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In this paper, multiferroics and magnetocapacitive effect of triangular-lattice antiferromagnet AgAlg 2Crg 9gS, are
investigated by magnetic, ferroelectric, pyroelectric current and dielectric measurement. We find that it is a multiferroic
material and the magnetocapacitive effect reaches a factor of up to 90 in an external field of 7 T. The results imply the
further possibility of synthesizing the magnetocapacitive materials by modifying the frustrated spin structure in terms of a

few B-site doping nonmagnetic ions.

Keywords: AgCrS,, multiferroics, magnetocapacitive effect, antiferromagnet, ferroelectricity, magnetoelec-
tric coupling, dielectric constant, AgAlp 02Cro.98S2

PACS: 75.80.4q, 77.22.—d, 75.85.+t, 75.50.Ee

1. Introduction

Multiferroic materials, in which two or three ferroic order
parameters [ferroelectricity, (anti)ferromagnetism, and ferroe-
lasticity] coexist, have been intensively investigated in recent
years.l!>] Among them, the most attractive candidates for ap-
plications are those in which there exists a strong coupling be-
tween these parameters, especially magnetism and ferroelec-
tricity. From a practical viewpoint, enhancing magnetoelectric
coupling can realize mutual manipulation of the ferroic order-
ing parameters and multifunction, so exploring the correlation
between magnetic and dielectric properties is very prerequi-
site for novel device applications. Recently, the multiferroic
mechanism relating the magnetism to electrical polarization
has been given for noncollinear magnets as P;; = Age;; x
(Si x S}). Here, e;; is the unit vector connecting neighbor-
ing spins, S; and S;, and Ag a coupling constant related to
the spin-orbit and spin-exchange interactions.!®! This model
successfully explains the ferroelectricity of noncollinear mag-
netic ordering of transition metal oxides, such as TbMnO3,”!
Niz V503, CoCry 04,11 and MnWO,4.1"Y To obtain such a
new multiferroic material with enhanced magnetoelectric cou-
pling, modification or partial substitution of magnetic ions
with nonmagnetic ions may be crucial to the applications of
the noncollinear magnetic systems.

The triangular-lattice antiferromagnet AgCrS, is
one of the interesting candidates for such multiferroic
materials.[!1?] Tt crystallizes in the delafossite structure
(space group R3m) at room temperature, described as a stack
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of layers of edge-sharing distorted octahedra CrS¢ linked to
irregular tetrahedra AgS, along the ¢ axis (Fig. 1(a)).[!!-13]
AgCrS, undergoes the superionic conductor-insulator tran-
sition at about 673 K.!!4161 It experiences the paramagnet-
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antiferromagnet transition at around 41 K.[
several years, AgCrS; has been an intensively interesting sub-
ject as a multiferroic material due to the discovery of spon-
taneous electric polarization in the corresponding AgCrO;
oxide.!'%) In this paper, we report that only 2% dilution of
magnetic Cr>* ions with nonmagnetic AI’* ions in multifer-

roic AgCrS; induces the colossal magnetocapacitance.

2. Experiments

The polycrystalline sample of AgAlp g2Crg.08S2 was pre-
pared by standard solid-state synthesis method. High-purity
powders of silver sulfide (Ag;S), chromium (III) sulfide
(Cr2S3), and aluminium sulfide (Al;S3) precursors were
weighted according to the relevant stoichiometric ratio. The
resulting powder was carefully ground, pelletized, and sealed
into an evacuated quartz tube. The tube was heated at 1175 K
for 50 h. At room temperature, the phase composition and
structure of the obtained sample were checked by powder x-
ray diffraction (XRD), using a RINT 2400 diffractometer from
Rigaku Corporation with graphite monochromatized Cu Ko
radiation.

The direct-current (DC) magnetic susceptibilities were
measured under an applied field of 0.1 T in a temperature
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range of 3 K-400 K by a SQUID magnetometer (Quantum
Design, MPMSXL-7). For electric measurements, the sample
was cut into a thin plate with about 4 mm x 5 mm x 0.4 mm
in size, and the electrodes were formed on both sides of the
plate by heat-treatment silver paste. The dielectric measure-
ment was conducted at five different frequencies (0.5, 1, 5,
10, and 100 kHz) using an LCR meter (Hioki-3532-50). To
deduce the electric polarization, we measured the pyroelectric
current with a constant rate of temperature sweep (3 K/min)
using an electrometer (Keithley 6517B) and then integrated it
with respect to time. The electric hysteresis loops of the sam-
ple were measured by Radiant Technologies Premier II sys-
tem. The controlling of the sample temperature and the exter-
nal magnetic field was ensured by the SQUID magnetometer.
The electric field was applied perpendicularly to the magnetic
field in all electrical measurements.

3. Results and discussion

Figure 1(b) shows the expected XRD patterns of AgCrS,
and the experimental XRD patterns of AgAly02Crpo8S, with
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Fig. 1. (color online) (a) Crystal structure of AgCrS, at room temperature.
(b) Experimental x-ray diffraction pattern of AgAlp 02Crg.98S> and expected
diffraction pattern of AgCrS,.

some preferred orientations at room temperature, confirming
that the sample exhibits single-phase characteristic in the de-
tection limit of XRD. All the diffraction peaks can be indexed
by the Joint Committee on Powder Diffraction Standards Card
(the card: 73-2240) for rhombohedral acentric R3m AgCrS,,
indicating that the crystal structure with 2% Al-doping re-
mained. The ratio of the nonmagnetic AI** ion radius to the
magnetic Cr>* ion radius is 0.81 which is higher than 0.59
— the criterion of the ratio of the ionic radius of the solute
to the ionic radius of the solvent of forming interstitial solid
solution.['”] So, AI** ions must replace Cr** ions in the com-
pound of AgCrS,.

Figure 2 displays the temperature dependences of zero-
field-cooled (ZFC) and field-cooled (FC) magnetic suscepti-
bilities and the corresponding reciprocal magnetic susceptibil-
ities of AgAly02Crp.98S, under an applied magnetic field of
0.1 T. Like the parent compound AgCrS,,!'"1?] the antiferro-
magnetic transition is observed at about 41.5 K, which is larger
than that reported for the corresponding AgCrO,[!8] oxide,
Tn =21 K. The Néel temperature Ty is not obviously changed
by 2% substitution of AI** for Cr>* in the compound AgCrS,.
We fit the data from 150 K to 400 K by the Curie—Weiss
law, and obtain that the effective Bohr magneton (Us) and
the Weiss temperature (6cw) are 3.70 ug and —59.12 K, re-
spectively. The value of the effective Bohr magneton is almost
consistent with the theoretically expected value of 3.87 up per
Cr’* like the parent compounds.!'!'=13] The Weiss tempera-
ture is a negative value, indicating predominantly antiferro-
magnetic interaction. The frustration parameter value of the
specimen (f = |6cw|/Tn) is 1.42, which is rather small com-
pared with that of a strongly frustrated system with a value

usually larger than 10.1%]
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Fig. 2. (color online) Temperature dependence of zero-field-cooled (ZFC)
and field-cooled (FC) magnetic susceptibilities (right scale) and corre-
sponding reciprocal magnetic susceptibilities (left scale), measured at
0.1T.

Figure 3(a) shows the electric hysteresis loops of
AgAly 02Crg.98S,, measured at three temperatures (10 K, 25 K,
and 45 K) with the E-sweeping frequency (f) of 1 Hz. Below
41.5 K the electric polarization cycles show up. Like the hys-
teresis loops of HgCr,S4,1?%! they became more pronounced
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with reducing temperature. These indicate ferroelectric be-
haviors. The absolute value of the maximum polarization P is

(211 The ferroelectric hysteresis

very close to that in CdCr,S4.
loops become constricted, indicating that the AgAlp 92Cro.98S>
is a hard material. The experimental temperature is rather
low and the shape of the electric polarization loop at 10 K is
like a parallelogram, revealing that ferroelectric property can
be regarded as being intrinsic. To further corroborate ferro-
electric ordering in the doped AgCrS,, we measure the pyro-
current to obtain information about the temperature depen-
dence of electrical polarization (Fig.3(b)). Like the scenarios
of AgCrS; and AgCrO,, the polarization vanishes at ~ Ty ,
indicating that the doped AgCrS; belongs in the spin-induced
ferroelectrics.[!>18] Recently, neutron scattering techniques
evidenced a magnetoelastic-coupling-induced structural tran-
sition at Ty in the parent compound AgCrS,.['!l These indi-

cate that the ferroelectric loops and the electrical polarization

originate from intrinsic ferroelectric property(>>23! rather than
the extrinsic Maxwell-Wagner effect.[?+2]
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Fig. 3. (color online) (a) Electric hysteresis loops for three tempera-
tures performed at 1 Hz. (b) Electrical polarization versus temperature,
measured after cooling in an electric field of 425 kV/m.

Figures 4(a) and 4(b) exhibit the temperature depen-
dences of the dielectric constant without and with an applied
magnetic field of 7 T at five frequencies (0.5 kHz, 1 kHz,
5 kHz, 10 kHz, and 100 kHz) for AgAlg 02Crp.098S2 and the
parent compound AgCrS,, respectively. Like HgCr,S4?% and
CdCr,S4,2! the dielectric constants of the two compounds all

depend greatly on not only temperature but also measured fre-
quency. The dielectric constant of AgAlg 02Crg o9gS» exhibits
a slow rise below Ty, and this is especially distinct under an
external magnetic field of 7 T, which is different from the case
of the parent compound. As illustrated in Fig. 4(b), the dielec-
tric constant only has a small cusp near 7y which is similar to
the result reported in the literature,[!'?! and the external mag-
netic field affects the dielectric constant little. Compared with
the dielectric constant of the parent compound, the values of
dielectric constant decrease in the case without applied mag-
netic field. These changes should be caused by the magnetic
defects — 2% substitution of nonmagnetic AI** ions for mag-
netic Cr3* ions.
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Fig. 4. (color online) (a) Temperature-dependent dielectric constants

measured at zero field and in an external magnetic field of 7 T at

five frequencies (0.5 kHz, 1 kHz, 5 kHz, 10 kHz, and 100 kHz). (b)

Temperature-dependent dielectric constants of AgCrS, under the same

experimental condition. (c) a measure of magnetocapacitance, with
Ae =€(7T)—€(0T), for the five different frequencies.

Figure 4(c) shows the temperature dependence of mag-
netocapacitance for the compound AgAlg02Cro9sS2. The
magnetocapacitance, defined as relative change of dielectric
constant, reaches a factor of up to 90. The magnetocapac-
itive effect of the compound depends on the measured fre-
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quency critically, which is similar to the scenarios of CdCr,S4
and HgCr,S4.1?%21] Concerning the dielectric measurement,
a prominent advantage of AgAlyg2CroogSy over the spinels
CdCr,S4 and HgCr,S4 is due to the more insulating state
of the former,'?! which avoids possible complications about
the intrinsic origin of the colossal magnetocapacitance of the
spinel.[*! To increase the influence of an external magnetic
field on the arrangement of atomic magnetic moment, we de-
stroy antiferromagnetic structure by substituting nonmagnetic
ions AI** for magnetic ions Cr’* partially, thereby the cou-
pling of the magnetic property to dielectric property is en-
hanced. Of course, for a final reason further experiments are
still necessary.

4. Conclusions

In the present work, the delafossite structure compound
AgAly 2Crp.98S> synthesized by the convenient solid reaction
method, retain the multiferroics and magnetoelectric coupling
effect. The magnetic defects — 2% nonmagnetic ions A’
substituting for the magnetic ions Cr’* — induce the colossal
magnetocapacitive effect, reaching a factor of up to 90, which
may provide a most promising route to obtaining multifunc-
tional material due to colossal magnetocapacitance.
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