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Theoretical search for Chevrel-phase-based thermoelectric materials
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We investigate the thermoelectric properties of some semiconducting Chevrel phases. Band-structure calcu-
lations are used to compute thermopowers and to estimate the effects of alloying and disorder on carrier
mobility. Alloying on the Mo site with transition metals like Re, Ru, or Tc to reach a semiconducting
composition causes large changes in the electronic structure at the Fermi level. Such alloys are thus expected
to have low-carrier mobilities. Filling with transition metals was also found to be incompatible with high
thermoelectric performance based on the calculated electronic structures. Filling with simple metals, like Zn,
Cu, and especially with Li was found to be favorable. The calculated electronic structures of these filled
Chevrel phases are consistent with low scattering of carriers by defects associated with the filling. We expect
reasonable mobility and high thermopower in materials with compositions near (LMOgPpe;.
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Widespread use of thermoelectric devices, as an alterndy the product of carrier concentration and mobility, or al-
tive technology for power generation and refrigeration, re-ternatively the product of relaxation time and squared plasma
mains a desirable but elusive goal, limited by the perforfrequency. The latter can be directly calculated from the
mance of existing thermoelectric materiglEM). In recent  band structure while information about the scattering time
years, the center of gravity of the search for new TEM hasan be obtained by comparing the calculated band structure
moved towards crystallographically more complicated comwith substituted or/and displaced ions with that of undis-
pounds. This is motivated in part by the fact that low valuesturbed crystal. Large changes né&ar signal short relaxation
of thermal conductivity, required in a good TEM, are moretimes and low mobility.
likely in such materials, and partly because such structures Using the outlined methodology, we investigate here the
provide more avenues for chemical optimization. First prin-materials in the family of molybdenurtMo) cluster com-
ciples calculations useful in sorting out the ingredients im-pounds known as “Chevrel phases.” These are based on the
portant to the transport properties in these complex materialsinaries MgXg,X=S, Se, Te. The crystal structure contains
and in exploring the effects of chemical modifications on thelarge voids, which may be filled to yield a large variety of
thermoelectric performance? ternary compounds with the general formulaMbgXs,

A good TEM has high thermopow& low-lattice contri-  where M can be a simple or transition metal atom, or a
bution to the thermal conductivity,, and a sizeable electric rare-earth element. This provides opportunities for obtaining
conductivity o.° The thermoelectric figure of metiis ZT  low thermal conductivities, analogous to skutterudites, as
=0S?T/k, where k= kq+ k; is the thermal conductivity. well as a chemical knob for modifying the electronic prop-
Current TEM haveZ T~ 1. Empirical evidence and minimum erties. These materials fulfill the requirements for leyand
thermal conductivity theories imply that materials havingexperimental evidence indicates that their thermal conductiv-
large numbers of atoms in the unit cell and large atomidty is indeed low’ In our calculations we used the general
masses, are most likely to have low thermal conductivities.potential linearized augmented plane wav@APW)
Within the kinetic transport theof¥/the thermopower, for a method® with local-orbital extension to relax lineariza-
given doping, is determined by the electronic structure neation errors and treat the p4 semicore states of Mo on an
the Fermi energ¥g equal footing with the valence states. The calculations

were performed for MgSeg,MosRW,Se;,Mo,Re S,

AgSe;,LizM0ogSe;, LisM0gSe, LigM0gSe;, and BgMogSe
' @) (with A and B being virtual elements witlZz=42.667 and

Z=2.667, respectively in the crystal structures correspond-
wheref is the Fermi distribution function, antie) is the ing to experimentally observed M8e;, Li; . MogSe;, and
so-called transport function. In the constant relaxation timen some cases in the theoretidatlaxed crystal structures,
approximation this function is proportional to a specific in- as summarized in Table I. Well-converged basis set contain-
tegral over thee-isoenergetic surface(e)= v dS,, v be-  ing ~2000 functions was used, with LAPW sphere radii of
ing the electron velocity at the isoenergetic surface. Equatio@.25 a.u. for Mo and Se, and of 2.0 a.u. for Li. We also
(1) allows one to estimat&(T) using the calculated elec- performed calculations for several additional compositions
tronic structure. The electric conductivity, is determined (Table ) with the linear muffin-tin orbitals (LMTO)

df(e,T)
Jde

1
S(T)— WEF)j deet(e)
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TABLE I. Systems for which full potential LAPW 4) and/or ASA LMTO (M) calculations have been performed. Unless the full
formula is specified, MgSe should be added to all items in the first row.

Structure M@Se Mo,Ru,Se Mo,ReSe AgSe? Mo,Tc,Se Lis Li, Lig Bg® Fef Co; Niz Cu, Zn,

exptl. Mo;Se; AIM AIM M AIM M AIM AIM AIM AIM M M M M M
relaxed LDA structure A A
exptl. Liz M0ogSey Al M AIM - AIM - AIM

37(A)=42.667
b7(B)=2.667
h=1,2,3

method® a much faster but less accurate method. The reli- Other possible dopings are determined by the crystal
ability of the LMTO method for our purposes was estab-structures, which can be described as a collection of such
lished by comparing the LMTO and LAPW results for a clusters with a small symmetry lowering rhombohedral
number of compoundésee Table)l Our main conclusion, distortion!®!! Several interconnecting interstices, which are
based on all these calculations, is that the most promisingmpty sites in the binary phases, form channels along the
from the point of view of TEM are filled Chevrel compounds three rhombohedral directions. Besides substituting Mo by
with Li and Li-Cu combinations. metals with higher valencies, doping may be realized by fill-
The band structure of unfilled MXg is relatively simple, ing these empty sites with small cations: simflle Zn) and
despite the crystallographic complexity. Following Ref. 11,transition(Fe, Ni) metals, or by inserting a large cati¢Rb)
the band structure can be described as deriving from a colnto the largest interstitial site at the origin of the rhombohe-
lection of pseudocubic MgXg clusters. The chalcogens form dral unit cell. Unlike large cations, small cations are distrib-
a distorted cube Xand the Mo’s occupy the face centers of uted over 12 sites arranged as two sets of concentric sixfold
the cube. The on-site energies of thepXand Mod orbitals  rings surrounding the large interstice at the oritfih’ In
are close(0.2-0.4 eV. These orbitals are strongly hybrid- particular, LyM0ogSe;, with the desired electron count, is
ized: the hopping amplitudg,y, is =2 eV. Two out of five known to form. For intermediate concentrations
d orbitals for each Mo atom are affected by {héo bonding  (Li;— sM0gSg), the relative occupancy of these two rings has
(for the xy face they arexy and %2—r?), altogether 36 been a subject of debat®!’but in Li;MogS; it is reasonably
states: 12 nonbonding states, and 12 bonding and 12 anti- well established that three Li atoms occupy the outer ring,
bonding pdo states. In unfilled MgXg, 24 bonding and with the fourth Li atom occupying the inner ring. There is a
nonbonding stateé48 in both spin channelsare occupied. tendency for Li atoms to order partially, but this ordering is
The antibonding states are much higher and are never poplittle studied.
lated. The remaining Mal orbitals form 18 bands sitting Our strategy in studying the filled Chevrels was as fol-
inside the gap between the nonbonding and antibonplihg ~ lows: first we surveyed a number of potential candidates by
bands. Theddo hopping amplitude is also very large, doing fast LMTO calculations. We eliminated those com-
~1.5 eV, and as a result these 18 bands also form bondingounds which were found to be metals, since highs
and antibonding combinationghere are no nonbonding not expected there. They were MDgSe;,n
states ford orbitals on an octahedr@nlt can be shown that =1,2,3, CaM0sSe;, NizMogSe;. LisM0sSg, CuMogSe,
the number of bonding states is 12, and of antibonding stateand ZnMogSe; were found to be semiconductin@with the
6, so there is a gap between 36th and 37th state in thiXylo electronic structure of LMogSe, and to lesser extent of
cluster. The total number of electrons in tpel states in CuMogSe; and ZiMogSe;, nearEg similar to that of un-
MogXg is 8X 4+ 6X6=68, 4 electrons short of reaching the filled MosSeg;. This suggests that these compounds and their
gap. Thus, doping 4 electrons in the system should make ititeralloys may have reasonable electronic mobility. Having
semiconducting, and then the states of the bottom of the gagstablished that, we proceeded with detailed LAPW calcula-
should be mostly of Ma character.

The calculated valence bands of Mg are shown in Fig —
1. There are four holes per unit cell, and the valence states 2.0 éégiﬂ
consist primarily of bonding Mo-Mo states along the edges sl -
of the Mo octahedra. As a result, relatively small changes in
the Mq;Se cluster geometry lead to dramatic changes in the 1o
structure of this bﬁazna!Fig 2), manifesting strong electron- S osh
phonon interactions This limits the mobility at high tem- O
perature. One expects substitutional impurities at the Mo site ® 0.0 Y <
to scatter strongly the conduction electrons, and indeed our X /jé;
calculation$® for Mo— Re,Mo—Ru, and Me- Tc substitu- 051 1| S
tion show dramatic changes in the band structure Bgar q e ﬁz%&
Although we did find that doping 4 electrons in such a way N P ﬁ%
produced semiconductors, the carrier mobility in these semi- L3 - " < r R N

conductors must be low and their thermoelectric perfor-
mance pooil.4 FIG. 1. Band structure of the \\8eg;.
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FIG. 2. Band structure of the M8eg and of the same com- FIG. 3. Band structure of the ordered rhombohedraMdgSe
pound with the Mo and Se atoms in their position in J\MogSes compared with that of a hypothetical rhombohedrgMadgSe; .
(but without Li). Note the large changes due to relatively small
changes in the Mo-Se and Mo-Mo bond lengths, and overall cell/gjence bands. In order to test this assumption, we also com-
geometry. puted the band structure ofdMogSe;, with the three addi-
tional Li atoms in the inner ring, still keeping the rhombo-
tions focussing on the Li sMosSe; system. Note that in our hedral symmetry(Fig. 3. The primary contribution to the
studies we concentrated on the Se-based compounds, as dgnsport properties is derived from the top of the valence
posed to more common sulfides. Se has higher mass, favdpand, which occurs along the X line in Fig. 3. The two sets
able for low «,. Furthermore, selenides tend to be moreof bands are very similar near the top of the bands, despite
covalent!® which is better from the point of view of carrier the very strong perturbation of the crystal potential by the
mobility. Experimentally there is a large homogeneity regionthree additional Li ions and three additional electrons. This
in the Li;MogSeg, pseudobinary phase diagram near4.*° indicates weak scattering due to Li disorder and vacancies,
Most of the calculations were based on the reported cryswhich is a prerequisite for reasonable mobilities and thermo-
tal structure of Lj ;Mo4Se;.® We do not take, however, into electric performance. The most pronounced difference be-
account the trigonal distortion that was reportedder0.4 in ~ tween these two sets of bands near the top of the bands is
Ref. 21. This is probably associated with partial ordering offound along thel’-R directions, where the eigenvalues are
the Li ions. Transport properties were obtained from the calshifted downwards in the EMogSe;, with respect to the
culated LAPW electronic structures by Ed) and the con- band maxima. Nevertheless, given that the perturbation in
stant relaxation-time approximation. this case is substantially stronger than in the composition of
In addition to providing the four extra electrons needed tdinterest k=4), we see Fig. 3 as an indication that rigid band
dope the compound to the semiconducting regime, the insebehavior between th&=3 andx=4 holds to a good ap-
tion of Li in the interstitial sites leads to changes in the proximation. This also shows that the potential felt by carri-
structure of the Mo-Se frame, e.g., upon saturation of thers at and near thEg is only moderately affected by the
Mo-Mo bonds, the octahedron contracts and becomes momxact position of the Li ions. The carrier mobility is deter-
regular, and the Mo-Se distances increase. The correspongined by the electron scattering time, which in turn is de-
ing changes in electronic structure are shown in Fig. 2fined by the change of the crystal potential upon moving Li
where the bands of M&eg, near the valence-band edge areatoms. Correspondingly, when the change is small, the car-
compared for two crystal structures: the experimental strucrier mobility is expected to be only weakly reduced by the
ture of the binary system and the structure of the Mo-Sdlisorder on the Li site. The negative effect on the mobility
frame in Li; ,MogPSe; (but without Li). Figure 2 indicates Will be even further diminished by partial ordering of Li
that the changes in the Mo-Se frame lead to an enhancemeatoms, as occurs in ki s;MogSe;. (A phase transition to a
of the band masses. Moreover, the valence-band maxima al@wer symmetry phase has been reported&er0.42%) Fur-
shifted to generak points, which implies that a larger num- thermore, although the ordering processes in the mixed-filler
ber of valleys contribute to the transport integrals, enhancingystem (Cu,Li)_ sMogSeg; have hardly been studied at all,
o without degradingS. On the other hand, this result again one might anticipate that, say, C4yMogSe; (this compound
emphasizes the strong electron-phonon interaction in Chevyerms), would be better ordered than/MogSe, and may
rels, which will reduce mobility at high temperatures. This also have lowek, due to Cu rattling.
suggests the optimization as a TEM should be done for lower The calculated thermopower is shown in Fig. 4 for three
T operation(below room temperatuye different doping levels. All three curves reach a maximum at
While in the real material Li ions are disordered, we usedaround 200 K. At a doping of about 0.1 hole/cell (3
for LizM0sSg an ordering where the Li ions are in the outer X 10?° holes/cni) we obtain a maximum Seebeck coeffi-
interstitial ring, preserving the rhombohedral symmetry. Thiscient of ~150 uV/K at T~250 K. Without quantitative
band structure is then used to compute the transport integratiata on the lattice thermal conductivity and carrier mobility
for the semiconducting composition, under the assumptioiit is not possible to determin&T, but it is worth mentioning
that the system follows a rigid band behavior as we fill thethat these high values at high-carrier concentration, if com-
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180 - - - - - - - - - bly have values oZ T of the order of 1 or larger. Among the
160 | | most important questions about this and other filled Chevrel

ol T e ] compounds, from the point of view of thermoelectric appli-
e B cations are:(1) how the effects neglected in the current
120 1 study, namely the local distortion of the ly®eg; cage near Li
100 - | and partial ordering of Li atoms will effect the carrier mo-
bility (the former lowers the mobility, and the latter increases
7 it), (2) the role of the electron-phonon interactio(B)
60 - 0.0 hroall —— whether the alloying with Li or Li/Cu would be effective in
' 0.15 higell - | scattering heat conducting phonons, @Bdwhether the ma-
terial will not have compensating defects in MB®; clusters.
I Cu and Li filled Mg;Se; are similar electronically but pre-
0 : . : : : : : : : sumably very different vibrationally, so the Li/Cu ratio may
0 50 100 150 200 250 300 350 400 450 500 . ..
T K be a useful “knob” for controlling the thermal conductivity.
We hope that our calculations will encourage experimental-
FIG. 4. Calculated thermopower of Li;Se for §=0.05,0.1, ists to look closer at this promising system, (Li,Gu)

and 0.15. MogSe;.
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