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New solid solutions Cu,Mn,Fe; ,SnS, were prepared by direct
combination of the corresponding elements at 850 °C. The
crystal structure of Cu,Mng 4Fey¢SnS, was determined by
single-crystal X-ray diffraction. This phase is described in
the space group I42m where each cation is tetrahedrally
coordinated to four sulfur anions in a sphalerite-like arrange-
ment. The XRD patterns of the solid solutions Cu,Mn,.
Fe,_,SnS, were fully indexed in the space group 742m and the
values of the cell parameter for all phases obey the usual linear
Vegard behavior. A progressive evolution of the magnetic
moment in the paramagnetic state is observed when increasing
the content of manganese. The negative values of the Curie—
Weiss constant, 6, indicate an antiferromagnetic (AF) behavior

1 Introduction The diluted magnetic semiconductor
(DMS) materials are of interest because of the dual character
of their properties. Thus, the semiconductor nature
influences the optical properties of the material, useful for
information processing, while the magnetic nature allows
massive storage of information. These materials have
attracted renewed importance in recent years in the search
to complement their properties, and booster potential
applications in optoelectronics and magnetic devices
[1-4]. The DMS materials that have been the most studied
are alloys derived from adamantane-type structures, where
each cation is coordinated to four anions and vice versa.
These materials can be obtained by isomorphic substitution
of a fraction of the group II cations, by paramagnetic ions
such as Mn”, Fe”, C02+, etc. An example is the
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with AF interactions, weaker by more than one order of
magnitude compared to other diluted magnetic semiconductors
(DMSs) with zinc-blende or wurzite crystal structure.

Cu,Mn,Fe SnS,
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Cd;__Mn,Te alloy, which shows spin-glass behavior, with
magneto-optical effects, bound magnetic polarons, etc. [5, 6].

In the last decades, the investigations on DMS have been
focused to the important family of quaternary chalcogenides
of MY M*"*M**Q, type, where M'" = Cu, Ag; M** =Mn,
Fe, Co, Ni, Zn, Cd; M*" =Si, Ge, Sn, Pb, and 0 =S, Se,
Te [7-10]. The tetragonal crystal structure of these phases is
based on zinc-blende or an orthorhombic superstructure for
wurtzite (known as wurtz—stannite), where each cation is
tetrahedrally coordinated to four sulfur anions [11-14]. In
the quaternary chalcogenides takes place a reduction of
symmetry, characterized by an increase in the degree of
freedom in the positions of the sulfide anion, going from zinc
blende (1/4, 1/4, 1/4) — chalcopyrite (x, 1/4, 1/8) — stannite
(x, x, z) — kesterite (x, y, z). The phases Cu,FeSnS, and
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Cu,ZnSnS, crystallize in the structures of stannite-type and
kesterite-type, respectively [15].

The Cu,FeSnS, stannite, a well-known sulfide mineral
for its semiconductor properties, has been the focus of
different magnetic studies, in both mineral and its synthetic
materials, finding an antiferromagnetic (AF) behavior and an
important magnetic anisotropy. Both, the magnetic anisot-
ropy and exchange interactions are larger than those found in
the analogous Mn-based material [8, 14]. There also has
been an extensive characterization of the synthetic mineral
Cu,MnSnS, stannite-type, where an AF order at the Néel
temperature of 20 K has been reported thanks to magnetiza-
tion measurements and neutron-diffraction experiments, in
addition, the neutron diffraction data showed an AF collinear
structure [8].

It is known that the magnetic behavior, associated to the
magnetic ions present in the structure, may modify the
magnetic and optical properties of semiconductors. Thus,
through the use of alloys, the properties of the DMS
materials can be modulated by varying the cationic
composition to achieve specific requirements. Recently, it
has been suggested that quaternary chalcogenides can be
good candidates for improper ferroelectricity [16].

We have previously reported the magnetic properties
and crystal structures of the a new family of
Cu,Mn,_,Co,SnS, chalcogenides with kesterite type struc-
ture, where both Cu,MnSnS, and Cu,CoSnS, end members
of the solid solutions crystallizes in the stannite space group
I42m (no. 121) [15]. In this work, we report the synthesis,
structural characterization, and magnetic properties of new
solid solutions Cu,Mn,Fe; _,SnS, obtained from Cu,FeSnS,
by replacing a fraction of the Fe?" cations with the
paramagnetic Mn”" ion. The aim of this work is to study
the influence of such substitution and of the preparation
method onto the magnetic properties of the quaternary
chalcogenide.

2 Experimental

2.1 Synthesis The polycrystalline new solid solutions
Cu,Mn,Fe;_ SnS, and the end members Cu,MnSnS, and
Cu,FeSnS, were prepared by direct combination of powders
of the corresponding high purity elements (99.99% Aldrich).
The reaction mixture was sealed in evacuated quartz
ampoules, manipulated under Ar atmosphere and heated
to 850 °C for about 72h in a programmable furnace; then,
the reaction mixture was cooled by quenching in liquid

nitrogen. The products appeared to be air- and moisture-
stable over several weeks.

2.2 Characterization Powder X-ray diffraction pat-
terns were collected, at room temperature, on Siemens
D5000 powder diffractometer, with Cu Ka radiation
(A=1.541871A) in the range 5° <20 < 80°. The X-ray
diffraction patterns were indexed with the computer program
CHECKCELL.

The chemical compositions of the powder samples and
single crystal were determined by scanning electron
microscopy with the aid of energy-dispersive X-ray analysis
(SEM-EDS) using a JEOL JXA 8600 electron microprobe
(Table 1). The powder samples were compacted at
~5 x 10® Pa, resulting in cylindrical pellets, mounted onto
double-side carbon tape and adhered to an aluminum
specimen holder. The EDS data were collected for 60 s using
an accelerating voltage of 22.5kV.

Single-crystal X-ray diffraction data of Cu,Mng4.
Fe( ¢SnS, were collected, at room temperature, on a Bruker
Kappa CCD diffractometer, using graphite-monochromat-
ized Mo Ka radiation (1 =0.71073 A). The collection of
intensity data was carried out with the program COL-
LECT [17]. Cell refinement and data reduction were carried
out with Dirax/lsq and EvalCCD programs [18, 19]. Multi-
scan absorption correction was performed with SADABS
program [20]. The structure was refined in full-matrix
least-squares using the SHELXL crystallographic package
programs [21].

Differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA) were performed on a Simultaneous
Thermal Analysis, NETZSCH STA 409. The DTA/TGA
curves were run simultaneously on each sample from room
temperature to 1000 °C, in flowing argon at a heating rate of
10°Cmin~".

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 (5000e for zero-field-cooled/field-cooled
(ZFC/FC) cycles, and 10kOe for measurements above 7.
Magnetization loops M(H) between +50 and —50kOe were
measured at 2 K.

3 Results and discussion
3.1 Chemical and thermal analysis In order to
check the purity of the investigated materials, SEM-EDS

Table 1 Chemical composition analysis (% mass) of Cu,Mn,Fe(; _,,SnS, solid solutions.

Cu Mn Fe Sn S estimated nominal

29.1 0 12.9 284 29.6 Cul'ggFelAOOSn1'03S3'99 CUQFCSDS4

294 2.5 10.5 27.3 30.0 CUZ'Oano'zoFeo‘gzsnl'0083'99 CU2MHO‘2Feo‘gSnS4
29.7 4.8 8.1 27.9 29.5 Cuy ,99Mn0_37FCo,625n1 .0083-91 CUQMHQ'4FCO_6SHS4
29.9 7.6 5.3 27.3 29.7 Cllz»()le’l()_ﬁ()FC()AlSIll_()()S4_()3 CUQMH0_6F60_4SHS4
29.3 10.5 2.4 27.8 30.0 Cul'97Mn0‘82FeoAlgsnleos4A00 CUzMnoAgFe()‘zSnS4
30.2 13.5 0 26.8 29.5 CU2'10MH1'OQSHLO()S4‘O7 CUZMHSHS4
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analyses performed in powder samples revealed that the
chemical compositions were uniform throughout the
scanned region and correspond fairly well to the nominal
ones. The samples were found to be homogeneous within the
analytical uncertainty. The chemical data are given in
Table 1.

The DTA-TGA heating/cooling was conducted in argon
atmosphere. The studied solid solutions behave similarly and
they are stable up to aprox. 400 °C. After this temperature,
they begin to decompose, a process, which occurs in two
stages. The first stage of decomposition can be attributed to
the partial sulfur loss. In a second stage, at 750 °C, the phases
decompose totally to metal sulfides, which were identified by
XRD analysis of the residues.

3.2 X-ray diffraction results In order to clarify the
crystal structure of the solid solutions Cu,Mn,Fe; _,SnS,, a
structural study by single-crystal X-ray diffraction was
performed. For this, crystals of the Cu,Mn 4Feq ¢SnS, phase
were selected from the 850 °C quenched run-products. The
structure was solved in the space group [42m (N°121),
which describes the structures of the compounds
Cu,MnSnS, and Cu,FeSnS, [11, 22]. The least squares
refinement converged with this model, where each cation is
tetrahedrally coordinated to four sulfur anions (Fig. 1). The
model with occupation sites 2a = (Mn, Fe) and 4d = Cu gave
the better refinement results. Moreover, Mn and Fe atoms
(same crystallographic site) were constrained to have
identical thermal parameters. In addition, the refined
occupation factor of Mn and Fe cations were consistent
with the SEM-EDS analysis averaged over several spots of
the single crystal used for the diffraction experiment.

The Fig. 1 shows the unit cell of the studied phase. This
structure is based on a stannite-type arrangement of sulfur
and metal atoms, in which each cation is tetrahedrally
coordinated to four atoms of sulfur. Figure 2 presents a

Figure 1 Unit cell of the Cu,Mng 4Feq ¢SnS,4 phase. The radii of
the spheres are arbitrary.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 Polyhedral view of the crystal structure, with the
tetrahedra (Fe,Mn)S, in black and tetrahedra (Cu)S, in dark gray.

polyhedral view of the structure showing the metal layers in
the ab-plane. However, unlike the stannite-type arrange-
ments, in the phases studied herein there are cations with
different valence, where the cations 2+ occupy disordered
positions. Thus, in the crystal structure of Cu,Mng 4.
Fey6SnS,, the (Mn, Fe) and Sn atoms share the metal
layers at z=0and z = 1/2, and Cu atoms at z= 1/4 and z = 3/
4. The metal layers are stacked parallel to the ab-plane and

are separated by layers of sulfur anions.

Table 2 Crystallographic data and structure refinement details.

compound

CUQMHOAFCO.()S nS4

crystal size (mm®)
crystal color

crystal system
space group

lattice constants (A)

cell volume (A%)

Z

density (gcm™)

temperature (K)

wavelength A)

absorption coefficient (mm™ D)
F(000)

f-range (°)

hkl-range

no. of reflections, R;,, R,

no. of independent reflections

no. of parameters

extinction coefficient

R (I >20y), R (all reflections)

wR2 (I >2071), wR2 (all reflections)
goodness-of-fit (GooF =S)

largest difference peaks (A )

0.10 x 0.07 x 0.06

black

tetragonal

I42m (N°121)

a=>5.4580 (10),
¢=10.8270 (10)

322.53 (9)

2

4.422

293(2)

0.71073 (Mo Ko radiation)

13.551

395

4.18<0<2749

—7<h<7, =7T<k<7,
—14<I<13

1416, 0.0998, 0.0383

135

14

0.0083 (19)

0.0284, 0.0284

0.0842, 0.0842

0.951

1.196, —0.972
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Table 3 Atomic coordinates and equivalent isotropic displacement parameters (A?) for Cu,Mny 4Feq 6SnS,.

atom Wyckoff position X y z Uey' occ.
Cu 4d ) 0 Y 0.0211(6) 1.0
Fe 2a 0 0 1 0.0124(6) 0.60
Mn 2a 0 0 1 0.0124(6) 0.40
Sn 2b 7] 7] 1 0.0146(5) 1.0
S 8i 0.2464 (3) 0.2464 (3) 0.87055 (16) 0.0132 (7) 1.0

* Ugq is defined as one-third of the trace of the orthogonalized Uj; tensor.

The crystal data are summarized in Table 2. The
fractional atomic coordinates and equivalent isotropic
thermal parameters are listed in Table 3. The bond distances
and angles are given in Table 4, and they are in agreement
with the corresponding values found in stannite and kesterite
structure types [11, 23]. The difference in the covalent radii
of the metals causes slight distortions from the ideal
tetrahedral geometry of the S sites in the MS, tetrahedra
(M =Cu, Fe, Mn, and Sn), as observed at the bond angles
S-M-S (Table 4). This has been reported for other
solid solutions with kesterite and stannite structure types
[11, 24, 25].

The X-ray powder diffractograms (XRD) show sharp
lines that reflect the crystallinity and homogeneity. The XRD
patterns of the solid solutions Cu,Mn,Fe;_,SnS; (x=0.2,
0.4, 0.6, and 0.8) were fully indexed in the space group /42m
(N°121), and the observed interlayer spacing showed a good
agreement with that calculated from the crystal structure.
No secondary phases were observed within the limits of
the experimental detection of both SEM-EDS and XRD
analyses. Representative experimental diffraction profiles
are shown in Figs. 3 and 4. There is significant evidence that
the experimental powder pattern and calculated powder
pattern from single crystal are very similar to each other. As
expected, it is found a slight expansion of the cell volume
due to the replacement of Fe*" by Mn?", with ionic radii of
0.77 and 0.80 f\, respectively, for a tetrahedral coordination
according to Shannon [26]. The values of the cell parameters
for all phases are given in Table 5 and obey the Vegard’s law.
We propose a continuous solid solution on the basis of
the cell parameter trends determined by X-ray powder
diffraction.

3.3 Magnetic properties The paramagnetic regime
of the solid solutions Cu,Mn, Fe;_,SnS, was measured at

Table 4 Selected interatomic distances (A) and angles (°) for
CUQMHOA4FCQ‘6SHS4.

distances (A)

angles (°)

M-S 2.363(2) x4 S-M-S  110.61(5) x 4, 107.22(9) x 2
Cu-S  2.3298(10) x4 S-Cu-S  108.29(3) x 4, 111.86(7) x 2
Sn-S  2.408(2) x 4 S-Sn-S  109.81(4) x 4, 108.79(9) x 2

M represents the 2a position statistically occupied by
Mn (40%).

Fe (60%) and

www.pss-b.com

high fields (10kOe), well above the magnetic transition
temperature. The inverse susceptibility, 1/y, was fitted by a
classical Curie-Weiss relation y = C/(T—-6), in the range
150 K <T<300K (insert, Fig. 5), from which the effective
moments e and the Curie-Weiss temperatures 60 were
obtained. The values of the magnetic parameters are reported
in Table 6. These results show a progressive evolution of the
magnetic moment in the paramagnetic state when increasing
the content of manganese. In addition, the negative values of
the Curie—Weiss constant, 0, indicate the existence of AF
interactions.

The magnetic measurement in single-crystal of
Cu,MnSnS; shown 6=-52K [12] and 6#=-32.8K
in single crystal of Cu,FeSnS, stannite mineral [13].

10 20 30 40 50 60

1 M T M T M T

Experimental

]

Intensity (a.u.)

r"“TT*

Simulated

10 20 30 40 50 60
20

Figure 3 Experimental powder pattern Cu,Mng4FeSnS, in
comparison (like-mirror) to calculated powder pattern from single
crystal of the Cu,Mng 4Fe ¢SnS,.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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N A A A Figure 5 Zero field cooled/field cooled magnetization cycles at
100 Oe for given solid solutions (ZFC: filled symbols; FC: open
symbols). The insert shows the inverse susceptibility at the
Cu,FeSnS, paramagnetic state.
. . |
" I 1 1 " 1 " 1 "
10 20 30 40 50 60 ature under the applied magnetic field (FC mode), a weak
20 irreversibility is observed below Ty. For samples rich in Fe

Figure 4 XRD patterns of the Cu,Mn,Fe, _,SnS, solid solutions.

Our experimental effective moment of Cu,FeSnS, (ter=
4.97 ug) is close to the expected moment for a tetrahedral
high spin Fe** (4.9 11) and agrees with values reported for
polycrystalline samples of Cu,FeSnSy (terr=5.02 ug [13]).
The effective moment obtained at the other end-member
of the solid solution Cu,MnSnS, (uer=15.75 ug), agrees
with the reported values obtained in single crystal specimens
(Hetr=5.54 up [12]), although slightly lower than the
theoretical moment expected for a Mn?" free-spin ion
(5.92 up).

The ZFC/FC magnetization cycles shown in Fig. 5 were
performed under low magnetic fields (5000e). Two
different situations are observed. For samples rich in Mn
(0.6 <x(Mn) < 1; right-hand panels in Fig. 5) an AF
transition is observed, with Ty values (Table 6) close to
the one obtained by neutron diffraction experiments on
Cu,MnSnS, (Ty =20K [8]). When decreasing the temper-

Table 5 Lattice parameter for solid solutions Cu,Mn,Fe;_,SnS,.

(0 <x(Mn) < 0.4; left-hand panels in Fig. 6), the ZFC and
FC magnetizations split well above the Néel temperature.
This probably comes from the fact that, due to the statistical
occupation of the tetrahedral site by Fe and Mn, observable
contributions of two different sublattices coexist in the
system, one coming from Fe nearest neighbors and another
from Mn. A similar argument was advanced in the case of
Cu,FeSnS,, in which Fe*" jons occupy two antiparallel
collinear sublattices below Ty [14]. It should also be noticed
that the absolute values of the magnetization decrease when
the x(Mn) content decreases, going from 1.2 (emu mol 1)
at T=Ty, down to 0.085 (emu mol_l) when x goes from
1 to 0. To compare all samples, Fig. 6 shows the
magnetization curve measured at T=2K. As it can be
seen, the magnetization increases quite linearly at high fields,
indicating that an AF component actually exits.

Of greater significance are the values of the Weiss
constant 9. As it is known, the Weiss constant is an indirect
measurement of the strength of the AF interaction and
is related to the exchange constant J in a mean-field

phase a (A) c(A) v (A%

Cu,FeSnS, 5.434+0.004 10.734 4 0.001 316.904 +0.053
Cu,Mng ,Feq ¢SnS4 5.44240.010 10.753 +£0.008 318.402 +£0.194
Cu,Mny 4Feq ¢SnS4 5.466 +0.005 10.767 +0.001 321.658 +0.065
Cu,Mng ¢Feg 4SnSy 5.469 +0.003 10.791 +0.001 322.759 +0.043
Cu,Mng gFeg,SnSy 5.482+0.012 10.789 +0.002 324.244 +0.154
Cu,MnSnS, 5.509 £ 0.002 10.796 4+ 0.001 327.654 +0.033

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 6 Magnetic data for the solid solutions Cu,Mn,Fe; _,SnS,.

phase Heneo (UB)  fett (uB) 6 (K) Ty (K)
Cu,FeSnS, 4.90 4.97 -25 16
ClleIl()_zFC()_gSIlS4 5.11 5.16 -9 11
CUQMHOA4FCO‘6SHS4 5.31 5.26 -8 12
CU2MHQ'6F60‘4SHS4 5.52 5.25 —7 9
CUQMHQ'gFC()_zSHSAt 5.75 5.44 -9 10
Cu,MnSnS, 5.92 5.75 -8 11
1.5 ————— T .
I =1.0
| CuMn Fe, SnS,
£ x=08
s 10+ T=2K =0.61
s | x=0.4
[\]
N
12' | =0.2
§ o5 .
‘E“ I x=0.0
0.0 Wies

Magnetic Field (kOe)

Figure 6 Magnetization curves measured at 7T=2K with
increasing fields, for the solid solutions Cu,Mn,Fe;_,SnS,.

approximation as [27]:
25(S+1)
0= DS,

where m; and J; are the number and exchange interaction for
the ith set, respectively, and the summation is done over sets
of equidistant magnetic neighbors from a chosen magnetic
atom.

The 6 values given in Table 6 indicate that the AF
interactions have been reduced by more than 1 order of
magnitude relative to comparable DMSs with zinc-blende or
wurzite crystal structures: the (3-MnS with zinc-blende
structure has a 6=-982K and with wurzite structure
0=-932K [28].

For the here studied solid solutions Cu,Mn Fe;_,SnS,,
where the magnetic cations Fe*™ and Mn*" form a body-
centered tetragonal lattices, it is possible to propose three
exchange constants J;, in a similar manner to Cu,MnSnS,
with stannite structure, in which Fe’™ or Mn>" ions
are separated by lattice constants a, a\/3/2, and av/'2,
respectively [8]. Then, the magnetic interactions between
cations occur at distances of approximately 5.5 A, compared
to the approximately 3.8 A in sphalerite and wurzite. Thus,
the main reason why the AF exchange interactions are
weaker in the studied phases may be due that there are

www.pss-b.com

fewer neighbors, within a given sublattice, connected by
J; exchange bonds and some of them are frustrated because
of the disorder of the cations in the sublattice.

4 Conclusions We have investigated the effects of the
partial substitution of the Fe*™ cations by the paramagnetic
ion Mn”" on the structural and magnetic properties of
Cu,(Mn, Fe)SnS, phases. We found that the synthesized
solid solutions Cu,Mn,Fe;_,SnS; are homogeneous and
they all index in the space group I42m (N°121). The
variation of the lattice volume is in agreement with the ionic
radius of the substituting element. The crystal structure of the
phase Cu,Mng 4Fey¢SnS, determined by single-crystal
X-ray diffraction, shows a stannite structure type described
in the space group 742m (N°121). The chemical replacement
of Fe*™ by Mn”" is accompanied by a partial substitution in
the stannite-type structure: Mn replaces partially Fe at the
sites 2a (0,0,0). For its part, the Cu atoms are ordered at 4d
(0, %, Ya and ', 0, ¥). The studied solid solutions shows AF
behavior with AF interactions reduced by more than 1 order
of magnitude compared to other DMSs with zinc-blende or
wurzite crystal structure. A progressive evolution of the
magnetic moment in the paramagnetic state is observed
when increasing the content of manganese.
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