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Abstract 

Mo-based cluster compounds containing Mo6 and Mo9 cluster units have long been known 

for their rich chemistry and the diversity and complexity of their crystal structures. While 

most studies have mainly focused on their crystallographic properties, recent investigations 

have pointed out their potential for thermoelectric applications in power generation. These 

compounds derive their good properties from the three-dimensional arrangement of the 
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clusters between which cations reside. This inherent disorder strongly limits the ability of 

these materials to transport heat that often leads to a temperature dependence of the lattice 

thermal conductivity that mirrors that observed in glassy systems. In addition, most of these 

compounds can be driven from a metallic toward a semiconducting state through insertion 

of additional cations. Here, we review the recent progress made on determining the 

transport properties of these compounds, discussing in particular the key ingredients that 

lead to their peculiar thermal properties, and examine possible future directions to further 

enhance their thermoelectric properties.  
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1. Introduction 

Thermoelectric materials in which a temperature difference generates an electric field 

and vice versa, enable direct solid-state energy conversion between heat and electricity [1-3]. 

While thermoelectric refrigerators would provide an elegant alternative to replace 

compression-based refrigerators, thermoelectric generators would allow for a systematic 

production of electricity from waste-heat sources. The design and optimization of efficient 

thermoelectric devices is intimately linked to the physical properties of the materials that 

constitute their active part [1-3]. The conversion efficiency of the device is governed by the 

so-called dimensionless thermoelectric figure of merit ZT defined at the absolute 

temperature T as ZT = 2T/ where  is the electrical resistivity,  is the thermopower (or 

Seebeck coefficient), and  is the total thermal conductivity which is the sum of a lattice (L) 

and an electronic (e) contribution [1-3]. The interdependence of these three transport 

properties via the carrier concentration makes the optimization of thermoelectric materials a 

challenging task. Among the various strategies used to identify promising systems, the 

search for materials that inherently behave as good thermal insulators can be driven by 

simple guiding rules based on their crystallographic characteristics. A complex unit cell 

containing a large number of heavy atoms has been traditionally a fruitful guiding principle 

to discover compounds that exhibit low lattice thermal conductivity values [4-14].  

The diversity, flexibility, and complexity of the crystal structures formed by cluster 

compounds based on molybdenum atoms naturally make these materials worthy of detailed 

experimental and theoretical investigations. The Chevrel phases MxMo6X8 (M = alkali, 
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alkaline-earth, rare-earth, transition metals; X = S, Se, and Te; 0 ≤ x ≤ 4), the crystal structures 

of which are based on the octahedral Mo6 cluster, are one of the most famous family of such 

compounds widely investigated for their magnetic, superconducting, and thermoelectric 

properties [15,16]. A remarkable property of their crystal structure is the possibility to 

accommodate various types of cations in the voids existing between the Mo6X8 clusters. 

These cations provide additional electrons that drive the compound toward a 

semiconducting state and help to lower the lattice thermal conductivity. From these two 

combined effects, interesting thermoelectric properties emerge with a peak ZT value of 0.6 at 

1150 K achieved in the composition (Cu/Fe)Mo6Se8 [17].  

Clusters with higher nuclearities (Mo9, Mo12, Mo15, Mo18, Mo21, Mo24, Mo30, and Mo36 

cluster units) have been obtained in more than 40 different structure types and extensively 

studied over the last decades [18-29]. As in Chevrel phases, various cations can be inserted 

in the inter-cluster space to stabilize the structure. These voids are significantly larger than 

those present in the Chevrel phases, often leading to very large, anisotropic thermal 

displacement parameters for the cations [18-29]. The strong disorder induced by the 

presence of these intercluster atoms is an important ingredient that helps to limit the 

propagation of heat-carrying acoustic phonons [30-41]. 

In this chapter, we provide a brief overview of the results obtained experimentally on 

the thermoelectric properties of these materials over the last few years. Due to the diversity 

of structures that can be built with Mo-based clusters, we will focus on compounds that are 

formed by Mo6 and Mo9 cluster units with known transport properties. We will also present 

the main crystallographic features that give rise to very low, glass-like lattice thermal 
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conductivity. Our main objective is to highlight the potential of this large class of materials 

for thermoelectric applications and present possible future directions to further enhance 

their thermoelectric properties. 

2. Synthesis and crystal structure 

2.1 Syntheses and crystal growths 

 

Most of the synthetic routes used to prepare polycrystalline samples are based on 

direct reactions of powders (Mo, Ag) and precursors (MoSe2, InSe, TlSe) in sealed silica 

tubes at high temperatures [30-41]. Prior to use, Mo powders are reduced under H2 flowing 

gas at 1000°C during 10 h in order to eliminate traces of oxygen. The precursors are also 

synthesized by direct reaction of elements of high purity in sealed silica tubes. Monophasic 

powders of MoSe2, InSe, and TlSe are obtained by heating stoichiometric mixtures of 

elemental powders at 700, 800, and 500°C, respectively, during 48 h.  

For the series AgxMo9Se11 with nominal compositions x = 3.4, 3.5, 3.75, 3.8, 3.9, and 

4.0, stoichiometric amounts of MoSe2, Mo, and Ag in powder form are cold pressed into 

cylindrical pellets which are subsequently placed in silica tubes sealed under vacuum 

[30,31,36,37,40]. The tubes are then heated at 950°C for 48 h.  

In some cases, a quaternary phase can be obtained by direct reaction of a ternary 

cluster compound with an excess of another element during long-term annealing at high 

temperatures. This kind of synthesis has been successfully applied to Tl2Mo9Se11 in the 

presence of Ag powders which led to the formation of the novel quaternary compound 
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Ag2Tl2Mo9Se11 after annealing at 800°C during two weeks [32]. Subsequent syntheses of 

polycrystalline samples of nominal compositions AgxTl4-xMo9Se11 (1.9  x  2.3) by heating 

stoichiometric mixtures of Ag, TlSe, MoSe2, and Mo at 1180°C for 48 hours in evacuated 

silica tubes evidenced the possibility to vary the Ag-to-Tl ratio while maintaining the 

monophasic nature of the sample.  

The quaternary cluster compound Ag3RbMo9Se11 has also been discovered following 

a similar annealing treatment [38]. Reactions of MoSe2, Ag, and Mo powders mixed with 

powders of the ternary compound Rb2Mo6Se6 at 1200°C for 48 h in sealed silica tubes led to 

the formation of a phase-pure polycrystalline sample of Ag3RbMo9Se11. Further experiments 

revealed that the Ag content can be slightly decreased down to 2.6 atoms per formula unit.  

For the Ag3In2Mo15Se19 and Ag3Tl2Mo15Se19 compounds [33,41], direct reactions of the 

precursors InSe, TlSe, and MoSe2 together with Mo and Ag powders have been realized at 

1300°C for 40 h. Due to the high temperature required for these reactions, the mixtures were 

sealed in molybdenum crucibles under a low argon pressure (c.a. 0.6 bar) using an arc 

welding system.  

Some Mo-based cluster compounds cannot, however, be obtained via direct reactions 

of elements with precursors. This is, for instance, the case of the above-mentioned ternary 

compound Rb2Mo6Se6 used as a precursor [38]. In such a case, a two-step synthesis needs to 

be considered that notably includes an ion-exchange reaction. As a first step, the ternary 

compound In2Mo6Se6 has been synthesized by heating a stoichiometric mixture of InSe, 

MoSe2, and Mo powders at 1000°C during 36 h in a sealed silica tube. The second step then 

consists in an ion-exchange reaction of In2Mo6Se6 with RbCl at 800°C. For this reaction, 
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In2Mo6Se6 and RbCl powders are mixed in the proportion 1:2.5 and cold pressed into a 

cylindrical pellet which is placed in a long silica tube sealed under vacuum. The end of the 

ampule where the pellet is located is introduced in a furnace, heated at 800°C during 2 days 

while maintaining the other end of the tube at room temperature.  

The growth of single crystals of these various compounds could be realized by either 

a vapor-transport technique or by a recrystallization process by subjecting the 

polycrystalline pellets to an annealing treatment at very high temperature [31-33,38,41]. The 

former technique has been considered to grow single crystals of AgxMo9Se11 using AgCl as 

the transport agent in a sealed silica tube [31]. A temperature gradient of 30°C has been 

applied between both ends of the tubes kept at 1030 and 1060°C during 10 days. The later 

route has been used to obtain single crystals of the cluster compounds Ag3RbMo9Se11 [38], 

Ag3In2Mo15Se19 [33], and Ag3Tl2Mo15Se19 [41]. While single crystals of Ag3RbMo9Se11 were 

obtained by prolonged annealing at 1250°C for 96 h, single crystals of Ag3In2Mo15Se19 and 

Ag3Tl2Mo15Se19 could be grown by heating cold-pressed pellets in molybdenum crucibles at 

1650°C during 3h with applied heating and cooling rates of 300°C/h and 100°C/h, 

respectively.  
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2.2 Crystal structures 

  

 The AgxMo9Se11 (3.4 ≤ x ≤ 3.9) compounds crystallize in the orthorhombic space group 

Cmcm [30,31,36,37,40,42]. The building block of the crystal structure of these compounds is 

the Mo9Se11Se6 cluster unit (Figure 1a), which can be seen as the fusion of two octahedral 

Mo6Se8Se6 cluster units (Figure 1b) similar to those found in the Chevrel phases [42].  

 

 

Fig. 1 Schematic representation of the formation of the Mo9Se11Se6 cluster unit (a) resulting 

from the condensation of two octahedral Mo6Se8Se6 cluster units (b). The Mo and Se atoms 

are represented in blue and orange, respectively. In both figures, the thermal ellipsoids are 

represented at the 97% probability level.  

a) b)
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The Mo9Se11Se6 units of point group symmetry C2v or mm2 then share a part of the Se atoms 

to form the Mo9Se11 network. In this arrangement, each of the Mo9Se11Se6 unit is surrounded 

by eight other Mo9Se11Se6 units. This structural arrangement differs from that of the Chevrel 

phases for which each of the Mo6X8X6 unit is only surrounded by six other units. While in 

the c direction the interconnection between the Mo9Se11Se6 units is similar to that observed in 

the Chevrel phases (i.e., each Mo9Se11Se6 shares eight Mo-Se or Se-Mo interunit bonds; see 

Figure 2), only four Mo-Se or Se-Mo interunit bonds occur along the b direction (Figure 2). 

Consequently, the crystal structure of AgxMo9Se11 presents a pseudo-bidimensional 

character as reflected by the inter-cluster distance of 3.728 Å in the (ac) plane and 4.960 Å in 

the b direction. The Ag atoms are delocalized over four independent sites. The Ag non-

stoichiometry in these compounds arises essentially from the filling of the Ag4 site (shown 

in dark gray in Figure 2) located in rhomboid cross-sectional channels running along the a 

direction. The occupation of this site varies from 10 (in Ag3.4Mo9Se11) up to 25 % (in 

Ag4Mo9Se11). 

 

Acc
ep

ted
 m

an
us

cri
pt



 10 

 

Fig. 2 Projection of the crystal structure of the AgxMo9Se11 compounds (space group Cmcm, 

No. 63) in ellipsoid representation (97% probability level) along the a axis (left) and c axis 

(right). The Ag, Mo and Se atoms are in gray, blue, and red, respectively. The Ag4 atoms are 

distinguished from the other Ag atoms by their dark gray color. 

 

 While partial substitutions of Cu, Cs, or Cl for Ag and Te and S for Se have been 

successfully realized and left unchanged the orthorhombic symmetry of the unit cell 

[36,37,43], other substitutions such as Tl and Rb for Ag result in a different arrangement of 

the Mo9Se11Se6 cluster unit [32,38]. Hence, the crystal structures of the quaternary 

compounds Ag2Tl2Mo9Se11 and Ag3RbMo9Se11 are described in the space groups R-3c and 

P63/m, respectively.  

 The crystal structure of Ag2Tl2Mo9Se11 consists in a three-dimensional framework 

formed by interconnected Mo9Se11Se6 clusters as illustrated in Figure 3 [32].  
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Fig. 3 Perspective view of the crystal structure of Ag2Tl2Mo9Se11 (space group R-3c, No. 167) 

in ellipsoid representation (97% probability level). The Ag, Tl, Mo, and Se atoms are in light 

gray, green, blue, and red, respectively.  

 

The Mo9Se11Se6 unit has here the point symmetry 32 or D3. The outer and inner atoms 

display different environments. The environment of the former is similar to that 

encountered in the Mo6X8X6 units (X = S, Se) of the Chevrel phases. They are surrounded by 

four Mo atoms and four Se atoms, in an approximately coplanar coordination, with another 

Se atom belonging to an adjacent Mo9Se11 cluster. This last atom constitutes the apex of a 

square-based pyramidal environment. The Mo atoms of the median Mo3 triangles are 

surrounded by six Mo and only four Se atoms belonging to the same cluster unit. The Mo-
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Mo distances range from 2.62 up to 2.75 Å. The Mo-Se bond distances are typical, ranging 

between 2.56 Å and 2.67 Å. Each unit is connected to six adjacent units via 12 interunit Mo-

Se bonds of 2.66 Å to form a three-dimensional Mo-Se framework with the connective 

formula [Mo9Se5iSe6/2i-a]Se6/2a-i according to Schäfer’s notation and in which the shortest 

intercluster distance is 3.69 Å. While the Ag atoms occupy a distorted trigonal bipyramidal 

site formed by the Se atoms, the Tl atoms occupy sites of ten Se atoms forming a distorted 

tetrahedron. The three faces of these tetrahedra are capped with three edges bridged with 

Tl-Se distances in the range 3.02 - 4.38 Å or surrounded by 6 Se atoms at 3.40 Å forming a 

trigonal antiprism. 

 The Mo-Se network of the Ag3RbMo9Se11 compound [38] also originates from 

interlinked Mo9Se11Se6 clusters via Mo-Se bonds (Figure 4). The Mo9Se11 unit has the point 

symmetry C3h. The connective formula of the molybdenum-selenium framework is 

[Mo9Se5iSe6/2i-a]Se6/2a-i according to the notation of Schäfer.28  
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Fig. 4 (Left) Perspective view of the crystal structure of Ag2Tl2Mo9Se11 (space group P63/m, 

No. 176) in ellipsoid representation (97% probability level). (Right) Projection of the crystal 

structure onto the (ab) plane. The Ag, Rb, Mo, and Se atoms are in light gray, green, blue, 

and red, respectively.  

 

As shown in Figure 4, which shows the crystal structure of Ag3RbMo9Se11 projected onto the 

(ab) plane, large hexagonal tunnels that are randomly filled by the Rb+ cations run along the 

c axis. The Ag+ cations partially occupy positions in the mirror planes around the ternary 

axes between adjacent Mo9Se11Se6 units located on the three-fold axis. The Se environment of 

Ag atoms can be seen as a distorted square pyramid with Ag-Se bond lengths ranging from 

2.64 to 2.93 Å. One of the Rb cations resides in distorted tri-capped trigonal prismatic Se 

environment, while the other ones are each surrounded by six Se atoms forming flattened 
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octahedra along the ternary axis. The Rb-Se distances spread over a wide range of 3.41 – 3.99 

Å.  

 The Mo-Se framework of the Ag3M2Mo15Se19 (M = In, Tl) compounds [33,41] is similar 

to that of In2Mo15Se19 which was the first compound in which the Mo9 clusters were 

observed in 1980 [44] (Figure 5).  

 

 

Fig. 5 Perspective view of the crystal structure of Ag3M2Mo15Se19 with M = In or Tl (space 

group R-3c, No. 167) in ellipsoid representation (97% probability level). The Ag, M, Mo, and 

Se atoms are in light gray, green, blue, and red, respectively.  
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Consequently, the crystal structure of these quaternary compounds is based on an equal 

mixture of Mo6Se8iSe6a and Mo9Se11iSe6a cluster units interconnected through Mo-Se bonds. 

The first unit can be described as a Mo6 octahedron surrounded by eight face-capping inner 

Sei and six apical Sea ligands and is identical to that encountered in the Chevrel phases. The 

second unit is similar to those observed in the three above-mentioned compounds. The 

Mo6Se8iSe6a and Mo9Se11iSe6a units are centered at the 6b and 6a positions with the point-

group symmetry -3 and 32, respectively. The Mo-Mo distances within the Mo6 clusters are 

about 2.67 Å for the intra-triangle distances (distances within the Mo3 triangles formed by 

the Mo atoms related through the three-fold axis) and 2.70 Å for the inter-triangle distances. 

The Mo-Mo distances within the Mo9 clusters are around 2.65 and 2.74 Å for the intra-

triangle distances and 2.68 and 2.78 Å for the distances between the triangles. The Mo-Se 

distances range between 2.57 and 2.63 Å within the Mo6Se8iSe6a unit and between 2.54 and 

2.70 Å within the Mo9Se11iSe6a unit, as usual. The three-dimensional packing arises from the 

interconnection of the Mo6Se8iSe6a and Mo9Se11iSe6a cluster units through Mo-Se bonds with 

each Mo6Se8iSe6a unit interconnected to 6 Mo9Se11iSe6a units (and vice-versa) via Mo-Se 

interunit bonds. Because of this arrangement, the shortest distance between the Mo6 and 

Mo9 clusters is of the order of 3.60 Å, indicating only weak metal-metal interaction. In these 

structures, the Ag atoms occupy distorted triangular bipyramid sites located between two 

consecutive M sites with Ag-Se distances ranging from 2.58 to 2.88 Å. The In and Tl atoms 

are surrounded by seven Se atoms forming a monocapped octahedron compressed along 

the three-fold axis (see Figure 5).  
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 One common feature of these various crystal structures relevant to understanding 

their thermal properties is the large, anisotropic thermal displacement parameters (ADPs) of 

the cations located in the intercluster spaces [30-41]. The largest thermal ellipsoids are 

observed for the Rb and Tl atoms in the Ag3RbMo9Se11 and Ag2Tl2Mo9Se11 compounds 

[32,38], respectively. Low-temperature single-crystal X-ray diffraction measurements 

performed on Ag2Tl2Mo9Se11 evidenced that the ADP values of the Tl atoms exhibit a nearly 

temperature-independent behavior down to 85 K [32]. We will see below that the thermal 

motions of the cations are likely a key ingredient in determining the lattice thermal 

conductivity.  

3. Thermoelectric properties 

 3.1 Electronic properties 

 

 The electronic structure of most of the Mo-based cluster compounds can be deduced 

from the molecular orbital diagram of the isolated cluster units [27,28,39,43,45-48]. This 

approach proves to be efficient whenever the clusters in the crystal structure are isolated 

enough from the neighboring clusters. It has been indeed shown that the interactions 

between the chalcogen atoms that connect the clusters are not strong enough to perturb the 

electronic structure of the isolated cluster unit. In such a case, the number of electrons 

available for metal-metal bonds, called the metallic electron count (MEC), is the critical 

parameter that determines the metallic or semiconducting nature of the compound. 
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Semiconducting behavior is predicted to develop when the MEC reaches the optimum value 

for the cluster unit. In the case of the Mo9Se11 clusters, the optimum MEC has been 

determined to be equal to 36 [46]. Assuming ionic interactions between the cations and the 

clusters and a +1 valence state for the former, several cations such as Ag, In, Tl, or Rb may 

thus help to achieve an optimum MEC for the Mo9Se11 clusters. Varying the concentration of 

these cations may also allow for a fine control of the electronic properties by adjusting the 

carrier concentration.  

 The thermoelectric potential of materials based on Mo9Se11 clusters has been first 

assessed on the AgxMo9Se11 series [30,31]. Based on the above-mentioned considerations, a 

semiconducting state is predicted to be reached for x = 4. Experimentally, the Ag content can 

be continuously varied between x = 3.41 and x = 3.81 leading to a gradual shift from a p-type 

metallic-like behavior (x = 3.41) to a p-type heavily-doped semiconducting state (x = 3.81) 

(Figure 6) [30,31]. Despite being close to the predicted threshold of x = 4.0, the highest Ag 

content achieved experimentally remains limited to x = 3.81. Recent high-resolution 

fluorescence-detection X-ray absorption spectroscopy (HERFD-XAS) and resonant inelastic 

X-ray scattering (RIXS) experiments have provided experimental evidence of the presence of 

subvalent Ag atoms [40], which contribute to limit the electronic properties to a heavily-

doped regime. Hence, if the overall effect of Ag on the electronic properties can be fairly 

well understood by a rigid-band picture, these results nevertheless suggest that the 

evolution of the electronic structure with x is not entirely captured by this simple picture.  
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Fig. 6 Comparison of the temperature dependences of the electrical resistivity  of 

Ag3.81Mo9Se11, Ag2Tl2Mo9Se11, and Ag3RbMo9Se11. 

 

Although the maximum Ag content accessible is too low to reach a semiconducting 

behavior, the concomitant increase in the electrical resistivity and thermopower values 

result in a significant enhancement in the power factor leading to an optimum ZT values of 

0.65 at 800 K for x = 3.81. This value is higher than the maximum value achieved in the 

Chevrel phases demonstrating that many of these cluster compounds may show interesting 

thermoelectric properties at high temperatures.  

  Attempt at reaching a semiconducting state by insertion of Cu atoms (up to y = 0.4) in 

the Ag3.6Mo9Se11 compound was unsuccessful [37], even though some enhancement in the 

power factor 2/ has been observed. Further adjustment of the hole concentration in the 
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AgxMo9Se11 series has been realized through isovalent substitutions and of Te or S for Se 

[36]. The substitution ranges of these two elements were found to be rather limited with 

maximum contents of 0.5. These concentrations were too low to significantly influence the 

transport properties resulting in ZT values comparable to those achieved in unsubstituted 

samples [31].  

 Other elements such as Tl and Rb have been considered as possible alternatives to 

provide the missing charges to the Mo9Se11 cluster unit. The addition of Tl and Rb cations in 

the crystal structure has been successful, giving rise to two new cluster compounds of 

chemical compositions Ag2Tl2Mo9Se11 and Ag3RbMo9Se11 [32,38]. As mentioned above, these 

partial substitutions are accompanied by a change in the lattice symmetry from 

orthorhombic to hexagonal due to a different arrangement of the Mo9Se11 cluster units. 

Based on their respective chemical compositions, both compounds are predicted to be 

semiconducting (i.e., 36 electrons per Mo9) if Ag, Rb, and Tl are monovalent. Unlike the 

AgxMo9Se11 compounds, this prediction has been verified experimentally with an electrical 

resistivity following a semiconducting-like temperature dependence (see Figure 5). These 

results suggest that the specific arrangement of the cluster unit can play an important role in 

determining the electronic properties of these compounds.  

 The transport properties of compounds built up from an equal mixture of Mo6Se8iSe6a 

and Mo9Se11iSe6a cluster units have so far been investigated only on the ternary compound 

Rb2Mo15Se19 [35] and on the quaternary compounds Ag3In2Mo15Se19 and Ag3Tl2Mo15Se19 

[33,41]. The optimal MEC for the Mo6Se8 and Mo9Se11 clusters are equal to 24 and 36, 

respectively, yielding an optimum MEC of 60 for the Mo15Se19 clusters [33]. Due to the 
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monovalent character of Rb, the total MEC is equal to 54 in Rb2Mo15Se19 and should thus 

give rise to p-type metallic properties. Measurements of the thermoelectric properties at 

high temperatures have confirmed this prediction [35]. Further optimization of the 

thermoelectric properties of A2Mo15Se19 compounds implies the introduction of additional 

charges to bring the MEC closer to 60. Experimentally, this approach can be realized 

through the insertion of other cations such as Ag or Cu. The two compounds Ag3In2Mo15Se19 

and Ag3Tl2Mo15Se19 provide two examples of such a strategy [33,41]. The presence of Ag 

helps to achieve heavily-doped semiconducting properties and hence, higher ZT values 

compared to ternary compositions with a peak value of 0.45 at 1100 K in Ag3In2Mo15Se19 [33]. 

The comparison of the electronic properties of both compounds nevertheless indicates that 

the above-mentioned charge counting scheme is somewhat too simple. The more metallic 

character of Ag3Tl2Mo15Se19 with respect to Ag3In2Mo15Se19 promotes the idea that the valence 

of the cations deviates from the expected +1 value [33,41]. The sensitivity of the transport 

properties to the nature of the cations should be further investigated by considering other 

combinations of elements. This might help to determine the important factors behind this 

behavior, thereby guiding the choice of the most judicious combinations leading to high 

thermoelectric performances.     

 One important aspect of the transport in these compounds is the presence of weakly-

dispersive valence bands that give rise to electron-like and hole-like contributions to the 

transport [30-41]. The contributions to the thermopower of these two types of carriers are of 

opposite sign and thus usually tend to lower the measured values. In spite of this 
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characteristic, high thermopower values have been nevertheless measured in the 

compounds containing Mo9 cluster units (Figure 7).  

 

 

Fig. 7 Comparison of the temperature dependences of the thermopower  of Ag3.81Mo9Se11, 

Ag2Tl2Mo9Se11, and Ag3RbMo9Se11. 

 

Direct experimental evidence for multiband transport has been provided by Hall effect 

measurements at low temperatures. In the AgxMo9Se11 series, the Hall data show a complex 

behavior as a function of x with a sign change of the Hall coefficient evidenced upon cooling 

below 200 K [31]. The Ag2Tl2Mo9Se11 compound shows an even more complex behavior with 

a double sign change of the Hall coefficient upon cooling down to 5 K [32]. These complex 

temperature dependences make it difficult to determine the actual hole concentration in 
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these compounds. Another complex evolution of the Hall data has been evidenced in the 

Ag3In2Mo15Se19 compound [33], indicating that the presence of hole-like and electron-like 

contributions to the transport is neither tied to a particular cluster arrangement, nor to a 

specific cluster unit. The fact that so far most of the compounds studied exhibit this 

characteristic suggests that this property may prove to be universal in these materials. It 

seems therefore natural to ask whether other compounds containing Mo clusters of higher 

nuclearity may follow this trend or provide a mean to circumvent this problem.  

 

 3.2 Thermal properties 

 

 One of the distinguishing and common features of these materials is their extremely 

low lattice thermal conductivity L that is typically well below 1 W. m-1. K-1, with a value of 

0.5 W.m-1.K-1 often achieved at high temperatures [30,41]. The temperature dependence of L 

resembles that observed in amorphous systems, a remarkable physical property for a well-

crystallized compound (Figure 8) [49].  
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Fig. 8 Comparison of the temperature dependences of the thermal conductivity  of 

Ag3.81Mo9Se11, Ag2Tl2Mo9Se11, and Ag3RbMo9Se11. The horizontal black solid line represents 

the minimum thermal conductivity ( 0.3 W. m-1. K-1) determined by sound velocity 

measurements. The data between 250 and 300 K have been discarded due to the thermal 

radiations that accompany low-temperature thermal conductivity measurements.  

 

 Several key characteristics of the crystal structure of these compounds likely concur 

to yield the observed very low, glass-like lattice thermal conductivity. In addition to the 

large unit cells that result in low phonon cut-off wave vectors [50,51], the large, anisotropic 

atomic displacement parameters (ADP) values of the cations (Table 1) likely lead to low-

lying optical modes that cut the acoustic phonon dispersions. The phase space available for 
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acoustic phonons is thus strongly reduced resulting in a significant reduction of the lattice 

thermal conductivity.  

 

Table 1. Largest ADP values for the different cluster compounds determined by single-

crystal X-ray diffraction data at 300 K [19,32,33,38,41]. The difference in the stoichiometry of 

these single crystals and of the polycrystalline compounds is due to the high temperature 

used during the growth process that leads to a slight loss of Ag.  

Ag3.4Mo9Se11 Ag2.25Tl1.75Mo9Se11 Ag2.6RbMo9Se11 Ag3In2Mo15Se19 Ag2.57Tl2Mo15Se19 

Ag2 Tl2 Rb3 Ag Tl 

0.080 0.314 0.28  0.046 0.035 

 

Low-energy optical modes also open an additional channel for Umklapp scattering events 

which persist down to low temperatures and suppress the dielectric maximum. This 

mechanism would be then similar to what has been observed in tetrahedrites, for instance, a 

class of sulfur-based compounds exhibiting similar thermal transport [52,53]. In these 

minerals, the low-energy optical modes have been shown to be strongly anharmonic [52]. 

Because anharmonicity determines the scattering probability of phonons during phonon-

phonon interactions, highly-anharmonic bonds favor these scattering events and, hence, 

help to maintain low lattice thermal conductivity upon increasing temperature. This 

anharmonicity can have several physical origins such as lone pair electrons [52-54], resonant 

bonds [55], and flat or double-well potentials felt by atoms in cages or tunnels for instance 

[56-58]. Among these possibilities, the presence of double-well potentials is suggested by the 
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nearly temperature-independent ADP values observed for the Tl and Rb cations in the 

Ag2Tl2Mo9Se11 and Ag3RbMo9Se11 compounds, respectively [32,38]. Similar values have been 

reported in the type-I clathrates Sr8Ga16Ge30 and Eu8Ga16Ge30 for which, Sr and Eu atoms are 

off-centered in their cages and can tunnel between potential minima [59-63]. Possible 

experimental evidence of this behavior in the AgxMo9Se11 series has been obtained by 

measurements of the specific heat down to 0.35 K [31]. Centered near 1 K, a peak in the 

lattice contribution to the specific heat when plotted as Cp/T3 versus T has been evidenced 

with a magnitude of the peak scaling with the Ag content. While such a peak can be usually 

well explained via simple models taking into account Einstein-like contributions, the 

temperature at which this peak is observed is too low to be reasonably accounted for by 

such models. Thus, this behavior might be due to some of the Ag cations experiencing 

double-well potentials. More systematic measurements of the low-temperature specific heat 

of other Mo-based cluster compounds would be worthwhile to determine whether such 

characteristic is universal in Mo-based cluster compounds.  

 Although phonon calculations may provide relevant information about the thermal 

properties of these compounds, the large number of atoms in the unit cell combined with 

the partial occupancies of the cations makes them highly challenging. It is thus clear that a 

deeper understanding of the relationships between the key characteristics of the crystal 

structure and the heat transport will benefit from detailed inelastic neutron and X-ray 

scattering experiments on both polycrystalline and single-crystalline compounds.  
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4. Conclusion 

 Mo-based cluster compounds are a large class of materials in which interesting 

electronic and thermal phenomena have been evidenced over the last years. The Chevrel 

phases (based on Mo6 cluster units) are the most famous representatives of this class where 

superconductivity, magnetic orders, and thermoelectric properties have been studied in 

detail since their discovery. Despite compounds built by clusters of higher nuclearity (Mo9 

up to Mo36) are known for several decades, it is not until recently, however, that their 

transport properties have been studied thoroughly. Their structural complexity is a key 

characteristic that can potentially result in extremely low lattice thermal conductivity which 

is one of the prerequisites to make them become potential candidates for thermoelectric 

applications. Over the last years, several theoretical and experimental studies have revealed 

that these phases have indeed interesting thermoelectric properties, some of them rivalling 

with more conventional thermoelectric materials.  

 While their electronic properties can be often well explained and predicted by simple 

valence electron counting rules, the microscopic origin of their thermal properties is less 

well understood. The large thermal displacement parameters of the cations inserted in the 

inter-cluster voids likely give rise to low-lying optical modes that strongly limit the available 

phase space for acoustic phonons. The anomalously large ADP values determined in some 

compounds point to the presence of double-well potentials, as observed in some clathrates, 

for instance. Further spectroscopic tools such as inelastic neutron scattering studies on both 

single-crystalline and polycrystalline specimens would be particularly illuminating and 

Acc
ep

ted
 m

an
us

cri
pt



 27 

would provide a better understanding of the influence of these characteristics on the heat 

transport.   

 Given the large variety of crystal structures that can be synthesized with Mo-based 

cluster units as fundamental building blocks, the surface of this remarkably family of 

materials has been only barely scratched. Further combined experimental and theoretical 

studies on these compounds will likely lead to the discovery of efficient thermoelectric 

materials. Beyond the borders of thermoelectricity, the fact that cluster compounds are often 

prone to various lattice and electronic instabilities also makes studies of their low-

temperature transport properties an important area of fundamental interest.    
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