnetic field in all dielectric mea-
surements.

3. Results and discussion

Figure 1(b) shows the XRD patterns of CuAlxCr1−xS2

(x = 0, 0.01, and 0.02) samples at room temperature, con-
firming that all the samples exhibit single-phase characteris-
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Fig. 1. (color online) (a) Crystalline structure of CuCrS2, and (b) X-
ray diffraction patterns of the CuAlxCr1−xS2 (x = 0, 0.01, and 0.02)
samples and expected pattern of CuCrS2.

tics within the detection limit of XRD. Comparing the pat-
terns with the patterns expected for randomly oriented crys-
tallites of CuCrS2, we find that the increased intensities of all
the (001) reflections show that all the samples have some pre-
ferred orientations. All the diffraction peaks can be indexed
by using the Joint Committee on Powder Diffraction Stan-
dards Card (the card: 83-1690) for rhombohedral acentric R3m
CuCrS2,[8,15,17] indicating that there are crystal structures with
little remaining Al doping. The radius ratio of nonmagnetic
ion Al3+ to magnetic ion Cr3+ is 0.81, higher than 0.59: the
criterion of the ratio of the ionic radius of the solute to that of
the solvent of forming interstitial solid solution.[19] So, Al3+

ions must replace Cr3+ ions in the compound of CuCrS2. The
substitution of a few percent Al3+ for Cr3+ cannot make the
XRD patterns evidently different.

Figure 2 displays the temperature dependences of zero-
field-cooled (ZFC) and field-cooled (FC) magnetic suscepti-
bilities and the corresponding reciprocal magnetic suscepti-
bilities under an applied magnetic field of 0.1 T. The antifer-
romagnetic transitions are observed at about 38.5 K, which
is consistent with the previously reported results[8,13,15,16] but
larger than those reported for the corresponding CuCrO2

oxide[3,9,18] (TN = 23 K). The Néel temperature TN is not ob-
viously changed by a few substitutions of Al3+ for Cr3+ in the
compound of CuCrS2. We fit the data from 150 K to 400 K to
the Curie–Weiss law, obtaining the effective Bohr magnetons
and the Weiss temperatures. The values of Cr3+ effective Bohr
magnetons are 3.82 µB, 3.77 µB, and 3.78 µB, respectively,
consistent with the expected value (3.87 µB) of the Cr3+ ion
and previous experimental results.[8,13,15,17] The Weiss temper-
atures are −141.45 K, −129.27 K, and −140.16 K, respec-
tively, which indicate predominantly antiferromagnetic inter-
actions. The frustration parameter values of the specimens
( f = |θ |/TN) are 3.69, 3.38, and 3.64, respectively, which are
rather small compared with the value of a strongly frustrated
system (usually larger than 10).[20]
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Fig. 2. (color online) Temperature dependences of zero-field-cooled
(ZFC) and field-cooled (FC) magnetic susceptibilities (right scale) and
the corresponding reciprocal magnetic susceptibilities (left scale) of
CuAlxCr1−xS2 (x = 0, 0.01, and 0.02) measured at 0.1 T.
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Figure 3 presents the temperature dependences of the di-
electric constants (a) and the dielectric loss tangents (b) in
the cases without and with an applied magnetic field of 7 T
near the Neel temperature in a range of 25 K to 55 K of the
compounds, measured at a frequency of 1 MHz. As the tem-
perature is lowered, the dielectric constants of CuAlxCr1−xS2

(x = 0, 0.01, and 0.02) decrease and reach a local minimum
near TN. Below TN, the dielectric constants rise in a narrow
temperature region and then decrease again with temperature
decreasing. These “inverse S-type” behaviors that indicate
that magnetoelectric coupling takes place, are very similar to
those of polycrystalline YMnO3 and Cd0.7Fe0.3Cr2S4.[21–23]

The dielectric constant of CuCrS2 is rather larger than those
reported for the corresponding CuCrO2 oxide.[3,9,18] And it re-
duces sharply with the increase of Al-doping, which is caused
by reducing the resistivity due possibly to the Al-doping. In
an external field of 7 T, the dielectric constants vary evidently
in different samples as illustrated in Fig. 3(a). The magneto-
capacitive effect determined the relative difference between
the dielectric constant in zero field and that in non-zero field
almost reaches −13% for CuAl0.02Cr0.98S2, which must be
induced by the magnetic defects resulting in the dilution of
the magnetic ions Cr3+ with the nonmagnetic ions Al3+. The
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Fig. 3. (color online) Temperature dependences of dielectric constant
(a) and dielectric loss tangent (b) in the cases without and with an ap-
plied magnetic field of 7 T of CuAlxCr1−xS2 (x = 0, 0.01, and 0.02),
measured at a frequency of 1 MHz. Inset of Fig. 3(a) provides a mea-
sure of magneto-capacitance, with ∆ε = ε(7 T)–ε(0 T).

existence of the clear dielectric anomaly in each compound is
independent of frequency (not shown) and the external mag-
netic field, which is similar to the result in Ref. [24].

As shown in Fig. 3(b), the dielectric loss tangent anomaly
near TN can also be observed, which is similar to the scenar-
ios of YMnO3, PbFe1/2Nb1/2O3, and Cd0.7Fe0.3Cr2S4.[21–23]

This is a characteristic of multiferroics, and indicates the exis-
tence of the magnetodielectric effect. However, unlike the di-
electric constant, the dielectric loss tangents of different sam-
ples exhibit various tendencies. For the parent compound of
CuCrS2, the dielectric loss tangent decreases as the tempera-
ture increases in a range below TN. Near TN it sharply rises
in a narrow temperature region and then decreases again with
temperature increasing. With the increase of temperature, the
dielectric loss tangent of CuAl0.01Cr0.99S2 increases slowly in
the whole temperature region except near TN. In contrast, the
dielectric loss tangent of CuAl0.02Cr0.98S2 decreases slowly
in the whole temperature region except near TN. Similar to
the dielectric constant, the existence of the anomaly in each
compound is independent of frequency (not shown) and ex-
ternal magnetic field. However, its values are dependent on
frequency (not shown) and field. The results indicate that
the magnetic defects can modulate the dielectric loss tremen-
dously.

Incidentally, the small dielectric anomaly is observed near
the antiferromagnetic transition temperature for each of the
samples, which is similar to the previous results. Usually,
such an anomaly in dielectric constant may originate from
various factors, such as an extrinsic resistive component of
the dielectric response together with the Maxwell–Wagner
effect[25–27] and intrinsic multiferroic coupling by the magne-
toelastic effect.[4,28] Some investigations by neutron scattering
technique evidenced a magnetoelastic coupling induced struc-
tural transition at TN.[8] So, the role of the resistive part of the
dielectric response must be insignificant.

4. Conclusion
In this paper, the compounds CuAlxCr1−xS2 (x = 0, 0.01,

and 0.02) with delafossite structure, synthesized by the con-
venient solid reaction method, exhibit the antiferromagnetic
transitions and dielectric anomalies at about 38.5 K. The mag-
netic defects, a few nonmagnetic Al3+ ions that substitute the
magnetic Cr3+ ions, have no influence on magnetic transi-
tion temperature but change the values of Cr3+ effective Bohr
magnetons and the Weiss temperatures slightly. We also find
that the magnetic defects reduce the dielectric constant, induce
the negative magneto-capacitive effect, and tune the dielectric
loss. The above results indicate that B-site dilution with no-
magnetic ions is a promising route to design multiferroic ma-
terials.
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