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New transition metal sul5des BaKCu3MS4 (M 5 Mn, Co, Ni)
were prepared from BaCO3, K2CO3, and the corresponding
transition metal oxides by CS2/Ar sulfurization. The materials
are based on a common structural pattern consisting of 2-D
arrangements of MS4 tetrahedra linked by edges, crystallizing in
the tetragonal ThCr2Si2-type structure in space group I4/mmm.
Electrical resistivity measurements show that the new phases are
semiconducting. The temperature dependence of magnetic sus-
ceptibility shows di4erent behaviors depending on the substitu-
ting transition element: the data for BaKCu3MnS4 can be 5tted
to the Curie+Weiss equation (leff 5 2.50 lB per manganese ion)
while magnetic ordering occurs for BaKCu3CoS4 (TN&12 K).
BaKCu3NiS4 exhibits temperature+independent paramagnetic
behavior. ( 2001 Academic Press

Key Words: quaternary sul5des; layered structure; magnetic
interactions; NeH el temperature.

1. INTRODUCTION

Transition metal intercalates of sulfur-based compounds
have attracted growing interest in recent years because of
their similarity to the high-temperature copper oxide super-
conductors (1) and their potential applications in important
technologies such as cathodes in electrochemical cells
(2, 3). The mixed transition metal sul"des with the formula
ACu

2x~1
MS

2x
(A"K, Rb, Cs; M"Fe, Mn; x"1, 2) that

we have been studying recently belong to this group of
compounds with the tetragonal ThCr

2
Si

2
-type structure (4).

In our continuing exploration of new solid-state copper
sul"des, we report, in this paper, the results of a partial
1To whom correspondence should be addressed. E-mail: mona.
bahout@univ-rennes1.fr.
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substitution of both Ba and Cu within the Ba}Cu}S system.
This led to the isolation of new copper-based sul"des mater-
ials, BaKCu

3.5
Fe

0.5
S
4

(5), BaKCu
3
ZnS

4
(6), and

BaKCu
3
MS

4
(M"Mn, Co, Ni). The structural character-

ization and electrical and magnetic properties of those latter
compounds are discussed.

2. EXPERIMENTAL SECTION

2.1. Synthesis

The procedure to obtain copper-based sul"des involves
sulfurization in a stream of CS

2
carried by Ar gas. The

starting materials BaCO
3
, K

2
CO

3
, CuO, and the corre-

sponding transition metal oxide (MnO
2
,CoO, or NiO) were

mixed in an agate mortar in a stoichiometric ratio. The
powder mixture was then placed in an alumina boat and
heated in a tube furnace in a CS

2
/Ar atmosphere at any

temperature in the range 8503C}9503C, whatever the phase
may be. After &7 hours, the furnace was shut o! and
allowed to cool in a stream of dried argon. All of the samples
are dark gray and air stable. Their purity was examined by
powder X-ray di!raction analysis.

2.2. Physical Measurements

Quantitative microprobe analyses were carried out with
a JEOL JSM-6400 scanning electron microscope (SEM)
equipped with an energy dispersive spectroscopy (EDS)
detector. The analyses were performed on a large number of
di!erent surface points on each grain in order to con"rm the
homogeneity of the products and the composition of the
samples (Table 1). The powder X-ray di!raction (PXD) data
were collected with a Philips computer-controlled powder
di!ractometer operating at 35 kV, 35 mA. CuKa radiation
4



TABLE 1
Results of the Elemental Analysis of BaKCu3MS4

(M 5 Mn, Co, Ni) (Accuracy65%)

Composition Ba (at.%) K (at.%) Cu (at.%) M (at.%) S (at.%)

BaKCu3MnS4

Experimental 9.79 11.17 29.27 9.39 40.50
Calculated 10.00 10.00 30.00 10.00 40.00

BaKCu
3
CoS

4
Experimental 9.81 12.05 28.62 9.98 39.58
Calculated 10.00 10.00 30.00 10.00 40.00

BaKCu
3
NiS

4
Experimental 9.80 12.05 28.62 9.98 39.59
Calculated 10.00 10.00 30.00 10.00 40.00

FIG. 1. Structural arrangement for BaKCu
3
MS

4
(M"Mn, Co, Ni).

TABLE 2
Unit Cell Parameters for BaKCu3MS4 (M 5 Mn, Co, Ni)

Re5ned from Powder X-Ray Patterns

Compound a (A_ ) c (A_ )

BaKCu
3
MnS

4
3.920(2) 12.987(4)

BaKCu
3
CoS

4
3.892(3) 12.869(2)

BaKCu
3
NiS

4
3.874(2) 12.775(4)

BaKCu
3
ZnS

4
(6) 3.903(3) 12.964(2)

Ba
0,80

K
0,20

Cu
2
S
2
(8) 3.900(1) 12.686(2)

BaCu
2
S
2

(7) 3.908(1) 12.656(2)

Note. The estimated standard deviation is given in parentheses.
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was used in the 2# range 103}603 for the purpose of identi-
"cation and phase purity determination and in the least-
squares re"nement of the unit cell parameters. Transport
measurements were carried out on sintered pellets (&5003C
in a CS

2
atmosphere) by a standard four-probe technique

with a closed-cycle cryostat (TBT, Air Liquide) from room
temperature to &75 K for the nickel and manganese com-
pounds and to ¹&120 K for the cobalt phase. Below
120 K, the resistivity of the latter compound was too high to
be detected with our setup. Ohmic contacts were made by
attaching gold threads to four spots of conducting silver
paste on the side of a brick-shaped polycrystalline pellet.
Magnetic susceptibility measurements were performed with
a SQUID magnetometer (SHE VTS-906) on polycrystalline
materials. Field dependence studies were always performed
"rst, and a suitable magnetic "eld was chosen from the
linear region for temperature dependence measurements.

3. RESULTS AND DISCUSSION

3.1. Structure Determination

All of the materials were examined by X-ray powder
di!raction for the purpose of identi"cation and phase purity
determination. The powder patterns could be indexed in
a tetragonal cell, with the well-known layered ThCr

2
Si

2
structure (Fig. 1). It consists of a 2-D arrangement of MS

4
tetrahedra sharing all edges, extended in the ab plane and
pointing up and down with their apices. The mixed
transition elements Cu and M (M"Mn, Co, or Ni) occupy
the centers of the tetrahedra either in a random way or in
a preferential order. Owing to the small di!erence in scatter-
ing factors between Cu and M, any crystallographic order-
ing on the tetrahedral site may evade detection by means of
classical X-ray powder di!raction. However, the most prob-
able e!ect is that the transition element M would randomly
occupy the copper site.
The Ba/K ions, eight-coordinated by S ions, are located
between the (Cu

1.5
M

0.5
S
2
)1.5~ layers. A statistical disorder

of K` and Ba2` on the same site might probably occur
owing to similar ionic radii (1.78A_ and 1.74A_ for K` and
Ba2`, respectively). In Table 2 are given the least-squares
re"ned unit cell parameters of the compounds studied in
this work, along with those of similar phases reported pre-
viously. A comparison of the d spacings is given in Table 3.

3.2. Transport Properties

The mixed alkali/alkaline earth-based phase Ba
0.80

K
0.20

Cu
2
S
2

exhibits a metallic behavior which contrasts with the
semiconducting behavior of the parent compound
BaCu

2
S
2
. The di!erence has been attributed to the presence

of a certain amount of Cu2` (d9) in Ba
0.80

K
0.20

Cu
2
S
2

while
copper ions are monovalent Cu` (d10) in BaCu

2
S
2
(7, 8). We

decided to investigate structurally related systems in which
a larger concentration of copper ions has been replaced by
nonisoelectronic transition elements. Figure 2 shows that
the resistivity of BaKCu

3
MS

4
compounds increases with



TABLE 3
Powder X-Ray Di4raction Data of BaKCu3MS4

(M 5 Mn, Co, Ni), Space Group I4/mmm

BaKCu
3
MnS

4
BaKCu

3
CoS

4
BaKCu

3
NiS

4

h k l d
#!-#

d
0"4

I/I
0

d
#!-#

d
0"4

I/I
0

d
#!-#

d
0"4

I/I
0

0 0 2 6.493 6.488 100 6.435 6.451 47 6.388 6.384 100
1 0 1 3.753 3.751 21 3.724 3.725 22 3.707 3.708 3
0 0 4 3.247 3.248 28 3.218 3.220 36 3.194 3.186 75
1 0 3 2.906 2.903 17 2.882 2.883 100 2.866 2.864 26
1 1 0 2.772 2.768 13 2.752 2.753 17 * * *

1 1 2 2.549 2.546 21 2.530 2.531 32 2.518 2.515 89
1 0 5 2.165 2.165 13 2.147 2.148 34 2.133 2.131 5
1 1 4 * * * 2.091 2.091 71 2.079 2.079 15
2 0 0 * * * 1.946 1.946 31 1.937 1.938 5
1 1 6 1.706 1.705 27 1.692 1.692 32 1.681 1.681 28
2 0 4 * * * * * * 1.656 1.657 7
2 1 3 * * * 1.613 1.627 * 1.605 1.603 5
0 0 8 1.623 1.624 14 1.609 1.609 21 1.597 1.597 16
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decreasing temperature, as usual for nonmetallic materials.
Such semiconducting behavior, probably due to the pres-
ence of localized electrons in narrow bands, is expected since
di!erent ions are disordered on the same crystallographic
site. Indeed, Brun et al. (9) and Berger et al. (10) found that
FIG. 2. Electrical resistivity of BaKCu
3
MnS

4
, BaKCu

3
Co
replacement of one-fourth of the Cu atoms in TlCu
2
Se

2
by

Fe ions resulted in changing the properties from highly
metallic to semiconducting behavior.

The semiconducting properties of BaKCu
3
MS

4
com-

pounds, which contrast with the results of HuK ckel tight-
binding calculations (11), show that such a model is not
su$ciently accurate to predict metallic or insulating behav-
ior in the present case. The disagreement between the elec-
tronic structure and the experimental behavior suggests that
BaKCu

3
MS

4
materials are Mott insulators.

3.3. Magnetic Susceptibility Measurements

The temperature dependence of the magnetic susceptibil-
ity v for the new phases is presented in Figs. 3 and 4. The
magnetic parameters obtained from these plots are sum-
marized in Table 4.

Figure 3 suggests Curie-type behavior down to 2 K for
BaKCu

3
MnS

4
with an e!ective magnetic moment of

2.50 k
B
. This behavior contrasts with that of the structurally

related phases ACuMnS
2

(A"K, Rb, Cs) where antifer-
romagnetic exchange in isolated manganese clusters has
been suggested (12). That BaKCu

3
MnS

4
does not exhibit

long-range coupling is consistent with its lower concentra-
tion of manganese ions compared to that of the ACuMnS

2
compounds; the mean Mn}Mn distance in BaKCu

3
MnS

4
is
S
4
, and BaKCu

3
NiS

4
as a function of temperature.



FIG. 3. (a) Magnetic susceptibility as a function of temperature for BaKCu
3
MnS

4
and BaKCu

3
CoS

4
; (b) inverse magnetic susceptibility.

FIG. 4. Temperature dependence of the magnetic susceptibility for
BaKCu

3
NiS

4
.
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too large to favor magnetic interactions between manganese
ions. On the other hand, BaKCu

3
CoS

4
exhibits antifer-

romagnetic interactions below &12 K. Low-temperature
FC and ZFC data suggest spin}glass properties owing to
Cu}Co disorder (13). The linear plot of s~1 vs ¹ above
&50 K yields an e!ective moment of 2.30 k

B
and a positive

Curie}Weiss temperature h"10 K (Table 4) consistent
with the magnetic properties of the related antiferromag-
netic TlCo

2
Se

2
phase (14, 15). The magnetic moments of

BaKCu
3
MnS

4
and BaKCu

3
CoS

4
are smaller than expected

for free Mn2` and Co2`, 5.92 and 3.87 k
B
, respectively (16).

As suggested previously, spin transfer occurring from the 3p
band of sulfur to the 3d band of the transition metal might
account for the small k

%&&
values observed, since spin trans-

fer leads to complete "lling of the 3d shell of the transition
element (17}21). The origin of the suppressed moments may
also be due to crystal "eld e!ects associated with the short
M}M contacts as described by Bronger et al. in many
related sul"des (22}24).

In contrast to BaKCu
3
MnS

4
and BaKCu

3
CoS

4
, a tem-

perature-independent component dominates the suscepti-
bility behavior of the nickel analogue down to 30 K
(s
TIP

"126]10~5 emu.mol~1) (Fig. 4). This result shows
that the Ni ion does not have localized magnetic moment in
BaKCu

3
NiS

4
, as observed in the structurally related chal-

cogenides KNi
2
X

2
(X"S, Se) (14). The low-temperature

upturn is most likely due to the presence of paramagnetic
impurities in the sample.



TABLE 4
Magnetic Properties of Transition Metal Sul5des

BaKCu3MS4 (M 5 Mn, Co, Ni)a

Compound s
RT

(emu.mol~1) k
%&&

(k
B
) h (K)

BaKCu
3
MnS

4
4.256]10~3 2.50 2

BaKCu
3
CoS

4
4.463]10~3 2.30 10

BaKCu
3
NiS

4
6.287]10~4 * *

a s
TIP

(Ni)"126]10~5 emu.mol~1.
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4. CONCLUSION

Single-phase polycrystalline sul"des BaKCu
3
MS

4
(M"Mn, Co, Ni) were prepared for the "rst time by
CS

2
/N

2
sulfurization of BaCO

3
, K

2
CO

3
, and the corre-

sponding transition metal oxides. Electrical resistivity
measurements show that the replacement of half of the
copper ions in Ba

0.80
K

0.20
Cu

2
S
2

by some divalent element
Mn2`, Co2`, Ni2` along with an enhancement of the
Ba2`substitution for K` drastically changes the electric
properties from metallic Ba

0.80
K

0.20
Cu

2
S
2

to semiconduct-
ing BaKCu

3
MS

4
materials. Furthermore, the magnetic

properties of those compounds depend on the substituting
element. Indeed, BaKCu

3
MnS

4
exhibits Curie-like behav-

ior while the temperature dependence of the magnetic sus-
ceptibility of the cobalt analogue shows a maximum which
was attributed to short-range antiferromagnetic interac-
tions. Besides, a temperature-independent paramagnetic
component dominates the susceptibility behavior of
BaKCu

3
NiS

4
.
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