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a b s t r a c t

A new family of Cu2Mn1�xCoxSnS4 chalcogenides has been synthesized by conventional solid-state

reactions at 850 1C. The reactions products were characterized by powder X-ray diffraction (XRD),

energy-dispersive X-ray analysis (SEM-EDS), Raman spectroscopy and magnetic susceptibility. The

crystal structures of two members of the solid solution series Cu2Mn0.4Co0.6SnS4 and Cu2Mn0.2Co0.8SnS4

have been determined by single-crystal X-ray diffraction. Both phases crystallize in the tetragonal

kësterite-type structure (space group I4). The distortions of the tetrahedral volume of Cu2Mn0.4

Co0.6SnS4 and Cu2Mn0.2Co0.8SnS4 were calculated and compared with the corresponding differences in

the Cu2MnSnS4 (stannite-type) end-member. The compounds show nearly the same Raman spectral

features. Temperature-dependent magnetization measurements (ZFC/FC) and high-temperature

susceptibility indicate that these solid solutions are antiferromagnetic.

& 2012 Published by Elsevier Inc.
1. Introduction

The compounds known as ‘‘adamantine’’ have a crystal structure
similar to the structure of diamond, which is based on the different
arrangement of cations and anions, and that satisfy the rule of four
valence electrons average by atom [1,2]. In recent years, the ada-
mantine compounds have attracted considerable attention for the
development of photovoltaic materials as new sources of energy. The
most common binary derivatives are based on the II–VI elements
(II¼Zn, Cd, Hg; VI¼S, Se, Te) and have zinc blende-type structure
[3,4]. In the case of ternary compounds, the most representative
materials are AMQ3 (I–III–VI2 where A¼Cu, Ag; M¼Al, Ga, In and
Q¼S, Se, Te). In these derivatives, the c-axis of the cubic unit cell is
doubled and they crystallize in a tetragonal chalcopyrite-type struc-
ture (the mineral CuFeS2) [5]. The ternary I–III–VI2 chalcopyrites have
been used as absorbent layer in thin films for solar cells [6–9]. Other
examples are related to quaternary compounds Cu2ZnSnS4 (CZTS),
Cu2ZnSnSe4 and their solid solutions [10,11].

A symmetry reduction occurs in the quaternary compounds
Cu2MSnQ4 (I2–II–IV–VI4) and they crystallize in structures of
stannite-type (Cu2FeSnS4) and kësterite-type (Cu2ZnSnS4)
[12–16]. Both Cu2MnSnS4 and Cu2CoSnS4 end members of the
solid solutions Cu2Mn1�xCoxSnS4 crystallizes in the space group
I42m (no. 121), which corresponds to the stannite-type structure
[17,18]. The reduction of symmetry in this type of structure is
characterized by an increase in the degree of freedom in the
Elsevier Inc.

z-Vergara),
positions of the sulfide anion, going from the ideal (1/4,1/4,1/4)
position in the Zinc blende to the (x,y,z) position in the kësterite
type structure:

Zinc blende (1/4, 1/4, 1/4)-chalcopyrite (x, 1/4, 1/8)-stannite
(x, x, z)-kësterite (x, y, z)

Another structural feature of this type of phases is the
distribution of cations in the tetrahedral sites: Zn and Cu atoms
in 2a, 2c and 2d sites for I4 (kësterite) and 2a (Fe atoms), 4d (Cu
atoms) for I42m (stannite). The tetrahedral site of Sn in both
structures type is 2b. Bonazzi et al. [14] have performed a
structural study of Cu2Fe1�xZnxSnS4 showing that there are two
mechanisms of incorporation of Cuþ , Fe2þ and Zn2þ cation
metals in the tetrahedral cavities along the intermixing
stannite–kësterite series [10,11]. Recently, Schorr et al. conducted
structure refinement on Cu2Fe1�xZnxSnS4 solid solutions using
neutron diffraction [15]. They reported the existence of one cross-
over from stannite to kësterite when Fe2þ is substituted by Zn2þ

(from x¼1 to 0). The present work reports the results of the
synthesis and characterization of the solid solution Cu2Mn1�x

CoxSnS4. The aim of this work is to study the influence of the
substitution of Co2þ by the paramagnetic Mn2þ cation on the
crystal structure and magnetic properties of the solid solutions.
2. Experimental sections

2.1. Synthesis

The polycrystalline Cu2Mn1�xCoxSnS4 compounds were pre-
pared by direct combination of powders of the corresponding

www.elsevier.com/locate/jssc
www.elsevier.com/locate/jssc
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F. López-Vergara et al. / Journal of Solid State Chemistry 198 (2013) 386–391 387
high purity elements (99.99%, Aldrich) in stoichiometric amounts.
All manipulations were carried out under Argon atmosphere.
The reaction mixture was sealed in evacuated quartz ampoules,
placed in a programmable furnace, heated to 850 1C for about
72 h, and then cooled by quenching in liquid nitrogen. The
products appeared to be air- and moisture-stable over several
weeks.

2.2. Structure determination

Two single crystals were selected from the x¼0.6 and 0.8
reaction products. X-ray energy-dispersive spectroscopy (EDS)
analysis (in several areas) showed the presence of Cu/Mn/Co/Sn/
S in average molar ratios of 1.90:0.36:0.64:1.0:3.9 and
1.9:0.18:0.82:1.1:3.9, which are in reasonable agreement with
the chemical compositions from their polycrystalline compounds.
Single-crystal X-ray diffraction data of Cu2Mn0.4Co0.6SnS4 were
collected at room temperature on a Bruker Kappa CCD diffract-
ometer, using the graphite-monochromatized MoKa1 radiation
(l¼0.71073 Å). The collection of intensity data was carried
out with the program COLLECT [19]. Cell refinement and data
Table 1
Crystallographic data and structure refinement details for Cu2Mn1�xCoxSnS4.

Compound Cu2Mn0.4Co0.6SnS4 Cu2Mn0.2Co0.8SnS4

Crystal size (mm3) 0.1�0.08�0.09 0.10�0.07�0.08

Crystal color Black Black

Crystal system Tetragonal Tetragonal

Space group, Z I4 (no. 82), 2 I4 (no. 82), 2

Lattice constants (Å) a¼5.4288(8) a¼5.4115(8)

c¼10.911(2) c¼10.847(2)

Cell volume (Å3) 321.56(9) 317.65(9)

Temperature (K) 293(2) 293(2)

Wavelength, MoKa 0.71073 0.71073

Equipment Kappa CCD APEXII, Bruker-AXS

Absorption coefficient (mm�1) 15.940 13.923

F(000) 448 396

y-range (deg.) 5.31oyo39.95 4.21oyo40.35

hkl-range �9rhr9 �8rhr9

�9rkr9 �9rkr9

�18r lr19 �17r lr19

No. of reflections, Rint., Rs 3555, 0.0277, 0.0294 6928, 0.0397, 0.0248

No. of independent reflections 981 994

No. of parameters 19 19

Extinction coefficient 0.0084(6) 0.0277(14)

R (I42sI), R (all reflections) 0.0308, 0.0268 0.0196, 0.0196

wR2 (I42sI), wR2 (all reflections) 0.0538, 0.0521 0.0483, 0.0483

Goodness-of-Fit (GooF¼S) 1.125 1.120

Flack parameter 0.000 0.000

Largest difference peaks 0.713, �1.258 1.366, �0.449

Table 2

Atomic coordinates and equivalent isotropic displacement paramet

Atom Wyckoff multiplicity Occupancy x

Cu2Mn0.4Co0.6SnS4

Cu1 2c 1 1/

Cu2 2a 1 1/

Mn/Co 2d 0.4/0.6 0

Sn 2b 1 0

S 8g 1 0.2

Cu2Mn0.2Co0.8SnS4

Cu1 2c 1 1/

Cu2 2a 1 1/

Mn/Co 2d 0.2/0.8 0

Sn 2b 1 0

S 8g 1 0.2

a Ueq is defined as one-third of the trace of the orthogonalized
reduction were carried out with Dirax/lsq and EvalCCD programs
[20,21]. Single-crystal X-ray diffraction data of Cu2Mn0.2Co0.8

SnS4 were collected at room temperature on a APEXII Bruker-
AXS, using the graphite-monochromatized MoKa1 radiation
(l¼0.71073 Å). The collection of intensity data was carried out
with the program SMART [22]. Cell refinement and data reduction
were carried out with the program SAINT [22]. Multi-scan
absorption correction was performed with SADABS program
[23]. The crystal structures of Cu2Mn0.4Co0.6SnS4 and Cu2Mn0.2-
Co0.8SnS4 were refined in full-matrix least-squares using the
SHELXL package of crystallographic programs [24]. Molecular
graphics: DIAMOND [25]; software used to prepare material for
publication: PLATON [26]. The refined occupation factors of Mn
and Co cations were consistent with the EDS chemical analysis
averaged over several areas of the single crystals used for the
diffraction experiment. Moreover, Mn and Co atoms (same
crystallographic site) were constrained to have identical thermal
parameters. Anisotropic thermal parameter refinements were
applied to all atoms. Detailed crystallographic data and refine-
ment results for Cu2Mn0.4Co0.6SnS4 and Cu2Mn0.2Co0.8SnS4 are
summarized in Table 1. The atomic coordinates, equivalent
isotropic thermal parameters, selected bond distances and angles
are listed in Tables 2 and 3. Additional details can be found in the
Supporting Information.
ers (Å2) for Cu2Mn1�xCoxSnS4.

y z Ueq
a

2 1 3/4 0.0153 (7)

3 1/2 1/2 0.01971 (17)

1/2 3/4 0.0186 (8)

1 1/2 0.01241 (8)

550 (2) 0.74264 (15) 0.62778 (4) 0.01288 (10)

2 1 3/4 0.0130 (4)

2 1/2 1/2 0.01774 (12)

1/2 3/4 0.0173 (5)

1 1/2 0.01057 (5)

5579 (17) 0.74180 (13) 0.62880 (3) 0.01132(9)

Uij tensor.

Table 3

Selected bond distances (Å) and angles (deg.) for Cu2Mn1�xCoxSnS4 compounds

with estimated standard deviations in parentheses.

Distances (Å) Angles (deg.)

Cu2Mn0.4Co0.6SnS4

Cu1–S 2.3451 (11)�4 Si–Sn–Sii 109.34 (3)
Cu2–S 2.3341 (5)�4 Si–Sn–Siii 109.538 (13)

Ma–S 2.3302 (11)�4 Sii–Sn–Siii 109.538 (13)

Sn–S 2.4107 (5)�4 Si–Sn–S 109.538 (13)

S–Cu1–S 108.87 (2)�4, 110.68 (4)�2 Sii–Sn–S 109.538 (13)

S–Cu2–S 110.898 (14)�4, 106.65 (3)�2 Siii–Sn–S 109.34 (3)

S–Ma–S 109.12 (2)�4, 110.18 (4)�2 Ma—S—Sn 108.51 (4)

Cu2Mn0.2Co0.8SnS4

Cu1–S 2.3296 (10)�4 Si–Sn–Sii 109.22 (2)

Cu2–S 2.3261 (4)�4 Si–Sn–Siii 109.595 (10)

Ma–S 2.3144 (10)�4 Sii–Sn–Siii 109.595 (10)

Sn–S 2.4126 (5)�4 Si–Sn–S 109.595 (10)

S–Cu1–S 108.569 (17)�2, 111.29 (4)�4 Sii–Sn–S 109.595 (10)

S–Cu2–S 106.17 (2)�2, 111.148 (11)�4 Siii–Sn–S 109.22 (2)

S–Ma–S 108.823 (18)�4, 110.78 (4)�2 Ma–S–Sn 108.25 (4)

a M represents the 2d positions statistically occupied by Mn and Co Symmetry

code: (i) �1þy, 1�x, 1�z; (ii) 1�y, 1þx, 1�z; (iii) –x, 2�y, z.
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2.3. Powder X-ray diffraction measurements

Powder X-ray diffraction patterns were collected, at room
temperature, on Siemens D5000 powder diffractometer, with
CuKa radiation (l¼1.541871 Å) in the range 51o2yo801. The
XRD patterns were indexed with the computer program CHECK-
CELL [27].

2.4. SEM-EDS analysis

The chemical compositions of the samples were determined by
scanning electron microscopy with the aid of energy-dispersive
X-ray analysis (SEM-EDS) using a JEOL 5400 system equipped
with an Oxford LinK ISIS microanalyzer. The working distance
was 35 mm and the accelerating voltage was set to 22.5 kV.
Samples were mounted onto double-sided carbon tape, which
was adhered to an aluminum specimen holder. EDS data were
collected for 60 s.

2.5. Raman spectroscopy

The Raman spectra in selected crystals and powder samples
were recorded in the frequency range between 150 and
3500 cm�1 using a micro-Raman Renishaw system 1000
equipped with Leica-DMLM microscope. The spectra data were
collected at room temperature with laser line of 633 nm and laser
power of 1 mW. The spectra of the samples are uniform through-
out the scanned region of single crystals.

2.6. Magnetic measurement

Magnetic measurements were performed on pelletized powder
samples using a Quantum Design MPMS XL5 SQUID magnetometer
between 2 and 400 K, under different applied fields (500 Oe for
zero-field-cooled/field-cooled (ZFC/FC) cycles and 10 kOe for high-
temperature susceptibility measurements).
Fig. 1. Unit cell of the Cu2Mn1�xCoxSnS4 structure type viewed along [010].

Fig. 2. View along [100] of the Cu2Mn1�xCoxSnS4 structure showing tetrahedral

units. The figure shows polyhedra of [SnS4], [CuS4], [MS4] (M¼Mn, Co) with Sulfur

atoms in the corners.
3. Results and discussion

3.1. Crystal structure

The Cu2MnSnS4 end member of the solid solutions Cu2Mn1�x-
CoxSnS4 crystallizes in the space group I42m (no. 121), which
corresponds to the stannite-type structure. Thus, at the beginning,
the phases Cu2Mn0.4Co0.6SnS4 and Cu2Mn0.2Co0.8SnS4 were
refined in this space group, where the Cu atoms are located in
the 4d position (Co, Mn), in 2a, Sn at 2b and S atoms at 8i.
However, a careful examination of the structural details, such as
the Flack parameter and the thermal equivalent isotropic dis-
placement (Ueq), the R and wR2 statistical parameters gave a
strong indication of inconsistency. On the other hand, Schorr et al.
carried out a neutron diffraction study of the solid solutions
Cu2Fe1�xZnxSnS4, obtaining that the c/2a-ratio of the lattice
constants has a value equal to or greater than 1.000 for
kësterite-type structures (space group I4) [15]. The c/2a-ratios
for the phases Cu2Mn0.4Co0.6SnS4 and Cu2Mn0.2Co0.8SnS4 are
1.0049 and 1.0022, respectively. For these reasons, the refinement
of the structure was repeated in the kësterite space group I4
(no. 82). Different structural models were refined for the permu-
tations of the metal atoms positions. These models were based on
different distributions of Co, Mn and Cu atoms in 2a, 2c and 2d for
I4 and 2a, 4d for I42m. Owing to the different atoms distributions
in 2c and 2d, the mirror plane parallel to (110) in I42m group
space (stannite structure) is lost in I4 space group (kësterite
structure). The model with space group I4 and occupation sites
2a¼Cu2, 2c¼(1�x)MnþxCo and 2d¼Cu1, with two different
crystallographic Cuþ cations gave better refinement results (see
Table 1).

The Cu2Mn0.4Co0.6SnS4 and Cu2Mn0.2Co0.8SnS4 phases are iso-
structural and adopt the three-dimensional kësterite structure-
type (Fig. 1). The main features in the crystal structure are the
tetrahedra MS4 (M¼Mn, Co, Cu and Sn). These structural tetra-
hedral motifs have been observed in other sulfides such as
Cu2ZnSnS4 [14], Cu2FeSnS4 [14], Cu2MnSnS4 [17], and Cu2Mn-
Ge0.55Sn0.45S4 [28]. Since there are no S–S bonds in the structures,
the oxidation states of Cu, (Mn/Co), Sn, and S can be assigned to
1þ , 2þ , 4þ and 2� , respectively. In both, Cu2Mn0.4Co0.6SnS4 and
Cu2Mn0.2Co0.8SnS4 compounds, the distance and angles of the MS4

tetrahedrons compare well with those found in kësterite series
Cu2Fe1�xZnxSnS4 [13,14], Cu2MnGe0.55Sn0.45S4, Cu2MnSnS4 and
Cu2CoGeS4 [18,29].

Fig. 2 presents a polyhedral view of the crystal structure. There
are five types of atoms-centered tetrahedra MS4 (Cu1S4, Cu2S4,
MS4 and SnS4) and moreover, each sulfur atoms is surrounded by
four metal atoms. All polyhedra are oriented in the same direction
and are connected by the corners (Fig. 2). One way to measure the
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distortion of the tetrahedra is with the parameters of edge length
distortion (ELD) and tetrahedral angle variance (TAV) [30]. The
ELD parameter measures the distortion percentage of the edges of
the tetrahedra from sulfur–sulfur bond distances. All the tetra-
hedra show a distortion less than 2%, which indicates near-ideal
tetrahedra (Table 4). The ELD and TAV parameters show that the
more distorted tetrahedra are the Cu2S4 in both compounds, the
distortion increases with the Co content, since Co2þ has a smaller
ionic radius than Mn2þ in a tetrahedral coordination [31]. The
SnS4 tetrahedra, which are in the middle of the cell, are less
distorted (see Fig. 1).

Arno Pfitzner et al. have presented a quantitative concept to
investigate the distortions of the tetrahedral [17,28,29,32]. The
DVi -values are used to quantify the distortion of the tetrahedral
in the crystalline structure and are used to separate the com-
pounds with sphalerite-type superstructures from compounds
with structure wurtzite-type superstructures. The tetrahedral
volumes Vi can be calculated from the sulfur–sulfur distances
(edge of tetrahedra). The Vi-values for Cu2Mn0.4Co0.6SnS4 and
Cu2Mn0.2Co0.8SnS4 are reported in Table 4. The V-values are
calculated by following expression:

V ¼

Pn
i WyiViPn

i Wyi

ð1Þ
Table 4
Edge length distortion (ELD), tetrahedral angle variance (TAV) and tetrahedral

volumes of Cu2Mn0.4Co0.6SnS4 and Cu2Mn0.2Co0.8SnS4.

Tetrahedral ELDa (%) TAVb (deg.) Volume (Å3)

Cu2Mn0.4Co0.6SnS4

Cu1S4 0.73 0.88 6.616

Cu2S4 1.18 4.84 6.514

MS4 0.29 0.31 6.493

SnS4 0.05 0.01 7.191

Cu2Mn0.2Co0.8SnS4

Cu1S4 0.74 1.97 6.484

Cu2S4 1.39 6.60 6.443

MS4 0.53 1.01 6.360

SnS4 0.10 0.04 7.206

a EDL¼ 100=6
� �P6

l ¼ 1 S�Sð Þi� S�Sh ið Þ
� �

= S�Sh ið Þ
� �

%
b TAV ¼

P6
l ¼ 1 yi�109:4712ð Þ

2=5
� �

where yi are the angles of the S–Metal–S bonds in the tetrahedra and S�Sh i is the

average sulfur–sulfur distance in the tetrahedral edge.

Table 5

%DVi and %DVi -values of Cu2Mn0.2Co0.8SnS4, Cu2Mn0.4Co0.6SnS4 and Cu2MnSnS4

(stannite-type).

Compounds
%DVi

Cu(1)S4

%DVi

Cu(2)S4

%DVi

MS4

%DVi

SnS4
%DVi

Cu2Mn0.2Co0.8SnS4 �2.11 �2.67 �3.99 8.77 4.4

Cu2Mn0.4Co0.6SnS4 �1.30 �2.78 �3.15 7.23 3.6

Cu2MnSnS4
a

�5.90 – 7.80 4.10 6.0

a Ref. [28].

Table 6
Chemical composition analysis (% mass) of Cu2Mn1�xCoxSnS4 and end-membe

Cu Mn Co Sn S

30.7 0 12.1 27.9 29.2

29.3 2.6 10.8 27.1 29.5

30.0 5.2 8.1 27.0 29.7

29.4 8.2 4.8 27.6 29.7

29.9 9.5 3.6 27.1 29.9

30.2 13.5 0 26.8 29.5
where Wy is the Wyckoff number of cation’s position in the unit
cell. The DVi and DVi values are calculated by following expres-
sions:

%DVi ¼
Vi�V

V
� 100 ð2Þ

%DVi ¼

Pn
i Wyi9DVi9Pn

i Wyi

� 100 ð3Þ

The corresponding %DVi -values for the phase Cu2MnSnS4 is
6.0% while the %DVi -values in Cu2MnSiS4 (11.1%) indicate that
these phases crystallize in stannite- and wurtzite-type structures,
respectively [17]. The %DVi -values of both phases, reported
herein, were calculated with (3). The %DVi of Cu2Mn0.2Co0.8SnS4

and Cu2Mn0.4Co0.6SnS4 are 4.4% and 3.6%, respectively (see
Table 5) and are smaller than the %DVi of Cu2MnSnS4, consistent
with a kësterite-type structure.
3.2. X-ray powder diffraction, spectroscopic and compositional

characterization

The quantitative contents of the constituent elements were
examined by energy dispersive SEM-EDS X-ray analysis in pelle-
tized materials, over many grains and micro-crystals. It was found
that the average concentrations of Mn, Co, Sn, Cu and S elements
were close to the nominal compositions (Table 6). The X-ray
powder patterns (XRD) showed sharp lines that reflect the
crystallinity and homogeneity. Representative diffraction profiles
are shown in Fig. 3. The experimental XRD powder patterns of the
solid solutions were compared with simulated XRD patterns
(single-crystal X-ray diffraction data). The XRD patterns of the
solid solutions Cu2Mn1�xCoxSnS4 (x¼0.2; 0.4; 0.6 and 0.8) were
fully indexed in the space group I4 (no. 82), and the observed
interlayer spacing showed a good agreement with those calcu-
lated from the crystal structure. As expected, it is found an
rs.

Estimated Nominal

Cu2.35Co1.00Sn1.15S4.44 Cu2CoSnS4

Cu1.96Mn0.20Co0.78Sn1.00S3.91 Cu2Mn0.2Co0.8SnS4

Cu2.08Mn0.42Co0.60Sn1.00S4.08 Cu2Mn0.4Co0.6SnS4

Cu1.99Mn0.64Co0.35Sn1.00S3.97 Cu2Mn0.6Co0.4SnS4

Cu2.07Mn0.76Co0.28Sn1.00S4.09 Cu2Mn0.8Co0.2SnS4

Cu2.10Mn1.09Sn1.00S4.07 Cu2MnSnS4

Fig. 3. X-ray powder diffraction patterns obtained for Cu2Mn1�xCoxSnS4 (x¼0,

0.2, 0.4, 0.6, 0.8 and 1.0).



Table 7

Cell parameters data for Cu2Mn1-xCoxSnS4 (space group I4) and end-members

(space group I42m).

Phase a (Å) c (Å) Cell volume

Cu2CoSnS4 5.395(70.008) 10.789(70.003) 314.1

Cu2Mn0.2Co0.8SnS4 5.415(70.002) 10.823(70.001) 317.3

Cu2Mn0.4Co0.6SnS4 5.434(70.003) 10.856(70.001) 320.6

Cu2Mn0.6Co0.4SnS4 5.442(70.009) 10.888(70.006) 322.4

Cu2Mn0.8Co0.2SnS4 5.446(70.004) 10.888(70.002) 322.9

Cu2MnSnS4
a 5.548(70.001) 10.844(70.002) 333.78

a Ref. [30].

Fig. 4. Raman spectra of solid solutions and Cu2CoSnS4 end-member.

Fig. 5. Zero-field-cooled/field-cooled magnetization cycles at 500 Oe (ZFC: filled

symbols; FC: open symbols) for Cu2Mn0.6Co0.4SnS4. The inset shows the 1/w-

versus-temperature plot fitted by a Curie–Weiss law.
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expansion of the cell due to the substitution of Co2þ by a larger
cation Mn2þ . The values of the cell parameters for all phases are
given in Table 7. We propose a continuous solid solution on the
basis of the cell parameter trends determined by X-ray powder
diffraction. The Raman spectra of powder samples at room
temperature are shown in Fig. 4. The spectra are characterized
by one strong line at approximately 330 cm�1, which is consis-
tent with the presence of the SnS4 unit by analogy to Raman
spectra of Cu2MSnS4 compounds (M¼Mn, Fe, Zn,Cd, Hg) [33,34].

3.3. Magnetic susceptibility

The zero-field-cooled (ZFC)/field-cooled (FC) magnetization
cycle, performed under low magnetic fields (500 Oe), is shown
in Fig. 5 for the Cu2Mn0.6Co0.4SnS4 phase. It can be seen that the
zero-field-cooled magnetization MZFC first increases with increas-
ing temperature, reaches a maximum at TN¼7.7 K (Néel tem-
perature) and then decreases steadily down to the paramagnetic
regime. Such behavior is characteristic of antiferromagnetic
interactions, in agreement with reported results for Cu2MnSnS4

[35]. Fig. 5 shows a narrow peak of the susceptibility at TN and a
very weak irreversibility of the ZFC/FC cycle at ToTN. One
possible explanation to such irreversibility comes from the fact
that, due to the statistical occupation of the tetrahedral site by Mn
and Co, observable contributions of two different sublattices
coexist in the system, in such a way that a slight ferromagnetic
component is generated through the canting of the overall
moment. The paramagnetic regime was analyzed well above the
magnetic transition temperature, under high applied fields
(10 kOe). The inverse susceptibility, 1/w, was fitted by a classical
Curie–Weiss relation w¼C/(T�y), in the range 150 KrTr400 K
(inset, Fig. 5), from which the effective moment meff and the
Curie–Weiss temperature y were obtained. The observed effective
moment of Cu2Mn0.6Co0.4SnS4 (meff¼5.07mB) is quite close to the
expected moment for a nominal cationic composition of 0.6 Mn2þ

and 0.4 Co2þ (5.2mB). In addition, the negative value of the Curie–
Weiss temperature (y¼�72 K), indicates the existence of strong
antiferromagnetic interactions.
4. Conclusions

New stable solid solutions of Cu2Mn1�xCoxSnS4 (x¼0.2, 0.4,
0.6 and 0.8) compounds were obtained by conventional solid-state
synthesis method. The characterization of the materials by Raman
spectroscopy and powder X-ray diffraction indicates that all phases
have similar crystal structures and crystallize in the tetragonal
system. The magnetic susceptibility measurements show an anti-
ferromagnetic behavior. The crystal structure obtained by single
crystal X-ray diffraction of the Cu2Mn0.2Co0.8SnS4 and Cu2Mn0.4-
Co0.6SnS4 phases corresponds to the kësterite-type structure, both
phases being isostructural. In both phases, the closest to an ideal
tetrahedra are the SnS4 units and those with larger distortion are
the Cu(2)S4 motifs. The average distortion (% EDL) of the tetrahedra
in both phases is approximately 1%. The average volumes of
Cu2Mn0.2Co0.8SnS4 (4.4%) and Cu2Mn0.4Co0.6SnS4 (3.6%), calculated
with the Pfitzner model show a significant difference with the limit
Cu2MnSnS4 phase (6.0%) of structural stannite-type. In our knowl-
edge, the solid solutions of the Cu2Mn1-xCoxSnS4 type are the first
with kësterite-type lattice reported in literature.
Supporting material

The crystallographic data for Cu2Mn0.2Co0.8SnS4 and Cu2Mn0.4-
Co0.6SnS4 have been deposited with FIZ Karlsruhe as CSD-number
424674 and 424675. These data may be obtained free of charge by
contacting FIZ Karlsruhe at þ497247808666 (fax) or crysdata@fiz-
karlsruhe.de (e-mail).
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[34] P.A. Fernandes, P.M.P. Salomé, A.F. Cunha, J.Alloys Compd. 509 (2011)

7600–7606.
[35] T. Fries, Y. Shapira, F. Palacio, M.C. Moro, G.J. Mcintyre, R. Kershaw, A. Wold,

E.J. McNiff Jr., Phys. Rev. B 56 (1997) 5424–5431.

http://www.inpg.fr/LMGP

	Cu2Mn1-xCoxSnS4: Novel kësterite type solid solutions
	Introduction
	Experimental sections
	Synthesis
	Structure determination
	Powder X-ray diffraction measurements
	SEM-EDS analysis
	Raman spectroscopy
	Magnetic measurement

	Results and discussion
	Crystal structure
	X-ray powder diffraction, spectroscopic and compositional characterization
	Magnetic susceptibility

	Conclusions
	Supporting material
	Acknowledgments
	References




