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ABSTRACT: Polycrystalline samples and single crystals of the new compound Ag;In,;MoisSers were synthesized by solid-state reaction
in sealed molybdenum crucible at 1300°C. Its crystal structure (space group R-3c, a = 9.9755(1) A, ¢ = 57.2943(9) A and Z = 6) was
determined from single crystal X-ray diffraction data and constitutes an Agfilled variant of the In;,Mo;5Ses structure-type containing
octahedral Mos and bioctahedral Moy clusters in the ratio 1:1. The increase of the cationic charge transfer due to the silver insertion
induces a modification of the Mo-Mo distances within the Mo clusters that is discussed with regard to the electronic structure.
Transport properties were measured in a broad temperature range (2 - 1000 K) to assess the thermoelectric potential of this com-
pound. The transport data indicate an electrical conduction dominated by electrons below 25K and by holes above this temperature.
The metallic character of the transport properties in this material is in agreement with electronic band structure calculations carried
out using the LMTO method. The complex unit cell together with the cagelike structure of this material results in very low thermal
conductivity values (0.9 W.m".K" at 300 K) leading to a maximum estimated thermoelectric figure of merit Z7 of 0.45 at 1100 K.

INTRODUCTION

Reduced molybdenum chalcogenides containing high nucleari-
ty Mo clusters exhibit generally complex crystal structure with
large voids totally or partially filled up by heavy atoms, which
show high atomic displacement parameters.! This cage-ike crys-
tal structure makes Mo-cluster compounds prospective candi-
dates for thermoelectric applications according to the PGEC
(Phonon Glass Electron Crystal) concept introduced by Slack.’
Such feature helps to reduce the lattice thermal conductivity,
which stands for one of the prerequisite to achieve high ther-
moelectric efficiency. This is quantitatively captured through
the dimensionless thermoelectric figure of merit defined as

ZT =a’T/ p(x, +x;) where a is the thermopower, p the
electrical resistivity, &, and &; the electronic and lattice

thermal conductivities, respectively, and T the absolute tem-
perature.’

One of the most well-known families of chalcogenide is the
Chevrel phase of general formula M\MogXs (M can be alkaline,
alkaline-earth, rare-earth, actinide or transition metal elements
and X is usually a chalcogen i.e. S, Se or Te).** The crystal struc-
ture of this phase is composed of MoeXs building blocks, which
consist of a Mog octahedron, surrounded by eight chalcogens
arranged in a distorted cube. The rhombohedral structure is
then built by stacking the MogXs units resulting in channels
where additional atoms M can be inserted. These phases fo-
cused considerable attention not only due to their peculiar
superconducting properties but also for their interesting ther-
moelectric properties.*” Both metallic and semiconducting
properties can be achieved depending on the nature and on the

concentration of the filling atoms M. In particular, a maximum
ZT value of 0.6 at 1150 K was obtained in doublefilled
Cu/FeMogSes compounds.’

The nuclearity of the Mo clusters is however not limited to six
and higher values can be achieved. The increase of the nucleari-
ty results from the one-dimensional trans-face sharing of Mos
octahedra. The bioctahedral Moy cluster stands for one building
block composing the crystal structure of a large number of
compounds. Specifically, this cluster was first observed alone in
AgMooSer; (3.4 < x < 3.9).% The crystal structure of these com-
pounds is formed by the MosSe;iSes cluster unit, which can
accommodate Ag atoms distributed over four independent
sites. Recently, the high-temperature thermoelectric properties
of AgMoySe, (3.4 < x < 3.9) were reported.'®! Our study has
revealed that the electronic properties can be tuned by varying
the Ag content. The transport properties progressively evolve
with increasing x from metallic-like transport to semiconducting
properties typical of heavily doped semiconductors. The prox-
imity to a semiconducting state results in a substantial en-
hancement of the thermoelectric performance typified by a
maximum ZT of 0.65 at 800 K for x close to the highest nomi-
nal content (x = 3.8 - 3.9).""" The main ingredient leading to
this high ZT value is the very low lattice thermal conductivity

(K, ~05-07 W.m'.K") observed in the AgMooSe;; com-

pounds. This encouraging result clearly shows that further in-
vestigating the thermoelectric properties of this class of materi-
als containing high nuclearity Mo clusters may be a worthwhile
way of research to pursue.



While studying the AgMooSer; family of compounds, we tried
to substitute a fraction of Ag by In to enhance the atomic mass
fluctuations throughout the crystal lattice (i.e. the disorder).
This substitution might introduce an additional source of pho-
non scattering thereby enabling to achieve lower thermal con-
ductivity values and thus, larger ZT values. However, this at-
tempt failed and led to a multiphase sample. Based on a single-
crystal Xeray diffraction study, the majority phase of this sample
was identified to be the new quaternary compound
AgsIn;MoysSers. Here, we present a detailed investigation of the
synthesis, the crystal and electronic structures as well as the low-
and high-temperature thermoelectric properties of this new Mo-
cluster material. Further characterization of this compound was
carried out through low-temperature Hall effect experiments (5
- 300 K) and specific heat measurements in a wide temperature

range (2 - 1200 K).

EXPERIMENTAL SECTION

Synthesis. Starting materials used for the solid-state syntheses
were MoSe;, InSe, Ag (Strem, 3N5), and Mo, all in powder
form. Before use, Mo powder (Plansee 4N) was reduced under
H, flowing gas at 1000°C during ten hours in order to elimi-
nate any trace of oxygen. The molybdenum diselenide was pre-
pared by the reaction of selenium (Umicore 5N) with H, re-
duced Mo in a ratio 2:1 in an evacuated (ca. 10? Pa Ar residual
pressure) and flame-baked silica tube, heated at about 700°C
during two days. InSe was synthesized from the elements (In
shots Strem Chemicals 3N) heated at 800°C in evacuated silica
tube. All starting reagents were found monophasic on the basis
of their powder X-ray diffraction diagram made on a D8 Bruker
Advance diffractometer equipped with a LynxEye detector
(CuKoy, radiation). Furthermore, in order to avoid any contam-
ination by oxygen and moisture, the starting reagents were kept
and handled in a purified argon-filled glovebox. AgsIn,MoisSess
was first observed as single-crystals in an attempt to insert indi-
um in AgssMogSe ;. The stoichiometry was only known after a
complete structural study on one of these single crystals by X-ray
diffraction. Subsequently, we could get a single-phase powder

sample, as shows it the X-ray diagram on Figure 1, by heating
the
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Figure 1. Observed (red crosses), calculated (black line) and differ-

ence profiles for the refinement of Agsln;MoisSeis in profile-

matching mode (A = 1.5406 A).

required stoichiometric mixture of Ag, Mo, InSe, and MoSe; in
a sealed molybdenum crucible at 1300 °C during 40 hours. The
analysis of X-ray diagrams of powders heated at 1300°C for 40

hours with starting compositions Ag.Jn,Moi5Ses with x ranging
between 2 and 3 showed that a single phase was only observed
for x comprised between 2.9 and 3. Beyond these limits, multi-
phase samples with In,MoisSers, MoSe; and (Ag,In)MosSes as
main impurities were obtained

Hot Uniaxial Pressing (HUP). The obtained samples of
AgsIn;MoysSeis were ground and subsequently densified by
HUP sintering that was carried out under vacuum (about 107
mbar). The pressing conditions were the following: the pressure
was applied from the beginning of the temperature increase (8
°C/min) to the end of the high temperature dwell. Typical
quantity of 5 g of AgsIn;Mo5Sery powders were introduced into
the @ 12 mm graphite dies previously coated with boron ni-
tride. The applied load was 50 MPa at the beginning of the
heating and was gradually increased to 85 MPa when the sinter-
ing temperature, 1300 °C, was reached. The dwell time was 2 h
for all experiments. The densities for all pellets were calculated
to be around 98% of the theoretical values after measuring
volume and weight.

Single crystal structure determination. A black crystal of di-
mensions 0.237 x 0.162 x 0.111 mm® was selected for data col-
lection. Intensity data were collected on a Nonius Kappa CCD
diffractometer using a graphite-monochromatized MoK, radia-
tion (A = 0.71073A) at room temperature. The COLLECT
program package'? was used to establish the angular scan condi-
tions (¢ and ® scans) during the data collection. The data set
was processed using EvalCCD*® for the integration procedure.
An absorption correction (Tmin = 0.1848, Tmax 0.0243) was
applied using the description of the crystal faces.'* The structure
was solved by direct methods using Sir97" and subsequent
difference Fourier syntheses in the space group R-3c. All struc-
ture refinements and Fourier syntheses were carried out using
JANA2006."® At this stage, difference-Fourier map revealed
significant electron densities near the atoms In (3.35/-3.00 ¢ A
%), and Ag (3.52/-2.35 ¢ A?). Third-order tensors in the Gram-
Charlier expansion'” of the indium and silver displacement
factors were used to better describe the electronic density
around these cationic sites. The residual R value dropped to
0.0293 and the residual peaks in the vicinity of In to 0.53 and -
0.84 ¢ A?, and Ag to 1.74 and -0.73 e A’. The non-harmonic
probability density function maps of In, and Ag did not show
significant negative region indicated that the refined model can
be considered as valid.'® The Figure 2 shows the isosurfaces of
the probability density for the Ag and In atoms.

(a) (b)

Figure 2. Non-harmonic probability density isosurface of (a) Ag,
and (b) In. Se atoms are drawn at an arbitrary size. Level of the
three-dimensional maps are at 0.05 A”.

Refinement of the occupancy factor of Ag atom led to the final
stoichiometry Ag; 99ln;MoisSes. Crystallographic data and Xeray
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structural analysis for the AgsIn;MosSeis compound are sum-
marized in Table 1, and selected interatomic distances are listed

in Table 2.

Table 1: Crystal and structure refinement data for
Ag;In,MoysSeo.

Formula AgsIn;MogsSers
Formula weight 3492.6

Crystal system trigonal

Space group R-3c

a(A) 9.9755(1)

c(A) 57.2943(9)

Volume (A% 4937.5(1)

V4 6

Pale (g/cm’) 7.0452

Radiation, wavelength (A) MoKa, 0.71073 A
Temperature of measurement (K) 293

20max (deg) 43.97

Reflections collected/unique/Rint ~ 47059,/4280/0.0706
Reflections with [>26(I) 3048

Crystal dimensions (mm?) 0.237x0.162x0.111
Absorption coefficient (mm™) 29.852

Absorption correction

Max./min. transmission
Goodness-of-fit on F2

R indices [I > 26(I)], R1, wR2

R indices (all data), R1, wR2
Largest diff. peak and hole (e A~)

Semi-empirical from equiva-
lents

0.1848/0.0243
1.08

0.0293, 0.0512
0.0555, 0.0562
1.95,-1.76

Table 2. Selected Interatomic Distances for Ag;In,Mo;sSeo.

Mo1-Mol 2.6784(3) In-Se5
Mol1-Mol 2.7007(2) In-Se2
Mol-Mo2 3.5694(4) In-Se2
Mo1-Se4 2.5812(4) In-Se2
Mo1-Se2 2.6340(4) In-Sel
Mol-Sel 2.5726(3) In-Sel
Mo1-Sel 2.5854(3) In-Sel
Mo1-Sel 2.6173(4)
Mo2-Mo2 2.6455(2) Ag-Se2
Mo2-Mo3 2.7763(2) Ag-Se2
Mo2-Mo3 2.6820(2) AgSe3
Mo2-Se5 2.5339(4) Ag-Sed
Mo2-Se2 2.5675(4)
Mo2-Se2 2.6538(5)
Mo2-Sel 2.6947(3)
Mo2-Se3 2.6699(2)
Mo3Mo3  2.7334(4)

2.9893(12)
3.2806(2)

3.2806(4)
3.2806(3)
3.5812(6)
3.5812(6)
3.5812(6)

2.677(3)
2.726(3)
2.5885(9)
2.881(2)

Mo3-Se2 2.6265(3)
Mo3-Se2 2.6264(4)
Mo3-Se3 2.5729(3)
Mo3-Se3 2.5729(3)

Computational procedure. Self-consistent ab initio band struc-
ture calculations were performed on the model compound
AgsIn;MoysSers with the scalar relativistic tight-binding linear
muffin-tin orbital (LMTO) method in the atomic spheres ap-
proximation including the combined correction.'” Exchange
and correlation were treated in the local density approximation
using the von Barth - Hedin local exchange correlation poten-
tial.”® Within the LMTO formalism interatomic spaces are filled
with interstitial spheres. The optimal positions and radii of
these additional "empty spheres” (ES) were determined by the
procedure described in ref. 21. Eight non-symmetry-related ES
with 1.48 A < rgs < 2.49 A were introduced for the calculations
on AgsIn;MoisSeyo. The full LMTO basis set consisted of 5s, 5p,
4d and 4f functions for Mo and Ag spheres, 5s, 5p, 5d, 4f for In
spheres, 4s, 4p, and 4d for Se spheres, and s, p, and d functions
for ES. The eigenvalue problem was solved using the following
minimal basis set obtained from the Léwdin downfolding tech-
nique: Mo 5s, 5p, 4d ; Ag 5s, 5p, 4d; In 5s, 5p; Se 4s, 4p; and
interstitial 1s LMTOs. The k space integration was performed
using the tetrahedron method.” Charge self-consistency and
the average properties were obtained from 417 irreducible k
points for Agsln,MoisSery. A measure of the magnitude of the
bonding was obtained by computing the crystal orbital Hamil-
tonian populations (COHP) which are the Hamiltonian popu-
lation weighted density of states (DOS).” As recommended,* a
reduced basis set (in which all ES LMTQO’s have been down-
folded) was used for the COHP calculations. Bands, DOS and
COHP curves are shifted so that & lies at 0 eV.

Transport properties measurement. The densified ingots were
cut with a diamond wire saw into bar-shaped (~ 2x2x8 mm’)
and cylindershaped samples (10 mm in diameter and 2 mm
thick) to determine their physical properties. The measurement
of the thermoelectric properties at low temperature (2 - 300 K)
was carried out using the thermal transport option (TTO) of
the physical properties measurement system (PPMS, Quantum
Design). The TTO allows sequential measurements of the elec-
trical resistivity, Seebeck voltage and thermal conductivity at
each selected temperature. The contacts were realized by attach-
ing four copper leads onto the sample using conducting silver
epoxy. A temperature gradient was established by heating one
end of the specimen while maintaining the other end to a low-
temperature reservoir. Calibrated cernox thermometers were
attached to the sample 5 mm apart. The temperature difference
and the voltage were monitored at the same positions along the
sample. Hall coefficient measurements were conducted between
5 and 300 K on the same sample using a five-probe method
with the AC transport option of the PPMS using copper wires
attached with a tiny amount of silver paste. The transverse elec-
trical resistivity p,, was measured while sweeping the magnetic

field from —5 to +5T. To dismiss any magnetoresistive contribu-
tion due to misalignments of the contacts, the Hall voltage py

was derived from the antisymmetric part of p,, under magnet-

ic field following the
it =P CHtgH) = g (~p1gH))/2 .

reversal formula



For measurements over the temperature range of 300 - 1000 K,
the thermopower and the electrical resistivity were simultane-
ously measured with a ZEM3 system (ULVAC-RIKO) under
partial helium atmosphere on the bar-shaped sample. The
thermal conductivity ¥ was determined in the same tempera-
ture range via thermal diffusivity (LFA 427, NETZSCH) meas-
urements on the prism-shaped sample. Both properties are re-
lated by the formula K =aCpp; where a is the thermal diffu-

sivity, Cp is the specific heat and py is the thermal expansion

coefficient. Specific heat measurements (DSC 403 F3,
NETZSCH) were carried out under argon atmosphere while the
thermal expansion of the unit cell was not taken into account
in the present study.

Uncertainties in the electrical resistivity, Hall coefficient, ther-
mopower and thermal conductivity measurements are estimated
to 5%, 5%, 5% and 8 %, respectively. An overall good match
between the low-temperature and high-temperature data sets
was observed, the deviation being at most 10 %.

RESULTS AND DISCUSSION

Crystal Structure. A view of the crystal structure of
Agln;MogsSeyy is shown in Figure 3. The Mo-Se framework is
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Figure 3. View of the crystal structure of Ag;ln;Mo1sSeqs along the
b axis. Ellipsoids are drawn at the 97 % probability level.

similar to that of In;Mo;5Se;s” and is based on an equal mix-
ture of Mo,SeSe! and Mo,Se| Sel cluster units intercon-

nected through Mo-Se bonds (for details of the i- and a-type
ligand notation, see Ref. 26) (Fig. 4). The first unit can be des-

Figure 4. Plot showing the atom-numbering scheme and the inter-
unit linkage of the Mo¢SesSes and MoySe;1Ses units.

cribed as a Mos octahedron surrounded by 8 face-capping inner
Se' (6 Sel and 2 Se4) and 6 apical Se* (Se2) ligands. The Moy
core of the second unit results from the face sharing of 2 octa-
hedral Mog clusters. The Moy cluster is surrounded by 11 Se'
atoms capping the faces of the bioctahedron and 6 apical Se?

ligands above the ending Mo atoms. The Mo,SeSe? and

Mo,Se! Se? units are centered at 6b and 6a positions and have

the point-group symmetry -3 and 32, respectively. The Mo-Mo
distances within the Mo clusters are 2.6784 (3) A for the intra-
triangle distances (distances within the Mos triangles formed by
the Mo1 atoms related through the threefold axis) and 2.7007
(2) A for the inter-triangle distances. In In;MosSes, the two
later values are larger, 2.686 (2) and 2.772(10) A, respectively.
This reflects the different cationic charge transfers towards the
Mos clusters in the two parent compounds. Indeed, the con-
traction of the Mos cluster observed in the Agfilled compound
corresponds to an augmentation of the number of electrons on
the Mos cluster as previously observed in the MMogXs series
when the cationic charge increases.” The Mo-Mo distances with-
in the Moy clusters are 2.6455 (2) and 2.7334 (4) A for the dis-
tances in the triangles formed by the Mo2 and Mo3 atoms,
respectively. In In;MoisSers, the corresponding distances are
equal to 2.674 (2) and 2.680 (4) A. The distances between the
triangles formed by the Mo2 and Mo3 atoms are 2.6820 (2) and
27763 (2) A in Agsln;MosSers compared to 2.712(5) and
2.808(6) A in In;MoysSeo. Although, the structural response of
the Moy cluster with respect to the increase of the charge trans-
fer is more complex, we observe that the Mo2-Mo?2 intratriangle
as well as the two Mo2-Mo3 intertriangle distances are shorter
in the Agfilled compound. On the other hand, a slight increase
of the Mo3-Mo3 bonds occurs in the median Mos triangle
(2.680 (4) A in In;MoysSey). Nevertheless, the overall effect is
again a contraction of the cluster as reflected by the interplane
distance A(2)-A(3) which decreases from 2.280 to 2.263 A. This
trend is analogous to that reported for the series InMojsSey
(2.9<x<3.4) when the indium content x increases.’’ The latter
compounds also contain MogSes and MosSey units but arranged
in a different way. The Mo-Se distances are nearly unaffected by
the cationic charge and range between 2.5726 (3) and 2.6340
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(4) A within the Mo,SeSe? unit and between 2.5339 (4) and

2.6947 (3) A within the unit, as usual. Finally, the three
dimensional packing arises from the interconnection of the

Mo,SeiSe! and Mo,Sel,Se? cluster units through Mo-Se
bonds. Indeed, each Mo,SeiSe? unit is interconnected to 6

Mo,Se; Se? units (and viceversa) via Mo1-Se2 bonds (respec-

tively Mo2-Sel) to form the three-dimensional Mo-Se frame-
work, the connective formula of  which is
[Mo,Se}Sei 1Sel, [Mo, SeiSeis1Ser, . It results from this
arrangement that the shortest intercluster Mol-Mo2 distance
between the Mos and Moy clusters is 3.5694 (4) A compared to
3.389(3) A in In;MosSeys, indicating only weak metal-metal
interaction.

The Ag atoms occupy distorted triangular bipyramid sites locat-
ed between two consecutive In sites with Ag-Se distances rang-
ing from 2.5885 (9) to 2.881 (2) A (Figure 5). This insertion
leads to a modification of the In environment due to its dis-
placement towards the Se5 atoms and to the receding of the
Se3 atoms. Indeed, in In;Mo;sSeys, each In atom is in penta-
capped trigonal prismatic environment of selenium atoms with
In-Se distances ranging from 3.162 (2) to 3.800(4) A, while in
Agln;MogsSers, the In cation has seven Se atoms as nearest
neighbors with In-Se distances in the ranges 2.9893 (12) -
3.5812 (6) A. These seven Se atoms form a monocapped octa-
hedron compressed along the threefold axis. The three Se3
atoms at 3.800 (4) A from the In atom in In;MoisSes are now
at 419 A in Ag;lnzMOHSelg.

Figure 5. Selenium environments for the In and Ag atoms (ellip-
soids at the 97 % probability level).

Electronic structure. Several theoretical studies have been de-
voted to Mos and Moy cluster based chalcogenides.”*® In most
cases, the band structure of these compounds can be explained
on the basis of the electronic structure of the cluster units: In-
ter-cluster interactions that may occur hardly modify the main
features of the molecular orbital (MO) pattern of the cluster in
the three-dimensional solid. The MO diagram of MoSes shows
a significant HOMO/LUMO gap that separates Mo-Mo bond-
ing and non-bonding MOs from antibonding MOs for the me-
tallic electron (ME) count, electrons that are available for metal-
metal bonding, of 24.% The extended Hiickel MO diagram of
the MooSei1 unit shows an overall non-bonding MO lying in the
middle of a large gap, so that the favored ME count of this mo-
tif is equal to 36 or 38 depending upon the occupation of this
MO.% A more recent study based on DFT calculations showed

that the corresponding MO is slightly Mo-Mo antibonding and
rather high in energy so that the optimal ME count of the
MosSe;; cluster is equal to 36 ME.” Therefore assuming an
ionic interaction between the cations and the molybdenum
selenide network as well as an insignificant interaction between
Mos and Moy clusters in a first approach, the band structure of
such compound should exhibit a gap that divides Mo—Mo
bonding bands from Mo-Mo antibonding bonds. DOS and Mo-
Mo COHP curves of In;MosSes computed within a DFT ap-
proach are sketched in Figure 6 and 7. Since bands that lie in
the vicinity of the Fermi level are mainly centered on molyb-
denum, only Mo-projected DOS are drawn. The density of
states at the Fermi level is centered on metallic atoms of both
Mos and Moy clusters. A band gap of a width equal to 0.25 eV
appears ca. 0.40 eV above the Fermi level. As shown by the
COHP curves, this gap lies between low—lying Mo—Mo bond-
ing and non-bonding bands and high—lying metal-metal anti-
bonding bands. In In;MoysSeys, the total ME count is equal to
54 because of the monovalent character of indium. Since the
optimal ME counts of Mos and Moy clusters are equal to 24
and 36, respectively, 6 extra electrons are needed to reach the
optimal ME count of both clusters. These extra electrons can be
supplied by insertion of cations such as alkaline, alkaline earth,
or transition metals. Assuming a rigid band model and an ionic
interaction of the inserted atoms in In;MoisSey, the additional
electrons will be located in the bands that lie just above the
Fermi level and Mo-Mo bond distances should change in ac-
cordance with their COHP. In the case of Ag;In;MosSeys, vari-
ations of Mo—Mo bond lengths fully agree with the expected
one on the basis of the COHP computed for In,MosSers. A
major part of Mo—Mo bonds of AgsIn;MoisSes are shortened
compared to the parent compound since bands that lie just
above the Fermi level in In;Mo1sSeis show a significant Mo—Mo
bonding character (see Fig. 7 b—d, f). Conversely, the Mo3—
Mo3 bond is lengthened since the bands above the Fermi level
in In;MoysSeys exhibit an antibonding character for this contact
(see Fig. 7 a). Finally, the very weak shortening of the intra-
triangle Mo1-Mol bond is consistent with the non-bonding
character of the bands of the lowest empty bands of the band
structure of In;MoysSeys. These results reinforce our approaches
that consider an electronic donation of the inserted metal atom
towards the molybdenum selenide clusters.
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Figure 6. DOS curves for In;MoysSe;o: (a) total, (b) Mog-projected,
(c) Mog-projected.



~COHP (/ cell)

b L o o N
E
>
o

%‘Mh\ °
8
go ; wwv
o4l
o I
|
= ! c
g1r |
= M"MWM\/M*V\J\'\«J\,M "
g0 I
3 |
=1F T
] ey vy a
8
=0
o 1
e, W
Q ! W
Q2 !
I
=1F
3 bt AN A e
g* !
o \
Q .
§1WW\ f
=0 - w
[N I
. | W
Q : : | . ,
4 -2 0 2 4

Energy (eV)

Figure 7. COHP curves for Mo-Mo bonds: (a) 2.680 A, (b) 2.712 A,
(c) 2.808 A, (d) 2.674 A, (e) 2.686 A, (f) 2.772 A computed for
In;MoisSers. (a—d) and (e—f) curves correspond to Mo-Mo bonds of
Moy and Mog motifs, respectively.

The DOS curves computed for the model compound
AgsIn;MoysSeyo are sketched in Figure 8. Assuming the dona-
tion of one electron per inserted silver atoms, as it is confirmed
by the computed atomic charge, the total ME count per formu-
lation unit reaches 54 + 3 = 57. This ME count is lower that the
one corresponding to a semiconducting state, i. e. 60 ME. The
DOS thus suggests a p-type metallic behavior. It is worth point-
ing that a pseudo gap lies a few hundredth of eV below the
Fermi level. Considering the following formula Ags
Jn:MoysSers corresponding to a lack of a few silver atoms, the
title compound may behave as a semimetal.
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Figure 8. LMTO DOS of AgsIn;Mo1sSeo.

Electronic Properties. Figure 9 shows the temperature de-
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Figure 9. (a) Electrical resistivity versus temperature. (b) Loglog
plot of the low-temperature data to underline the sharp drop that
sets inat~ 7 K.

pendence of the electrical resistivity. Two distinct features can
be identified in the p(T) data: a sharp drop in the p values at

T ~ 7 K and a switch in the electrical conduction from a semi-
conductinglike behaviour below 100 K to a metallic-like one
above this temperature. This last behaviour remains unaffected
upon further increasing 7 up to 800 K. The sudden decrease
in p(T) near 7 K may suggest that a magnetic or a structural

phase transition set in. However, as we shall see below, no fin-
gerprints of such transitions could be detected in other
transport data suggesting either an electronic origin or the pres-
ence of a small fraction of secondary phase which becomes su-
perconducting at ~ 7 K. The latter possibility may be related to
Chevrel phases M;MogSes that can show superconductivity de-
pending on the nature of the M atoms.® In the present case,
both InMogSes and AgMogSes undergo a superconducting tran-
sition at 8.2 and 5.9 K| respectively, and may therefore explain
the observed drop in o(T") .*** The second turn over occurring

near 100 K may result from a balance between the variations in
the carrier concentration and in their mobility. However, as we
shall see below, this scenario is not applicable here since both
holes and electrons participate to the transport suggesting that
the temperature dependence of the concentrations and mobili-
ties of each carrier give rise to the observed behaviour of p(T) .

Figure 10 depicts the Hall resistivity py as a function of the
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Figure 10. Hall resistivity pg as a function of the applied magnet-

ic field pgH measured at (V) 15, (9) 25, (+) 55, (1) 100, (O0) 200

and (0) 300 K. The solid lines represent the best linear fit to the
data.

applied magnetic field gyH at selected temperatures. Above 10

K, all the py (1pH) curves exhibit a linear field dependence in
the field range covered. The positive slope corresponds to an
electrical conduction dominated by holes. Below 25 K, howev-
er, the positive slope turns into a negative one revealing the
presence of electrons that dominates the low-temperature mag-
netotransport. The temperature dependence of the Hall coeffi-
cient Ry, extracted from the slope of the isothermal

P (oH) curves, is depicted in Figure 11. Up to 100 K, the
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Figure 11. Temperature dependence of the Hall coefficient Ry .

Ry values increase while above this temperature, the variations

are strongly lessened though still discernable. Together with the
switch from a holelike to an electron-ike signal below 25 K,
this temperature dependence suggests a multiband character of
the electrical conduction in this material. In such a case, the

carrier concentration derived from the Ry values using the

single-carrier relations n=—-1/Rye and p=1/Rye (e is the
elementary charge) for electrons and holes, respectively, stands
for upper limits of the actual electron and hole concentrations.
A more detailed quantitative analysis would then require to
apply a two-band model to derive the temperature dependence
of n and p. This modelling is beyond the scope of the present
study and we therefore restrict our analysis to a derivation of
the carrier concentrations within a single-band picture. The
hole concentration remains nearly constant in the 50 - 300 K
temperature range and amounts to 3x10?! cm?. As for the Hall
mobility, defined as py =Ry / p, a singleband model gives a
lower limit of the hole and electron mobilities. In the present
case, iy is of the order of a few cm”*.V'.s' above 50 K (Figure

12). These low values are coherent
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Figure 12. Hall mobility as a function of temperature in log-log
format.

with the presence of Mo dstates near the Fermi level usually
leading to low g values as already observed in Chevrel phases
and in AgMooSe;;."!

Further information on the scattering mechanisms of the
charge carriers can be obtained from the g (T) data. In the

conventional theory of itinerant charge carriers, g (T') can be

modelled by a simple power law 7~° when one scattering
mechanism limits the mobility for the temperature range of
interest. The value of the exponent s reflects the dominant
source of diffusion of the charge carriers and can be equal to
-3/2, 0 or 3/2 for acoustic phonon, neutral impurities and
ionized impurities scattering, respectively. Figure 12 suggests
that ionized impurities may dominate the transport between 20
and 100 K while above this temperature, a decrease in g with

T is observed. A fit of the mobility data between 100 and 300
K using a power law leads to an exponent of ~ - 0.75. This value
may point to the presence of multiple scattering mechanisms
and might be a sign of the influence of acoustic phonon scatter-
ing becoming increasingly important as T rises. Alternatively,
other scattering mechanisms may play a role in the temperature
dependence observed. Besides the three conventional mecha-
nisms mentioned above, optical phonons could also limit the

mobility of the carriers giving rise to a 7 /% dependence.
Though usually observed at high temperatures, this mechanism

7



cannot be ruled out in the present case. Further Hall effect
measurements above 300 K would be helpful in determining
the exact nature of the scattering mechanisms in this material.

The temperature dependence of the thermopower is depicted
in Figure 13. Across the entire temperature range investigated,
a
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Figure 13. Temperature dependence of the Seebeck coefficient.

is positive indicative of holes as the dominant charge carrier. «

increases with increasing temperature to reach ~ 80 uV.K 1 at
800 K. The non-linear behaviour in the a(7) data contrasts

with a linear dependence expected in a metallic state for which
thermal diffusion of the charge carriers prevails. In the present
case, a(T) shows a temperature dependence that mimics that

of heavily doped semiconductors for which the non-linearity
arises due to a loss of degeneracy when the Fermi level nears the
valence or conduction band edges. However, in light of the
above-mentioned Hall data, the temperature dependence may
originate from a balance between the hole and electron contri-
bution to the thermopower.

0 1 1 1 1

1
0 200 400 600 800 1000
T(K)

Figure 14. Specific heat Cp versus temperature. The solid line

represents the Dulong-Petit estimation.

Thermal Properties. Figure 14 shows the temperature depend-
ence of the specific heat Cp from 2 up to 1200 K. Neither
structural nor superconducting transition could be evidenced
suggesting that the anomaly observed in the P(7") data is not
intrinsic to this compound. The low-temperature Cp(T) data

enables to get information on the density of states at the Fermi
level and to extract the Debye temperature. Using the conven-

tional Fermi-liquid relation C, /T =y + [)’Tz, where ¥ is the

electronic contribution and /3T2 is the phononic contribu-
tion, a fit in the 4 - 15 K? range yields 54.8 mJ.mol".K? and
0.0189 mJ.mol"K* for ¥ and f3, respectively. The former is
related to N(E,) via y=0.176N(E,) where ¥ and
N(E,) are expressed in m].mol'.K* and states.Ry".(f.u.)",

respectively. The ¥ value leads to an experimental N(E})

value of 23 states.eV'.(f.u.)!, in fair agreement with our band
structure calculations (37.5 states.eV'.(f.u.)!). The difference
between the experimental and theoretical values may be related

to the sensitivity of N(E}) to the exact position of the Fermi
level, located in the present case in a strongly-varying DOS re-
gion. The coefficient [3 can be utilized to derive the Debye

1

127°NR |3
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number of atoms per formula unit and R is the gas constant.

This formula results in a very low value of 159 K. As we shall

see below, this value correlates with the low thermal conductivi-
ty exhibited by this compound.

temperature QD from HD = where N is the

At high temperatures, the Dulong-Petit law is usually employed
to estimate Cp(T). This law provides a constant value, which
stands for the contribution of the lattice vibrations of a har-
monic crystal. In real crystals, however, Cp(T) can largely ex
ceed this value since the anharmonicity of the lattice vibrations,
primarily arising from the thermal expansion of the unit cell, is
not taken into account. The difference between this approxima-
tion and the measured data can be easily observed in Figure 14.
The Dulong-Petit law is valid near 300 K and up to 600 K while
above the latter this approximation breaks down. In the whole

temperature range, the Cp(T) data increase linearly following
the linear function Cp(T) = 0.28454T +837.54 J.mol ' K.

This fit was used to calculate the temperature dependence of
the total thermal conductivity shown in Figure 15a.
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Figure 15. Temperature dependence of the (a) total thermal
conductivity and (b) lattice thermal conductivity. The estimated
values are close to the theoretical calculated using Eq.(3).

K increases monotonically with temperature to reach 1.4 W.m'
K" at 800 K. This behaviour is at odd with that of a dielectric
crystal for which a dielectric maximum at very low temperatures

followed by a 77! dependence is expected. The observed be-
haviour is reminiscent to glassy systems and several crystallo-
graphic features may explain this dependence in the present
case. The complex crystalline structure exhibiting a high degree
of disorder is likely the main ingredient that strongly shortens
the phonon mean free path. The large anisotropic thermal mo-
tion of the Ag atoms might constitute an additional mechanism
leading to a strong dampening of the acoustic heat-carrying
waves. Even though our Xeray diffraction studies have provided
evidence for abnormally large thermal displacement parameters,
further spectroscopic tools such as inelastic neutron scattering
would be helpful in determining whether the dynamical motion
of these atoms plays a significant role.

The separation of the lattice and the electronic contributions to
the thermal conductivity can be achieved via an estimation of
the latter component by the Wiedemann-Franz law

K, =LT/p where L is the Lorenz number. A simple assump-
tion consists of taking the value of a degenerate electron gas i.e.
L=L,= 2.44x1078 V2K, Even though this approximation

is reasonable at low temperatures (7' < 300 K), it usually fails to
describe the electronic contribution of the thermal conduction
at higher temperatures in heavily-doped semiconductors or in

materials with low & values and a nonnegligible x, contribu-
tion. The AgsIn;MosSeiy compound stands for a prominent
example of the latter since using L =L, would result in un-

physical x; values near 1100 K and even to negative values

above this temperature. Hence, above 300 K, the temperature
dependence of L has to be taken into account to obtain a
more accurate assessment of the lattice contribution. As a first
approximation, we tried to estimate L using a single-parabolic-
band model. Within this description, the Lorenz number is
expressed as

ks A+ DG+ DEDFy () =2+ AR, (1) W
e’ 1+ A Fy ()

where kp is the Boltzmann constant, e is the elementary
charge, A is a scattering constant related to the energy depend-

ence of the electronic scattering mechanism and F; is the Fer-

mi integral of order i defined as F;(U):J.L
o L rexpls 7]

where & is the reduced energy of charge carriers and 77 is the
reduced Fermi level defined as n=Ep/kgl . In Eq.l), we

utilized the 7 values inferred from the analysis of the ther-
mopower data using

(Z:—k—B (2+A)Fi+/l(77) -7 (2)

e\ A+DF,(m)

The Hall data have shown that, near 300 K, either neutral im-
purity and acoustic phonon or optical phonon scattering may
be held responsible for the gy (T) data. These scattering
mechanisms result in 1 =1/2, 1=0 and A =1, respectively.
In addition, we assumed that a single mechanism dominates
the hole diffusion. This model then leads to L values of
2.32x107%, 2.18x10™ and 2.39x107® V2K, respective-
ly. These different values result in very similar lattice contribu-
tion x; which amounts to ~ 0.5 W.m".K" at 300 K (Figure
15b). This extremely low value, similar to those of other Mo-
cluster compounds,”'®'" indicates that efficient phonon-
scattering mechanisms limit the heat transport in this com-
pound.

It is instructive to compare the lattice contribution to the min-
imum thermal conductivity (also referred as the amorphous
limit) calculated following the model developed by Cahill, Wat-
son and Pohl and based on the Einstein’s model of the thermal
conductivity of crystalline solids.*** In this model, the mini-

. o 32
mum thermal conductivity K~ is given by

! 2 LN
T\, 3 x’e
Kpin =| — | kgV 3 ) v| — I—dx 3)
min [6} 5 Z o, (e —1)2
i 0
where the summation is performed over one longitudinal and
two transverse modes. In this formula, V' is the average volume
per atom, 6, =vi(h/kB)(67r2/V)”3, and v; are the Debye

temperature, and the sound velocity associated to the longitu-
dinal and transverse modes, respectively. In the present case,
the values of the transverse and longitudinal velocities of

sound, vy and v; respectively, were measured at room tem-
perature on an isostructural compound (Ag;T1;Mo;5Sers) and
equal to 1680 and 3350 m.s™!, respectively. As shown in Fig-
ure 15b, the x; values approach the amorphous limit at 300 K
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indicating that the phonon mean free path is close to the mean
value of the interatomic distances. Above 300 K, it seems there-

fore reasonable to assume that &; (7)) is practically tempera-

ture-independent and very close to the amorphous limit of ~

0.38 W.m".K".

Combining the electrical resistivity, the thermopower and the
total thermal conductivity, the temperature dependence of ZT
can be calculated and is illustrated in Figure 16. The maximum
value of 0.45 achieved at 1100 K is lower than those obtained
in the Cu/FeMogSes and AgMosSe; (x = 3.8) compounds (ZT
= 0.6 at 1150 K and 0.65 at 800 K, respectively).”'*!! This dif-
ference can be attributed to the multiband nature of the electri-
cal conduction preventing to achieve high thermopower values
in AgglnzMolgSew.

0.8

200 400 600 800 1000 1200
T(K)

Figure 16. Temperature dependence of the thermoelectric figure of
merit ZT.

CONCLUSION

In summary, we have presented the crystal structure of the new
quaternary Mo-cluster compound AgsIn;MoysSeys. Single crystal
Xeray diffraction study shows that the crystal structure is built by
the MosSes and MogSe; cluster units found in the crystal struc-
ture of the Chevrel phase and of the AgMosSe;; compounds,
respectively. Electronic band structure calculations revealed that
the Fermi level lies within the valence bands in agreement with
the hole-dominated transport properties. The complex crystal
structure combined with large anisotropic thermal displacement
parameters of the Ag atoms stands for two essential features
governing the thermal transport in this compound. The low
thermal conductivity values, comparable to those observed in
the Chevrel and the AgMosSer; phases, are the key ingredient
leading to a relatively high ZT of 0.45 at 1100K. Further opti-
mization of the thermoelectric properties may be achieved by
suppressing the multiband conduction to enhance the ther-
mopower values. This may be realized via substituting Ag/In by
other cations and/or by introducing other elements on the
Mo/Se sites.
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SYNOPSIS TOC. AgsIn;MoisSers constitutes an Ag-filled variant of In,MogsSers containing Mog and Moy clusters. Its metallic
behavior is in agreement with electronic band structure calculations carried out using the LMTO method. The complex unit

cell together with the cage-like structure of Agsln;Moi5Ses results in very low thermal conductivity values leading to a ZT of
0.45at 1100 K.
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