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ABSTRACT: A combination of structural, physical and computational techniques including powder X-ray and neutron diffraction,
SQUID magnetometry, electrical and thermal transport measurements, DFT calculations and “°Sn Massbauer and X-ray photoelec-
tron spectroscopies has been applied to CosSn,,In,S, (0 < x < 2) in an effort to understand the relationship between metal-atom
ordering and physical properties as the Fermi level is systematically varied. Whilst solid solution behavior is found throughout the
composition region, powder neutron diffraction reveals that indium preferentially occupies an inter-layer site over an alternative
kagome-like intra-layer site. DFT calculations indicate that this ordering, which leads to a lowering of energy, is related to the dif-
fering bonding properties of tin and indium. Spectroscopic data suggest that throughout the composition range 0 < x < 2, all ele-
ments adopt oxidation states that are significantly reduced from expectations based on formal charges. Chemical substitution ena-
bles the electrical transport properties to be controlled through tuning of the Fermi level within a region of the density of states,
which comprises narrow bands of predominantly Co d-character. This leads to a compositionally-induced double metal-to-
semiconductor-to-metal transition. The marked increase in the Seebeck coefficient as the semiconducting region is approached
leads to a substantial improvement in the thermoelectric figure of merit, ZT, which exhibits a maximum of ZT = 0.32 at 673 K. At
425 K, the figure of merit for phases in the region 0.8 < x < 0.85 is amongst the highest reported for sulphide phases, suggesting
these materials may have applications in low-grade waste heat recovery.

INTRODUCTION

Shandites are a family of structurally-related materials of
general formula A;M,X;, (A = Ni, Co, Rh, Pd; M = Pb, In, Sn,
TI; X = S, Se).' The structure (Space group: R3m) consists of a
kagome-like network of corner-sharing A; triangles, with M
atoms located in sites of six-fold coordination by A (Figure 1).
Each of the A; triangles is capped above or below the kagome
sheets by an X atom. Two-dimensional sheets of A and M at-
oms are then stacked in an ABC sequence, generating trigonal
antiprismatic inter-layer sites. M atoms are distributed over
M(2) sites in the kagome layers and M(1) inter-layer sites.

Our investigations of shandite-related phases have focused
on the effects of chemical substitution in Co;Sn,S,. This is the
only shandite-type phase to exhibit long-range magnetic order
(Te = 177 K)? and it has been described as a type I, half-
metallic ferrromagnet.’® Band structure calculations3 on
CosSn,,In,S, (x = 0, 1, 2) reveal that states in the vicinity of

the Fermi level, Eg are predominantly of Co d-character, giv-
ing rise to sharp, narrow bands. The highly structured density
of states, N(E), in the vicinity of E offers considerable scope
for the design of high-performance thermoelectric materials by
maximizing the Seebeck coefficient, S.* As the Seebeck coef-
ficient is related to the derivative of N(E), at Eg, through the
Mott relation,® enhancements in S may be produced if Ex coin-
cides with a sharp change in N(E).® The challenge lies in tun-
ing the position of Er to such a discontinuity in N(E).

Figure 1. The shandite structure of A3;M,S, containing M(2) sites
within a kagome-like layer and M(1) inter-layer sites. A, M and S
atoms are represented by blue, red and yellow circles respectively.
M(1) is located in trigonal antiprismatic sites, represented by
shaded polyhedra. The kagome-like AsM layer is shown as an
inset.

Electron populations indicate metallic behavior for CosSn,.
«In,S, phases with x = 0 and 2, in accord with experiment,
whilst DFT calculations on the stoichiometric phase



CosSniInS,3 predict semiconducting behavior for complete
ordering of indium and tin over the M(1) and M(2) sites re-
spectively. Conversely, if tin exclusively occupies the M(1)
sites, metallic behavior is predicted. We recently communicat-
ed preliminary results on the synthesis and low-temperature
electrical transport properties of CosSn,,In,S, (0 <x < 2)7 that
revealed an unusual double metal-to-semiconductor-to-metal
transition as tin is progressively replaced by indium. However,
this work raised a number of questions. In particular, since
samples were characterized by powder X-ray diffraction, the
indistinguishability of tin and indium precluded the establish-
ment of the degree of ordering, which calculations suggest
plays a key role in the electron transport properties.3 Further-
more, the formal oxidation states of the constituent elements
of shandite-related materials continues to be a matter of de-
bate, with several groups reaching different conclusions. For
example, Gutlich et al.® have formulated the nickel analogue
as Ni%Sn*,S?%,. However for the cobalt analogue Co,Sn,S,
and its substituted derivative, CoSnInS,, Rothballer et al® sug-
gest, that the *°Sn Mossbauer spectroscopy isomer shifts are
close to those expected for zero-valent a-Sn and rule out
Sn(1l) or Sn(1V), leading to the suggestion of an intermediate
state. By contrast, Umetani et al,"* have proposed that cobalt is
present in a mixed-valence (Co(0), Co(ll)) state in CosSn,S,,
whilst Skinner et al."* conclude that zero-valent nickel is pre-
sent in NisPb,S,. Their careful XPS study reveals that rapid
oxidation of the surface may occur under ambient conditions
leading to changes in the spectral data. The data reveal that the
Pb(4f;,) binding energy is within 0.15 eV of that of elemental
lead but is 0.75 eV lower than that for PbS. However, the
presence of Ni(0) and Pb(0) would not provide charge balance
for divalent sulphur.

Here we exploit the contrast between tin and indium afford-
ed by powder neutron diffraction, to establish the evolution
with composition of cation partitioning over the M(1) and
M(2) sites across the series C0o3Sn,.In,S, (0 < x < 2) and com-
pare the resulting distribution with the results of atomistic
modeling. Complementary spectroscopic investigations by
Mdssbauer and XPS has provided insights into the formal
oxidation state of the component elements and suggests that
the behavior of this series is more akin to an intermetallic sys-
tem than the iono-covalent compound suggested by its formu-
lation as a ternary sulphide. The composition-induced changes
in electronic states have been probed by magnetic and
transport property measurements and indicate that these mate-
rials are attractive candidates for thermoelectric energy recov-
ery in the low to medium temperature range

EXPERIMENTAL

Samples corresponding to stoichiometries CosSn,4In,S, (0 <
x < 2) were prepared from mixtures of elemental cobalt (350
mesh, Alfa, 99.95 %), tin (350 mesh, Alfa, 99.8%), indium
(350 mesh, Alfa, 99.99 %) and sulphur (flakes, Aldrich, 99.99
%). The powders were ground in an agate pestle and mortar
and sealed into evacuated (<10™ Torr) fused silica tubes. In-
termediate regrinding was used to homogenize the samples
between firings and the progress of each reaction was moni-
tored by powder X-ray diffraction using a Bruker D8 Advance
diffractometer (Cu-K,i;: A = 1.54050 A) equipped with a
LynxEye detector. The tin end-member phase (x = 0), was
prepared according to the previously reported procedure2 by
heating the reaction mixture at 500 °C for 48 hours, followed
by a second firing at 700 °C for 48 hours. The sample was

cooled to room temperature at 0.5 °C min™ after each firing.
The indium end-member of this series (x = 2) was prepared by
increasing the temperature to 800 °C at 0.5 °C min™ and hold-
ing at this temperature for 96 hours, prior to cooling at the
same rate. This procedure was repeated three times. All mixed
main group metal compositions were prepared by heating
samples for three periods of 48 hours at 900 °C. All Co;Sn,.
«IN,S, (0 < x <2) phases are black powders.

Powder neutron diffraction data were collected at room
temperature on the GEM diffractometer at the ISIS facility,
Rutherford Appleton Laboratory. Data were collected for
powdered samples of Co;Sn,,In,S, (0 < x < 2) contained in
vanadium cans. Diffraction data for tin-rich samples were
collected for 300 pA of beam current whilst those for indium-
rich samples were collected for 400 pA. The increase in col-
lection time was to compensate for the higher neutron absorp-
tion cross section of indium.

Samples for electrical and thermal transport property meas-
urements were fabricated using a hot press constructed in-
house. Approximately 1 g of sample was placed between two
13 mm diameter graphite anvils inside a graphite die. Under
an inert nitrogen atmosphere, samples were heated to 720 °C
under 60 bar. The load was released after 30 minutes prior to
cooling the die to room temperature. In this way, pellets with
> 90% of the theoretical density, as determined geometrically,
were obtained. Ingots (approximately 8 x 3 x 1 mm®) for elec-
trical transport property measurements were cut using a low-
speed diamond saw. Measurements of the electrical resistivity
and Seebeck coefficient were performed simultaneously over
the temperature range 303 < T/K < 673 in 10 K steps, using a
Linseis LSR3-800 instrument. A temperature gradient of 30 K
was applied and a current of 100 mA was used.

Thermal diffusivity measurements were carried out over the
temperature range 373 < T/K < 673 in 50 K steps using an
Anter Flashline 3000 instrument. Measurements were made on
13 mm diameter hot-pressed pellets of thickness 1 to 1.5 mm.
The top and bottom surfaces of the pellets were coated with a
thin layer of graphite to increase absorption and emission of
the heat pulse.

Magnetic measurements were performed using a Quantum
Design MPMS SQUID magnetometer. Approximately 30 mg
of powdered sample were loaded at room temperature into
gelatine capsules. Magnetization data were collected over the
temperature range 2 < T/K < 300, both after cooling in zero
applied field (zfc) and in a measuring field (fc) of 1000 G.
Data were corrected for the diamagnetism of the gelatine cap-
sule and for intrinsic core diamagnetism. In addition, for se-
lected samples, magnetization data were collected as a func-
tion of field at 5K, over the field range 0 < H/kG < 10.

X-ray photoelectron spectroscopy (XPS) data were recorded
for five samples in the CosSn,.,In,S, (0 < x < 2) series at the
Nexus facility, Newcastle University, UK. Ingots from hot-
pressed pellets corresponding to x = 0, 0.4, 1, 1.6 and 2 were
cleaned by sputtering for 600 s with monatomic Ar ions at 1
keV. Measurements were performed in the presence of a flood
gun, which is a charge neutralization method that generates
low energy electrons and Ar” ions near the vicinity of the sur-
face.

19Sn Mosshauer spectra were recorded in transmission
mode and in constant acceleration mode using a **"Sn source
embedded in a CaSnO; matrix. The velocity scale was cali-
brated with the magnetic sextet of a high-purity iron foil as the



reference absorber and °’Co (Rh) as the source. The spectra
were fitted with Lorentzian profiles using the least-squares
method and the errors regarding the hyperfine parameters were
found to be smaller than 0.01 mms™ for the different CosSn,.
«In,S, compounds. The total error is estimated to be about 0.03
mm s™. The isomer shift values are given relative to the & val-
ue of a BaSnOj; spectrum recorded at room temperature. The
absorbers containing 1-2 mg cm™ of *°Sn were prepared in-
side a glove box under an argon atmosphere. Powder samples
were mixed with Apiezon vacuum grease and placed between
two Kapton films. The sample holder was then sealed to pre-
vent air contact.

Density functional theory (DFT) calculations were per-
formed using the Vienna Ab-initio Simulation Package
(VASP)'* 1> " employing the generalized gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE) ex-
change-correlation functional.** A high kinetic energy cut-off
of 350 eV (30% above the highest of the standard values for
the given set of elements) was used for the planewave expan-
sion of the wavefunctions in order to minimize Pulay stress
errors. All calculations were performed on the 21-atom unit
cell, and a Gamma-centered grid of 5 x5 x2 k-points was em-
ployed for Brillouin-zone integrations (test calculations
showed that doubling the number of k-points in each direction
led to total energy changes of less than 1 meV per formula
unit) The ionic positions were relaxed until the forces were
negligible (less than 0.01 eV/A on each atom). The disordered
CosSn,,InS, (0 < x < 2) phases were represented by a
symmetry-adapted ensemble of configurations, using the
methodology implemented in the SOD (Site Occupancy
Disorder) program.™ Fractional site occupancies were then
calculated as average values over the ensemble. Full details
of the calculations are provided as Supporting Information.

RESULTS AND DISCUSSION

Powder neutron diffraction data from the 26 = 156°, 90°,
63° and 35° banks of the GEM diffractometer were used in a
multibank Rietveld refinement performed using the GSAS™
software package. Refined lattice parameters obtained from
powder X-ray diffraction7 and the atomic coordinates of
CosSn,S; reported previously2 were used for the initial struc-
tural model for Rietveld refinements. Refinements (Figure 2)
in the space group R3m, including lattice parameters, atomic
coordinates, thermal parameters and fractional occupancies of
the main-group metal site proceeded smoothly, (R, < 3.2%,
1.5 < y* < 4.2). Site occupancy factors of the main group at-
oms were constrained to maintain the overall stoichiometry.
Refined parameters are presented in Table 1, whilst selected
inter-atomic distances and bond angles are provided as Sup-
porting Information (Table S2).

The c lattice parameter, increases smoothly with increasing
indium content (Figure 3), whilst the a lattice parameter ini-
tially decreases with increasing levels of indium substitution,
until the stoichiometric phase CosSniInS, (x = 1) is reached.
Above this level of substitution, the a lattice parameter is ef-
fectively invariant with composition. Lattice parameters for
CosSn,S,, calculated using the PBE correlation function (a =
5.381 A and ¢=13.166 A) are in good agreement with experi-
mentally determined values. Moreover, the compositional
dependence of the lattice parameters, calculated using the
DFT/SOD approach shows a remarkable level of agreement
with experiment, including the discontinuity in gradient of
a(x) at x = 1 (Figure 3). Whilst the increase of ca. 1.6% in unit

cell volume for complete substitution of tin by indium (Table
1) is consistent with the larger radius of the latter, the compo-
sitional dependence of the lattice parameters suggests addi-
tional factors may play a role. The principal electronic change
across the compositional range is a reduction of two in the
valence electron count. Examination of the calculated DOS
(Figure 4) indicates that the major contributors to states just
below Eg are the Co-d,, and Co-dxz_yz orbitals, which contrib-

ute to the in-plane bonding within the kagome layer. These
levels are partially occupied at x = 0 and are further depopu-
lated by indium substitution. That this results in a contraction
in the a lattice parameter, suggests states in the vicinity of E¢
are of anti-bonding character, which is consistent with the
partial DOS of Figure 4. At x = 1, these states are completely
depopulated. Further substitution by indium drives Eg into
lower-lying states below the band gap, which are necessarily
less anti-bonding in character, whilst leading to occupancy of
an increasing fraction of the intra-layer sites by the larger at-
om. These competing factors may lie behind the effectively
constant a lattice parameter at levels of substitution beyond x
=1.
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Figure 2. Observed (crosses), calculated (upper full line) and dif-
ference (lower full line) neutron diffraction profiles of Co;SniInS,
from each of the four GEM detector banks for refinements carried
out for space group R3m using data collected at 298 K. Reflection
positions are marked and regions where scattering from the vana-
dium sample can occurs are excluded. Profiles for the remaining
compositions are provided as Supporting Information.



Table 1. Refined Structural Parameters for Co;Sn,.In,S, (0 < x < 2); Space Group R3m *

X alA oA Vol /A? S Co(Uw/AY) SUwAY MUAY If]‘(jl; Iig
0.0 | 536994(5) 13.1934(3) 320.479(4) 0.28317(7)  0.55(2) 0.64(1) 0.45(2) 0.0() 0.00)
0.2 | 536088(3) 13.2276(2) 329.217(4) 0.28323(5)  0.62(1) 0.56(1) 050(2)  0.087(8)  0.113(8)
0.4 | 534994(3) 13.2925(2) 329.486(4) 0.28205(5)  0.68(2) 0.62(1) 058(2)  0.260(6)  0.14(6)
0.6 | 533866(4) 13.3540(2) 329.615(4) 0.28174(6)  0.67(2) 0.63(2) 061(2)  0428(55) 0.172(5)
0.8 | 5.32480(4) 13.4167(2) 329.444(4) 0.28139(6)  0.61(2) 0.64(2) 0.60(2)  0.604(4)  0.196(4)
10 | 531922(4) 13.4799(2) 330.303(5) 0.28108(7)  0.59(2) 0.62(2) 054(3)  0.719(4)  0.281(4)
12 | 531173(5) 135261(2) 330.504(5) 0.28067(7)  0.55(2) 0.62(2) 050(3)  0.825(4) 0.375(4)
14 | 531489(4) 135584(2) 331.686(5) 0.28037(6)  0.50(2) 0.69(2) 0.48(2)  0.869(4) 0531(4)
16 | 5314954) 135909(2) 332.489(5) 0.28027(6)  0.68(7) 0.892(3)  0.63(3)  0.902(4) 0.698(4)
18 | 531797(5) 13.6296(2) 333.702(7) 0.27969(8)  0.65(2) 106(3)  061(3)  0.949(4) 0.851(4)
20 | 531811(6) 13.6646(3) 334.689(7) 0.27914(9)  0.74(4) 1.24(4) 0.67(4) 1.0(-) 1.0(-)

Co on 9(d), (%2, 0, ¥); M(1) on 3(a), (0, 0, 0); M(2) on 3(b) (0, 0, %2); S on 6(c), (0, 0, 2);

bSOF In(1) + SOF Sn(L) = 1.0; ¢ SOF In(2) + SOF Sn(2) = 1.0

The behavior of the lattice parameters is reflected in the de-
rived atom-atom distances and angles. In particular, the angle
Co-M(1)-Co involving Co in adjacent layers increases with
increasing indium content, whilst the Co-M(1)-Co angle in-
volving Co in the same layer decreases. This leads to a nar-
rowing and elongation of the trigonal antiprismatic (M(1)) site
as indium is introduced. Intralayer Co-Co distances, which are
comparable with those observed in the kagome-like network in
CoSn (2.639 A),"" show a compositional dependence that mir-
rors that of the a lattice parameter.
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Figure 3. Compositional dependence of lattice parameters of
Co3Sn,y,In,S, determined by powder neutron diffraction com-
pared with the results of DFT calculations. Solid points denote
experimental data, open points, the results of calculation. The
solid line is intended as a guide to the eye.

Main-group atoms may reside in one of two crystallograph-
ically distinct sites in the shandite structure: the inter-layer
trigonal antiprismatic sites, M(1), and the M(2) sites located
within the kagome layer. Refinement of site occupancy factors
using powder neutron diffraction data reveals significant devi-
ations from a statistical distribution of tin and indium atoms
over these two sites in the substituted phases (Figure 5). In
particular, indium exhibits a marked preference for M(1) sites,
the degree of atom partitioning reaching a maximum at x =
0.8, where ca. 75% of the available indium atoms reside on
M(1) sites. DFT calculations using the SOD treatment lead to
excellent agreement of the calculated compositional depend-
ence of the atom distribution with that determined from neu-
tron diffraction (Figure 5).

The origin of the observed site preference may lie in the dif-
fering bonding requirements at the two sites. The partial DOS
(Figure 4) for the end-member phases indicate the three-fold
degeneracy of the p-orbitals associated with the main-group
element is removed at both sites. At the inter-layer M(1) site,
the p, orbital lies at a lower energy than the degenerate p./p,
pair whilst at the intra-layer M(2) site, this splitting pattern is
reversed. At the M(1) site, the p, orbital participates in two 4-
centre bonds with the Cos triangles in the two adjacent ka-
gome-like layers, whereas at the M(2) site, intra-layer bonding
within the kagome layer, is through six 3-centre M-Co bonds
involving the p, and p, orbitals of the main-group element.
Both indium (three valence electrons) and tin (four valence
electrons) are able to satisfy these bonding requirements, even
when allowance is made for the charge transfer indicated by
the Bader analysis. However, the larger number of bonding
interactions associated with the M(2) site in the kagome layer
suggests that occupancy by the more electron-rich species
(Sn), that is better able to satisfy the bonding through p, and
py, is favored. This would account for the observed preferen-
tial occupancy of the inter- layer M(1) site by the three-
electron species In, which is able to satisfy the bonding re-
quirements at this site through occupation
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Table 2: Derived magnetic parameters for CosSn,.,In,S, (0 < x <0.4).

X Clem® K mol™ 0/K Uefrlls T/K Range of Fit/K Maat/Hig
0.0 0.47(1) 175(5) 1.12(1) 175(5) 180 - 300 0.632(1)
0.2 0.34(2) 170(2) 0.95(2) 170(1) 220 - 300 0.672(1)
0.4 0.29(1) 135(3) 0.88(1) 135(4) 240 - 300 0.609(2)
analysis of CosSniInS,, using a superstructure approach to elec-
1.0{ = / O Experimental data tronic structure calculation. The incomplete nature of the or-
Full order dering suggests that the energy differences are small and the
* 7~ - Full disorder observed distribution is the result of incomplete equilibration
0.8 {—— DFT + SOD ; .
- on cooling from the synthesis temperature.
— Zfc and fc magnetic susceptibility data for CosSn,S, (Figure
20-6' 6) overlie each other at higher temperatures, where Curie-
o Weiss behavior is exhibited. Derived magnetic parameters are
B .4 presented in Table 2. The positive Weiss constant indicates the
© dominant exchange interactions are ferromagnetic in origin.
LL The effective magnetic moment is somewhat reduced from the
0.2 0/9/9 ! value for the single unpaired electron suggested by band struc-
'@/_‘f;%/o ture calculations. The marked increase observed in zfc and fc
0.0 M(Z) data on cooling indicates ferromagnetic order below T¢ = 175
- , , : : K, which is also evidenced by the field dependence of the
0.0 0.5 1.0 1.5 2.0 magnetization at 5 K (Figure 7). The saturation magnetization

x in Co3Sn,,In,S,

Figure 5. The compositional dependence of indium site occupancy
factors associated with the M(1) and M(2) sites in Co3Sn,,In,S,
(0 <x <2). Solid and open points denote experimental values for
M(1) and M(2) respectively determined from Rietveld refinement
and the solid red line, the results from DFT calculations. The vari-
ation of site occupancy factors corresponding to full ordering into
the M(1) site and to a completely disordered structure are indicat-
ed by solid and dashed black lines respectively.

of the p, orbital but is less effective at the M(2) site. A similar
conclusion was recently reached by Rothballer et al.'® in their

of ca. 0.6 pg, determined by extrapolation to infinite field of
the plot of magnetization vs. 1/H, is lower than the spin-only
value for one unpaired electron. This suggests a degree of
electron delocalization, consistent with electrical transport
properties and the description of this phase as a half-metallic
ferromagnet.3 Similar behavior is observed for samples to x <
0.4 (Figure 6), indicating that half-metallic ferromagnetic be-
havior persists to this composition. However, with increasing
indium content, T¢ falls until long-range magnetic order is
completely suppressed at compositions with x > 0.6. This be-
havior may be related to the increasing (4.682(1) A at x =0 .4
to 4.711(1) at x = 0.6) separation between the kagome-like



Table 3: Binding Energies Determined from X-ray Photoelectron Spectroscopy of Co;Sn,.,In,S, (0 < x < 2)?

Peak Position/eV Peak Position/eV Peak Position/eV Peak Position/eV
X Co(2p3p) Co(2py2) Sn(3dsy2) Sn(3ds) In(3ds2) In(3ds) S(2p)
0.0 778.5 793.5 486.2 493.7 163.0
0.4 778.8 793.7 4855 494.0 4444 451.9 163.2
1.0 778.7 793.7 485.5 493.9 4443 451.9 163.1
1.6 778.5 793.4 485.3 493.7 444.1 451.6 162.8
2.0 778.3 793.2 443.8 451.3 162.5

@ The estimated uncertainty in peak position is <0.1 eV.

layers as indium is introduced, thereby weakening the interac-
tion between cobalt atoms in adjacent layers. This weakening
of inter-layer interactions appears to be sufficient to suppress
long-range magnetic order, as evidenced by the almost linear
field dependence of the low-temperature magnetization at
compositions with x > 0.6, resulting in magnetic interactions
being confined to the two-dimensional kagome-like sheet. As
materials become increasingly indium-rich (x > 1.0), the mag-
netic susceptibility falls to very low values (10° — 107 emu)
and becomes effectively independent of temperature (Figure
S4). This suggests an increasing degree of electron delocaliza-
tion, consistent with the electrical transport property data (vide
infra) leading to Pauli paramagnetism in indium rich phases.
The magnetic susceptibility of the end-member phase Co;In,S,
is markedly higher (Figure S4), suggesting an increased elec-
tron localization, although it remains weakly temperature de-
pendent.
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Figure 6. Zero-field-cooled (zfc) and field-cooled (fc) molar mag-
netic susceptibilities of CosSn,S, (top), CosSn;glng,S, (middle)
and Co;Sny glng 4S; (bottom). Insets show reciprocal susceptibility
(fc) data, with the solid line representing the fit to a Curie-Weiss
expression.

As indicated above, the formal oxidation state of the ele-
ments in such metal-rich phases as the shandites is a matter of
some debate. We sought to exploit XPS in an effort to deter-
mine the formal oxidation states in the CosSn,,In,S, series
(Figure 8). The binding energies of the Co 2ps, emissions of

Co5Sn,,In,S, (0 < x < 2) lie between 778.3 eV and 778.8 eV,
whilst those of the Co 2p,,, lines are in the range 793.2 eV to
793.7 (Table 3). These values are in good agreement with
those of elemental Co (2ps, = 778.2 eV, 2py;, = 793.3 eV) and
the intermetallic CoNi (2ps, = 778.4 eV, 2p,;, = 793.4 eV)."*
This suggests that cobalt is in the zero oxidation state through-
out the Co3Sn,,In,S, (0 < x < 2) series, This is in agreement
with conclusions on the oxidation state of nickel in the shan-
dites NizM,S, (M = Sn,8 Pb™). A Bader population analysis®
of the electron density obtained from our DFT calculations
leads to very small net charges on Co (between 0.03-0.06 de-
pending on composition), supporting the assignment of a for-
mal oxidation state of zero for cobalt.
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Figure 7. The field dependence of the magnetization of CosSn,.
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x10°

10 A
i, Wy

Counts s'!

810 800 790 780
Binding Energy/ eV

1200 900 600
Binding Energy (V)

300 0
Figure 8. X-ray photoelectron spectroscopy data for CosSn,S,.
The inset shows the fit to the Co(2p) region of the spectrum.

For the more electronegative element, sulphur, the measured
binding energies of the S(2p) transition lie in the range 162.5 <



Eg /eV < 163.2 (Table 3). These values are comparable with
the majority of reports of the S(2p) binding energy in ternary
shandite phases. As has been pointed out by Skinner et al.,"*
values in excess of 162 eV are more consistent with metal-rich
binary sulphides (pentlandite: 162.2 eV*" % Ni;S,: 162.2-
162.4 eV®) and even elemental sulphur (163.6 eV*), than
those containing the sulphide dianion (SnS: 161.3 eV;* In,Ss:
161.8 eV,® NiS: 161.7 eV?; CoS' 161.9 eV?), suggesting a
low formal oxidation state. Skinner and co-workers have not
observed these higher S(2p) binding energies for a NisPb,S,
surface prepared by fracturing the sample under UHV and
determined a value of 161.5 eV for a NisPb,S,, which appears
to support a formal valence state of -2. However, they also
demonstrated that any increase in the S(2p) binding energy
cannot be attributed to aerial oxidation. For the samples inves-
tigated here, the XPS data appear to be consistent with a for-
mal oxidation state that approaches zero. Further support for
this view is provided by the Bader charge analysis of the DFT
calculation, which associates with sulphur a net negative
charge of ca. 0.7: significantly below 2 and also below the
value of ca. 1.0 obtained for sulphur in a Bader analysis of
solid SnS.

The binding energies measured for the In 3ds, and 3ds;,
photoemission peaks (Table 3) are in the range 443.8 < Eg/eV
<444.4 and 451.3 < Eg/eV < 451.9 respectively. These com-
pare favorably to those of elemental indium (3ds, = 444.0 eV,
3dy, = 451.4 eV) and InSb (3ds, = 444.4 eV).” Binding ener-
gies for In(I11) in In,S;, 444.9 eV (In 3ds,) and 452.9 eV (In
3d3,2),26 are outside the range of values measured here. There-
fore comparison with the literature suggests that the formal
oxidation state of indium in the substituted shandites ap-
proaches zero. The valence state of tin could not be deter-
mined from the XPS data as the variation in Sn(3d) binding
energy of Sn(0), Sn(ll) and Sn(IV) is small (o-Sn: 3ds, =
484.9 eV;™ Sn'"'S: 3ds), = 485.9 eV, 3dy, = 494.4 eV)* and all
values are comparable with those measured here for CosSn,.
«INS; (0 < x < 2). In order to resolve this ambiguity g
Mdssbauer spectroscopy was utilized.

11950 Mosshauer spectroscopy measurements for CosSn,S,
(Figure 9) exhibit peaks, with isomer shifts, 6 = 2.14(1),
2.18(1) mm s™, associated with each of two crystallographic
sites occupied by tin, with a third much weaker feature (6 = -
0.19(8) mm s™) corresponding to an oxide impurity (Table 4),
not detected by neutron diffraction.
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Figure 9. 1°Sn Méssbauer spectroscopy data for Co3Sn,S,. Points
denote experimental data and the full lines signify the fit to the
two overlapping doublets and the overall fit. The upper solid line
shows the fit to the oxide impurity phase.

The isomer shifts determined here are in good agreement

with those reported by Rothballer et al.® for CosSn,S,. The
peak with the larger quadropole splitting (A) may be assigned
to the more distorted crystallographic site, Sn(2), within the
kagome-like layer, while the less distorted trigonal antipris-
matic Sn(1) site is associated with the peak with the lower A.
The relative contribution from tin at each of the two crystallo-
graphic sites is in good agreement with that expected on the
basis of the refined site occupancy factors obtained from pow-
der neutron diffraction data.

Table 4: Isomer shifts (8), quadrupole splitting (A), line
width ('), the contribution of each line to the spectra and
the assignment of the signal to the crystallographic site for
1950 Méssbauer spectroscopy of Co;Sn,.In,S, (0 < x < 2).

X 0 A I (mm/s) Contribution  Assignment
(mm/s)  (mm/s) (%)
0 - 0.2(1) 0.84(5) 4 oxide
0.19(8)
2.14(1) 2.64(2) 0.84(5) 48 sn(2)
2.18(1) 2.10(2) 0.84(5) 48 Sn(1)
0.2 | 2.143) 2.68(7) 0.78(8) 47 sn(2)
2.16(3) 2.10(6) 0.78(8) 53 Sn(1)
0.4 | 2.13(2) 2.62(4) 0.83(8) 67 Sn(2)
2.16(3) 2.01(6) 0.83(8) 33 Sn(1)
06 | 2.14(2) 281(7) 0.82(7) 40 sn(2)
2.15(3) 2.27(6) 0.82(7) 60 Sn(1)
0.8 | 2.14(2) 2.83(3)  0.80(6) 66 sn(2)
2.15(2) 2.32(3)  0.80(6) 34 Sn(1)
1 |211(4) 292(8) 0.78(8) 41 sn(2)
2.16(3) 2.38(6) 0.78(8) 59 Sn(1)
1.2 | 2.14(3) 2.76(5)  0.8(1) 77 sn(2)
2.15(6) 2.31(9)  0.8(1) 23 Sn(1)
1.6 | 2.13(3) 2.79(6)  0.8(1) 77 sn(2)
2.2009) 21(2)  0.8(1) 23 Sn(1)

The isomer shifts of the two tin resonances differ markedly
from the values of 3.40(3) and 1.46 mm s™ assigned respec-
tively to Sn(ll) and Sn(IV) in the mixed-valent Cr;Sn,Se;*
However, the measured values compare favorably with those
for tin alloys and intermetallics: Sn°Mg, (5 = 1.8 mm s™), aSn°
(2.1 mm s™), Sn° (2.6 mm s™) and Sn°Sh (2.8 mm s7).*° This
suggests that the tin atoms in Co;Sn,S, are present in an oxida-
tion state that tends towards zero. The isomer shift of the indi-
um substituted phases (Table 4) lies in a relatively narrow
range (2.15 < &/mm s™* < 2.20 for Sn(1)) and 2.11 <8/mm s™* <
2.14 for Sn(2)). These values are intermediate between those
for Sn(Il) and Sn(1V), suggesting that the low oxidation state
of tin persists throughout the composition range 0 < x < 2 of
COgsnz_xlnXSZ.

Using information from XPS, **Sn Méssbauer spectroscopy
and DFT, we conclude that the oxidation states of the constit-
uent elements in Co3Sn,,In,S, (0 < x < 2) are substantially
reduced from their conventional formal valence state values.
That of cobalt appears to be zero, whilst for the other elements
present, spectroscopic data indicate oxidation states that ap-



proach zero, although the Bader charge analysis suggests a
small degree of charge transfer between the main-group ele-
ment and sulphur; the maximum extent of which is estimated
at 0.7 e, well below that expected for divalent main-group
metals and sulphur.

The electrical resistivity of the end-member phase Co;Sn,S,
(Figure 10) decreases with decreasing temperature, indicating
metallic behavior. Initially, substitution of tin by indium in-
creases the absolute value of the resistivity, whilst retaining
the metal-like p(T) dependence to compositions, x = 0.6. On
increasing the indium content towards the semiconducting
region (1 < x < 1.05), as defined by previously-reported low
temperature measurements,” a change in p(T) is observed. In
particular, for samples in the compositional regions 0.7 < x <
0.95 and 1.1 < x < 1.2, the initially positive dp/dT changes
sign at higher temperatures, indicative of intrinsic semicon-
ducting behavior. The temperature at which the onset of this
intrinsic semiconducting behavior is observed, increases with
increasing indium content. Materials with compositions corre-
sponding to x > 1.4 exhibit metallic behavior across the whole
measured temperature range. Intriguingly from a thermoelec-
tric perspective, the values of the electrical resistivity of mate-
rials in the series are comparable with or lower than those of
the candidate thermoelectric materials B-ZnySb,** (2 mQ cm to
3.5 mQ cm) and Yby,MnSh,,# (2 mQ cmto 5.5 mQ cm).

2.0 e x=0
[ e x=0.2
1.6 o x=04
e x=06
= 12 e x=07
g e x=08
g‘ 0.8 e x=0.85
= x=0.9
e 04 :’W e x=095
0.0
4
g 3 x=1.0
g 2 x=1.05
o
1
0
e x=11
16 o x=12
g ..'0....... x=14
5 12 x=16
G e x=18
g 0.8 e x=20
a
0.4 MM

0.9
300 350 400 450 500 550 600 650 700
T (K)

Figure 10. The temperature dependence of the electrical resistivity
of phases in the Co3Sn; In,S; (0 < x < 2) series.

Measurements of the Seebeck coefficient at temperatures
above ambient (Figure 11) reveal that for compositions corre-
sponding to x < 0.4, the almost linear S(T) dependence ob-
served at sub-ambient temperatures7 persists at higher temper-

atures. However, as the level of indium substitution increases,
more complex behavior is observed. In the range 0.7 < x <
0.95, the temperature dependence changes so that the absolute
value of S decreases with increasing temperature. This is con-
sistent with the change to semiconducting behavior inferred
from the p(T) dependence of the resistivity data collected at
high temperatures. Materials in the region of the stoichio-
metric composition (x = 1), for which resistivity data clearly
indicate semiconducting behavior, remain n-type, albeit with
an S(T) dependence which is almost invariant with tempera-
ture over all or part of the range (Figure 11). The relatively
low absolute values of the Seebeck coefficient for the phase
with x = 1.05 suggests a mixed conduction mechanism of elec-
trons and holes may be operative. This evolution from pre-
dominantly n-type behavior continues into Co3Snggln;;S,,
which exhibits a change from n- to p-type behavior at 550 K:
the strong S(T) dependence suggesting that semiconducting
behavior persists to this composition. At higher indium con-
tents, x > 1.2, the magnitude of the Seebeck coefficient de-
creases with indium substitution and the temperature depend-
ence of S(T) weakens markedly, consistent with the metallic
p(T) dependence.
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Figure 11. Seebeck coefficient data as a function of temperature
for compositions in the CosSn,_,In,S, series (0 <x <2.).

The thermal conductivity (k) of CosSn,S, is almost invariant
with temperature (Figure S7), falling in the range 4.5 to 4.7 W
m™ K™ Introduction of indium leads to a reduction in the
thermal conductivity by up to 40 % depending on the indium
content: the end-member phase Cosln,S, exhibiting a thermal
conductivity comparable with that of Co;Sn,S,. By application
of the Wiedemann-Franz law (L = 2.44 x 10° W Q K?), the



electronic contribution (k.) was determined and subtracted
from the measured values (k) to yield the lattice contribution
(). In general «, increases with temperature, whilst «,_ re-
mains largely temperature invariant. Examination of the com-
positional dependence of each of these contributions (Figure
12) at a fixed temperature reveals a broad minimum in thermal
conductivity centered on the stoichiometric (x = 1) composi-
tion. The origin of this appears to lie in the compositional var-
iation of ., which shows a corresponding minimum, in con-
trast with the much weaker dependence of k_ on indium con-
tent. This is consistent with the expectation that little atomic
mass fluctuation scattering is introduced by the partial re-
placement of tin by indium as these elements differ by only
one atomic mass unit.
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Figure 12. The variation with chemical composition of the overall

(), electronic (k;) and lattice (k) thermal conductivity of
Co3Sny4In,S, (0 <x <2) at 373, 473 and 673 K.

The low values of the thermoelectric figures of merit for in-
dium-rich (x > 1.0) members of the CosSn,.In,S, (0 <x <2)
series (Figure 13) are due principally to the relatively small
Seebeck coefficient. However, the tin-rich (x < 1.0) members
exhibit more promising behavior. The compositional depend-
ence of the maximum ZT and the temperature at which it oc-
curs is presented in Figure 14. The overall highest figure of
merit in the series is ZT = 0.32 determined for Co;Sn; gIng 4S,
at673 K.

There have been a number of recent investigations on sul-
phide thermoelectrics motivated by the search for a tellurium-
free replacement for Bi,Te;. Amongst conventional bulk mate-
rials, the Chevrel phase Cu,Mo0gSs* LaGd;S:>* and
Cu,TiS,* have been reported to exhibit ZT > 0.4, albeit at
temperatures higher than the maximum at which the properties
of CosSn,,In,S, have been investigated here. However, the
maximum ZT of 0.32 at 673 K for CosSn;¢lng4S, compares

favorably with that of Cu,TiS, at the same temperature and is
slightly higher than that of both Cu;Mo0Sg and LaGd 3Ss.
Moreover, ZT = 0.28 for CosSn,.,In,S, (0.8 < x < 0.85) at ca.
425 K is 50% higher than that of CuyTiS,, double that of
CusMogSg and nearly three times the value reported for
LaGd, 43S3 at the same temperature.
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Figure 13. Temperature dependence of the thermoelectric figure
of merit, ZT, for Co3Sn,4In,S, (0 <x <2).
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Figure 14. The maximum ZT of CosSn,In,S, as a function of
composition. The maximum ZT is indicated by the solid bars and
the corresponding temperature at which this maximum occurs is
denoted by the triangular points.

CONCLUSIONS

The shandite structure is retained at all levels of indium sub-
stitution in the series CosSn,,In,S, (0 < x < 2), with indium
preferentially occupying the inter-layer M(1) site over the
M(2) kagome layer site. This is supported by DFT calculations
which confirm that the partially ordered structures of the qua-
ternary phases, determined by powder neutron diffraction,
correspond to the lowest energy arrangements. The half metal-



lic ferromagnetism of the end-member Co;Sn,S, introduces
anomalies into p(T) and S(T) at the ferromagnetic ordering
temperature.2 Similar features are present at levels of indium
incorporation below x = 0.4,7 which together with the %(T)
behavior reported here, suggest that long-range magnetic order
persists in this range of composition. The suppression of mag-
netic order above x = 0.4 may be related to the weakening of
interlayer exchange interactions due to increasing separation
between the kagome layers with increasing indium content.
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Figure 15: Magnetic and electrical transport properties of CosSn,.
«In,S, as a function of composition in the range 0 < x < 2 and
temperature in the range 100 < T/K < 673, incorporating data
from Reference 6 together with those of the present study. (PM,
paramagnet; FM, ferromagnet; SC, semiconductor).

Data from a combination of spectroscopic techniques reveal
that the oxidation states of the constituent elements are or ap-
proach zero; a maximum charge transfer of ca. 0.7 e between
the main-group elements and sulphur being indicated by the
DFT calculations. This suggests that the members of this se-
ries possess characteristics more akin to intermetallic materials
than conventional iono-covalent compounds and the position
of the Fermi level (Eg) is best characterized by consideration
of the total electron count. Er has been progressively lowered
through the chemical substitution of tin by indium, which re-
moves one electron for each tin atom substituted. This has
been used to effect changes to the electron transport proper-
ties, leading to an unusual double metal-to-semiconductor-to-
metal electronic transition with increasing indium content.
Band structure calculations reveal the presence of relatively
sharp narrow bands in the vicinity of Er and the tuning of E¢
through such a highly structured region of the DOS leads to a
marked increase in the Seebeck coefficient as the stoichio-
metric phase CosSnInS, is approached. The semiconducting
properties of this phase may be understood in terms of an
overall electron count which leads to a completely filled band.
The increase in electrical resistivity at this composition ap-
pears to be responsible for the minimum in thermal conductiv-
ity, the compositional dependence of which is dominated by
the electronic contribution. Materials with compositions either
side of CosSnInS, that exhibit a metallic p(T) dependence at
low temperatures display intrinsic semiconductor behavior
upon heating. Seebeck coefficient measurements suggest that
materials in this region are mixed conductors in which both
electrons and holes play a role; the sign of the measured See-
beck coefficient being both composition and temperature de-
pendent. The magnetic, and electrical transport properties of
Co3Sn,,In,S, may be summarized in the form of an electronic

“phase diagram” (Figure 15). The compositional tuning of
electrical transport properties by varying E¢ in a region where
the electronic density of states is highly structured, produces a
3-fold increase in the figure-of-merit of CosSn;,IngsS, (at 425
K) over that of the ternary end-member phase, indicating that
tuning of Eg to a discontinuity in N(E) is effective in enhanc-
ing the thermoelectric response. The maximum ZT = 0.32
observed for CosSn, glng 4S, at high temperatures is competi-
tive with other sulphide materials recently investigated. More-
over, the remarkably high power factors of up to 20 uW cm™
K determined for phases with x < 1 are of the same order as
those of bismuth tellurides, which exhibit power factors of 28,
49 and 56 uW cm™ K in bulk nanostructured,®® thin-film®’
and single-crystal®® forms respectively. The promising electri-
cal performance of Co;Sn,.In,S, suggests that further optimi-
zation for applications in low-grade waste-heat recovery may
be possible through for example, nanostructuring, to effect
reductions in thermal conductivity.
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