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Zintl-phase compounds with SnSb, tetrahedral anions:
Electronic structure and thermoelectric properties
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We report the investigation of Zintl-phase Na(K)gSnSb, and related compounds that contain SnSb, tetrahe-
dral anions using first principles electronic structure, Boltzmann transport, and density functional phonon
calculations. We find that these compounds are narrow-gap semiconductors and there is a combination of heavy
and light bands at valence band edge, which may lead to a combination of high thermopower and reasonable
conductivity. High values of the thermopower are found for p-type doping within the Boltzmann transport
theory. Furthermore, these materials are expected to have low thermal conductivity due to their structures that
consist of a network of weakly coupled SnSb, clusters, which leads to low phonon frequencies. In particular,
we find low-frequency optical phonons that should effectively scatter the heat-carrying acoustic phonons.
These results are discussed in terms of the structure, which consists of anionic clusters. Based on the results,
it is suggested that such compounds may represent a useful paradigm for finding new thermoelectric materials.
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I. INTRODUCTION

Waste heat recovery through thermoelectric generators is
a promising way to alleviate the pressure from increasing
demand for energy and global warming from CO, emission.
However, the performance of commonly used thermoelectric
materials is only ~10% of the thermodynamic limit, 7,
=AT/T, (AT=T,—T., where T}, and T, are the temperatures
of the hot and cold sides of a device, respectively). This and
the related need for better thermoelectric cooling devices has
motivated considerable recent effort to find new higher per-
formance thermoelectric materials.'~

The primary materials parameter governing the maximum
efficiency of a thermoelectric device is the dimensionless
figure of merit, ZT'=0S°T/(k,+ k;), where ¢ is the electrical
conductivity, S is the Seebeck coefficient (thermopower), «,
and «; are the electronic and lattice thermal conductivity, and
T is temperature. High ZT requires high thermopower,* and a
suitable combination of good carrier mobility, and low ther-
mal conductivity. High thermopower is usually found in
semiconductors with heavy band mass. High carrier mobility,
on the other hand, needs small carrier effective mass and
small electron-phonon and defect scattering. The lattice ther-
mal conductivity and the thermopower play particularly im-
portant roles in this formula. This is because the electrical
conductivity and the electronic part of the thermal conduc-
tivity are generally connected by the Wiedemann Franz
relation.*

In principle, materials with large dielectric constants can
better screen charged impurities or defects and thus reduce
carrier scattering. Narrow-gap semiconductors often have
high dielectric constants and are usually readily doped both n
and p types. Transport within metals and degenerately doped
semiconductors (including thermoelectrics) is often dis-
cussed using Boltzmann transport theory. Within this frame-
work the thermopower is governed by the energy derivative
of the conductivity, strongly favoring heavy band mass ma-
terials (note that ZT is proportional to the square of ), while
the conductivity has an opposite but weaker dependence on
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the band mass. In fact, Mahan and Sofo argued that the ideal
band structure for a thermoelectric material consists of an
infinitely heavy, i.e., dispersionless, band with a delta func-
tion density of states.” One way of obtaining such a band
structure is to consider a material consisting of clusters that
contribute to the active band and then increasing the spacing
between the clusters to reduce the hopping and consequently
the band width. The problem is that it will be increasingly
difficult to stay within the regime of Boltzmann transport as
the band mass increases since the electronic structure will be
increasingly prone to localization both due to disorder
(Anderson localization) and Coulomb repulsion (Mott local-
ization). Such localization generally is expected to result in a
strong suppression of the conductivity and therefore ZT.

The dilemma posed by the conflicting preferences on the
carrier effective mass by high thermopower and high carrier
mobility may be circumvented by using materials with both
heavy and light bands near the Fermi level, such as filled
p-type skutterudites® and lanthanum telluride.” This may also
be achieved by introducing impurities that induce impurity
bands with little dispersion near the edge of a dispersive
valance or conduction band.® These provide ways of avoid-
ing localization while still having very heavy bands involved
in the transport.

As mentioned, low thermal conductivity is also important
for high ZT. The lattice thermal conductivity can be reduced
by increasing phonon scattering through several strategies,
e.g., alloying to introduce large atomic mass difference,
nanostructuring,”!? focusing on materials with complex crys-
tal structures, and materials that have loosely bound (rattling)
ions,'"!2 or more generally anharmonic coupling between
acoustic and low frequency optical branches.'3

Complex Zintl-phase materials appear to be promising
candidates for thermoelectric applications.'* In general, the
Zintl-phase compounds are valence precise semiconductors
with electropositive cations and covalently bonded anionic
units or networks formed from more electronegative ele-
ments. These often have small band gaps and benefit from
the flexibility of alloying on the cation sites to obtain doping
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K4Ba2SnSb4 (P63mc)

NasSnShs (P21/c)

Na(K)sSnSb4 (Fd3m)

FIG. 1. (Color online) Crystal structures of Zintl-phase com-
pounds containing SnSb, tetrahedra: (a) Na(K)gSnSby, (b)
K4Ba,SnSby, (c) NasSnSbs. The Sn atoms (blue spheres) sit at the
centers of the tetrahedra formed by Sb atoms (red spheres). The
interstitial Na, K and Ba cations in (a) and (b) are all depicted as
smaller light spheres. For NasSnSbs;, the Na cations are not shown
for clarity and the SnSby tetrahedra are vertex shared to form chain-
like structures. The unit cells are shown using black lines and in (a)
the crystal lattice is shifted by (0.125,0.125,0.125) with respect to
the standard setting in order to include all the SnSb, tetrahedra in
the cell.

without strongly perturbing the anionic network that often
plays the main role in the electrical transport. In addition, the
heavy atoms, complex structures, and soft lattices of many of
these materials may lead to low lattice thermal conductivity.
Recently, many Zintl-phase compounds, especially anti-
monides, with good thermoelectric performance have been

reported. These include Zn,Shbs, Yb;4MnSb,,
Ca,Yb;_,Zn,Sb,, YbCd,_,Zn,Sb,, and filled
skutterudites.'>15-18

Previous thermoelectric studies on the Zintl-phase com-
pounds have been largely focused on the crystals with co-
valently bonded polyanion networks that provide high mo-
bility for carrier transport.'* These materials can exploit the
flexibility of Zintl chemistry by using the cation site both for
doping and alloying (leading to reduction in the thermal con-
ductivity, as e.g., in skutterudites with alloying on the filling
site!?).

Here we explore another type of Zintl compound for their
potential thermoelectric applications. These compounds have
weakly coupled anionic clusters and intercalated cations. The
cohesion of these crystals is provided mainly by the ionic
bonding between the cations and the anionic clusters.

We investigated the electronic structure and phonon prop-
erties of several Zintl-phase compounds with above-
mentioned structural properties. We show that Na(K)gSnSb,
and related materials®**>? may be good thermoelectric mate-
rials. The basic structural feature of these compounds is the
composition of weakly coupled SnSb, tetrahedra and inter-
calated alkali or alkaline earth cations as shown in Fig. 1(a)
for the example of NagSnSb,. Although these materials were
synthesized in the 1980s, there has been little characteriza-
tion of their physical properties, presumably because of their
chemically reactive nature. In any case, the weakly coupled
anionic clusters may be expected to have weakly overlapping
cluster electronic states that form heavy valence bands with
very small dispersion. However, we find that in addition,
there are more dispersive bands near the valence band edge.
Therefore these materials have a combination of very narrow
bands and more dispersive bands near the valence band edge,
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which is a highly favorable situation for thermoelectric per-
formance. We find that the occurrence of this type of band
structure can be understood on simple chemical terms and is
expected quite generally in this type of compound and fur-
thermore the weak bonding of these materials leads to soft
lattices that may be expected to have low thermal conductiv-
ity. As such, this may provide an avenue for finding useful
thermoelectric materials.

II. METHODOLOGY

Electronic structure calculations were performed within
the local density approximation (LDA), using the general
potential linearized augmented plane-wave (LAPW) method
with local orbitals as implemented in the WIEN2K code.??>
Core states were treated fully relativistically while for va-
lence states the spin-orbit interaction was included using the
second variational method. This is potentially important be-
cause of the involvement of Sn and Sb p states in the elec-
tronic structure. LAPW spheres of radius 2.0a, for Na, 2.1q,
for K, 2.4a, for Ba, and 2.3a, for Sn and Sb were used. We
employed well-converged basis sets determined by
R inkmax=8.0, where R,;, is the minimum LAPW sphere ra-
dius and k., is the plane-wave cutoff for the interstitial re-
gion. Local orbitals were included to accurately treat semi-
core states. For all compounds, the experimental lattice
constants were used and the internal atomic coordinates were
optimized by total-energy minimization.

We performed thermopower calculations starting from our
first principles band structures, as well as phonon calcula-
tions for Na(K)gSnSb,. The thermopower was calculated
based on Boltzmann transport theory with the constant scat-
tering time approximation, as implemented in the BoltzTraP
program.?® Very dense k-meshes [up to 80 000 points in the
full Brillouin zone (BZ)] were used for these calculations.
The lattice dynamics calculations were performed using the
frozen phonon method,?”-?® as implemented in the FROPHO
code.? The required forces on atoms to evaluate the force
constants were calculated using the projector augmented
wave (PAW) method as implemented in the VASP code.33!
The kinetic energy cutoff for the plane-wave basis sets used
in the PAW-LDA calculations was chosen to be 260 eV. The
PAW calculations yielded results for relaxed crystal struc-
tures and electronic structures that are nearly identical to
those obtained from the LAPW method.

III. STRUCTURE

As shown in Fig. 1(a), NagSnSb, and KgSnSb, crystallize

in the face-centered cubic structure (space group Fd3m).20?!

Sn occupies the 8a (0,0,0) sites, tetrahedrally coordinated by
the Sb atoms at the 32e sites (xgp,xgp,Xg,) forming SnSby,
tetrahedra. Viewed from the center of a tetrahedron, each
vertex points along a [111] direction. The intercalated Na/K
cations are located at the sites 16¢ (0.125,0.125,0.125) and
48f (x.,0,0). As mentioned, the experimental lattice param-
eters of a=14.816 A for NagSnSb, and 16279 A for
KgSnSb, were used and the internal atomic coordinates were
fully optimized. For NagSnSb,, the optimized values of xg,
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and x,. are 0.3605 and 0.2703, in good agreement with the
experimental values of 0.3608 and 0.2728. The Sn-Sb bond
length is 2.8 A within a tetrahedron, and the distance be-
tween any two Sb atoms in the same tetrahedron is 4.6 A.
The shortest distance between the two Sb atoms from differ-
ent adjacent tetrahedra is significantly longer at 5.3 A.

The structure of K,Ba,SnSb, [Fig. 1(b)] is related to that
of NagSnSb,. Both may be described as consisting of SnSby
tetrahedra and intercalated cations. However, the SnSb, tet-
rahedra are located at the hexagonal-close-packed sites in
K,Ba,SnSb,, leading to a hexagonal P64mc structure.”? One
of the threefold axes for any tetrahedron is aligned along the
[0001] hexagonal direction. The K cations are located at two
inequivalent interstitial sites and Ba atoms partially substi-
tute one of the two K sites. We use the virtual crystal ap-
proximation to simulate the partial Ba substitution. This is
justified by the fact that the electronic states of these elec-
tropositive elements are high in the conduction bands (see
below) in these Zintl type compounds. Also, the optimized
internal coordinates show good agreement with experimental
values, indicating the validity of this approach. The shortest
distance between the two Sb atoms from two adjacent tetra-
hedra is nearly same as that in NagSnSb,, ~5.3 A.

Finally, we consider one compound with connected tetra-
hedra. Figure 1(c) shows the structure of NasSnSb; (space
group P2,/c).?! The SnSb, tetrahedra are connected by shar-
ing one Sb atom at the vertex. This forms the quasi-one-
dimensional spiral chainlike structures arranged along the
c-axis direction. For clarity, the intercalated Na ions in the
interstitial sites are not shown in Fig. 1(c).

IV. ELECTRONIC STRUCTURE

The calculated band structure and electronic density of
states (DOS) for NagSnSb, and KsSnSb, are shown in Figs.
2 and 3, respectively. As seen, both compounds are narrow-
gap semiconductors and have similar electronic structures.
The conduction band minimum (CBM) and the valence band
maximum (VBM) are both slightly off the I" point, resulting
in indirect band gaps of 0.08 and 0.15 eV within the LDA for
NagSnSb, and KgSnSby, respectively. However, because of
the very flat top valence band the energy difference between
the true valence band maximum and the maximum at I" is
very small, and therefore this is effectively a direct gap. We
emphasize that these are density functional calculations and
as such that the band gaps may be underestimated. It will be
of interest to compare with spectroscopic data if such data
becomes available.

Figure 3 shows that the Sn-p states are mainly concen-
trated at higher binding energy and strongly hybridize with
the Sb-p states forming covalent Sn-Sb bonds within the
SnSb, tetrahedra. The edges of both the valence and conduc-
tion bands are dominated by Sb-p states. The Na/K derived
bands are found at high energies in the conduction bands,
and therefore these alkali metal atoms are essentially fully
ionic, consistent with the usual bonding picture for Zintl
compounds.

The dominant Sb-p states near the VBM mostly originate
from the electron lone pairs on the Sb. The Sb lone pair
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FIG. 2. Electronic band structures of (a) NagSnSb, and (b)
KgSnSb,. The valence band edge is set as energy zero and denoted
with a dashed line.

derived states form heavy bands with small dispersion. At
the edge of the valence bands, we find heavy bands for both
NagSnSb, and KgSnSb,. The resulting high DOS near the
VBM should lead to large thermopower in p-type materials.
This narrow band arises from the Sb states localized within
SnSby, clusters as shown in Fig. 4(a) for NagSnSb,. The weak
intercluster coupling causes some dispersion for the Sb
bands near the VBM.

The Sb states associated with the shortest intercluster
Sb-Sb distance should have the strongest coupling and thus
form the most dispersive band. This band should be close to
the VBM since the relatively extensive Sb states that form
the band should have low binding energies (in other words
they are weakly bonding or nonbonding within the cluster)
and their stronger coupling results in larger level repulsion
that pushes the antibonding state to higher energy. Indeed,
we find a light band near the VBM that is as dispersive as the
lowest conduction band and is nearly degenerate with the
heavy band near the I" point. The presence of this light band,
which can be easily accessed for hole transport, is extremely
important as it may be expected to promote carrier conduc-
tivity that is essential in thermoelectric materials. The disper-
sion of the light band in NagSnSb, has a Kane band shape
with a near linear dispersion away from the band edge and a
closely matching conduction band. Figure 4(b) shows the
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FIG. 3. (Color online) Calculated total and projected DOS for
(a) NagSnSb, and (b) KgSnSby. Since the projections are onto
LAPW spheres, the Sb-p DOS are significantly underestimated ow-
ing to the more extended Sb orbitals and only the scale is propor-
tional to the real value. All the values are in per formula unit.

charge density contours for the dispersive valence band near
the VBM. This clearly shows the significant charge overlap
between the two Sb atoms from the adjacent SnSb, clusters.
Such charge overlap exists despite the relatively large Sb-Sb
separation of 5.3 A, as compared to the normal Sb-Sb cova-
lent bond length of 2.8 A. It appears therefore that the Sb-p
states are quite spatially extended. This may be a conse-
quence of the attractive potential provided by the interstitial
cations and importantly the very high charge state of the
(SnSb,)® clusters. This spatial extension leads to a connec-
tion between these anions for transport in the dispersive
band.

The narrower valence bands of KgSnSb, as compared to
NagSnSb, reflect the somewhat larger separation between
SnSb, clusters in KgSnSb, and hence reduced intercluster
interactions. We find that replacing Na or K by a smaller Li
atom while leaving the lattice parameters unchanged has a
negligible effect on the light band. This further demonstrates
that the direct Sb-Sb coupling is responsible for the interclus-
ter interaction. The combination of heavy and light bands is
favorable for the thermoelectric materials since it provides
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FIG. 4. (Color online) Charge density contours for the states of
the heavy (upper panel) and light (lower panel) bands near the
VBM (along I'-L direction) for NagSnSb,. The contours are in a
plane determined by three points: one Sn atom and one of the four
antimony atoms (Sb1) within a tetrahedron, and another antimony
atom (Sb2) in an adjacent tetrahedron.

both high thermopower and reasonably good carrier mobility,
as in filled skutterudites and La-Te.®’

The favorable band features near the VBM, as discussed
above, suggest that good thermoelectric performance may be
possible with p-type doping. Considering the chemistry of
these materials, one likely avenue for this is the introduction
of vacancies on the alkali metal lattice. We studied the hole-
doping dependence (up to 0.2 holes/f.u.) of the electronic
structure for NagSnSb,. This was done using the virtual crys-
tal approximation. Specifically, we reduced the nuclear
charges on the Na sites. The resulting electronic structure
was quite similar to the original band structure with a down-
shift of the Fermi level, consistent with rigid-band behavior.
This rigid-band behavior in virtual crystal calculations is
generally a sign of weak scattering, which also might be
expected based on the very weak contribution of the cations
to the electronic structure near the band edges and the spatial
separation of this doping site from the anionic clusters that
do form the bands. In other words, the acceptor-induced hole
scattering for this type of doping is expected to be weak
since the hole conduction is in the anion network, which is
not covalently bonded with cations.

V. THERMOPOWER

We performed calculations of the thermopower as a func-
tion of temperature within constant scattering time approxi-
mation Boltzmann theory in order to quantify the effects of
the mixed heavy/light valence band structure on the trans-
port. Within this approach the temperature and doping level
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dependent thermopower, S(T,w) is obtained from the
following:3>33

Saﬁ = E (U_l)a'yvﬂ‘y’ (1)
Y

where o is the electronic conductivity given by
1 f (T,e)
ouTi)= f aag(w[— —%}d 2)
and

1 Afu(T,¢)
Vap(T, ) = E[ ope)(e - M){— —"&8—}618- (3)

Here the ;) are electron band energies, f, is the Fermi
distribution function, w is the chemical potential (which is T
dependent), T is temperature and () is volume. The essential
ingredient, the energy projected conductivity tensors (trans-
port distributions) are

1
Tapl) = ]—VEk Topi,K) 8e — £, (4)

and can be obtained using k-dependent conductivity tensor
T ap(i.K) = ezﬁ,kva(i,k)vﬁ(i,k), (5)

where N represents the number of k point sampled in the BZ,
T,k is scattering time and v,(i,k) is the component of band
velocity that can be straightforwardly obtained from the band
structure.

We note that in all the above expressions only the scatter-
ing time 7 cannot be evaluated from the band structure. For-
tunately, in most degenerately doped semiconductors and
metals, 7 is usually a weak function of energy on the scale of
KT and can be approximately treated as a constant. This is
the so-called constant scattering time approximation (CSTA),
which neglects the weak energy dependence of 7 but retains
the possibly strong temperature and doping dependence.’*
Within the CSTA, 7 is exactly canceled in the expression of
thermopower [Eq. (1)]. Thus with this approximation, the
thermopower can be directly evaluated from the first prin-
ciples band structures. As mentioned, we used the BoltzTraP
program for this purpose.?®

The essential point is that for at the given doping level
and temperature the scattering time is assumed to be the
same for all carriers independent of their energy. This also
implies that carriers in different bands are assumed to have
the same scattering rate. This is clearly suspect in cases
where bands have very different character, for example in
materials with f bands and valence bands, and also in cases
with strongly energy dependent scattering mechanisms, such
as due to Kondo physics. Nonetheless, it appears to hold
remarkably well in a wide variety of metals and thermoelec-
tric materials. The Boltzmann kinetic transport theory within
the CSTA has been successfully applied to many thermoelec-
tric materials including degenerately doped semiconductors,
Zintl type phases and oxides.?03¢-*3 Agreement with experi-
ment has been obtained diverse materials such as
skutterudites,*** the high temperature chalcogenide mate-
rial, La-Te.” and even the oxide thermoelectric, Na,CoO0,,
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FIG. 5. (Color online) Calculated Seebeck coefficient as a func-

tion of temperature for p-type (a) NagSnSb, and (b) KgSnSb,. The
doping levels are given in holes per Na(K)gSnSb, unit.

which is near magnetism and perhaps quantum criticality
associated with this.*>*346-48 Finally, we note that we rely on
the band structures calculated at zero temperature in order to
perform the transport calculations. Although in general, the
electronic structure can be temperature dependent. The effect
of the temperature dependence of the band structure is pre-
sumably a minor effect on the transport coefficients, the main
effects being the temperature dependent scattering rates and
the broadening of the Fermi distribution with temperature.

We calculated the thermopower for hole-doped
Na(K)sSnSb,, as a function of temperature and doping level.
As mentioned, the electronic structure of the hole-doped
Na(K)gSnSb, shows the rigid-band behavior. Thus the ther-
mopower was calculated using the undoped band structure
with appropriate temperature dependent shifts of the Fermi
level to correspond to the doping level.

The low melting temperature of Na(K)gSnSb, means that
at best it can be used as a low-temperature thermoelectric
material. Figure 5 shows the calculated isotropic ther-
mopower S(T) for cubic Na(K)gSnSb, as a function of tem-
perature (up to 550 K) at selected p-type doping levels. One
can see that the heavy band at the edge of valence bands
indeed leads to a high thermopower in the temperature range
for cooling applications. In particular, a large value of ther-
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mopower above 160 wV/K can be maintained in the tem-
perature range of 350-550 K with doping levels as high as
0.1 holes/f.u. The multiband nature of the transport may be
seen in the shape of S(7), which is enhanced at low T. For
KgSnSb,, the heavier valence band results in higher ther-
mopower and the doping level that maintains the ther-
mopower above 160 wV/K is increased to 0.2 holes/f.u. At
0.1 holes/f.u., the high thermopower spans the temperature
range of 200-500 K. The decline of the thermopower at high
temperatures (especially for low doping levels) is caused by
thermally activated minority carriers.

VI. PHONONS

For a good thermoelectric material, the thermal conduc-
tivity, especially the lattice part x;, must be low. Materials
with soft lattices, specifically low sound velocities, have in-
trinsically lower thermal conductivities than those with high
sound velocities. Furthermore, strong scattering of the heat-
carrying acoustic phonons is desirable. This can be realized
in materials with loosely bonded structural components. In
particular, this favors low velocity acoustic phonons, as well
as low lying optical phonon branches that induce scattering
due to their anharmonic coupling to the acoustic modes. For
example, some materials have large internal voids that can be
filled by so-called rattling ions. These weakly bonded rattling
ions have low vibrational frequencies and can be effective in
scattering the acoustic phonons.'!"'> Na(K)gSnSb, consists of
weakly coupled clusters, which are likewise expected to pro-
duce soft phonons. Indeed, the calculated phonon dispersions
for Na(K)gSnSb, (see Fig. 6) show that some optical modes
have very low frequencies of less than ~50 cm™' and are
mixed with the acoustic modes. These optical modes origi-
nate from Sb vibrations within the SnSby, clusters. For com-
parison, the frequencies of these optical modes are even
lower than the calculated frequency (~60 cm™') for the vi-
brations of the La ions in filled skutterudites,
La(Fe,Co),Sby,.!? This suggests effective coupling between
these soft optical phonons and the acoustic phonons, leading
to enhanced scattering and hence lower ;. In fact, the very
soft lattice of this anionic cluster compound and low optic
phonon frequencies imply that the thermal conductivity may
be very low.

VIIL. K4Ba2SnSb4 AND Nassnsb3

As mentioned, p-type Na(K)gSnSb, may show good ther-
moelectric performance. However, the high content of alkali
elements in these compounds is expected to cause chemical
instability of the materials in air. For this reason, we have
also considered some other Zintl-phase compounds with
lower content of alkali elements.

Substituting alkali elements with alkaline earth elements
may be an effective way of improving the chemical stability
of the materials. K,;Ba,SnSb, (Ref. 22) is a known com-
pound with partial substitution of K by Ba. It would be de-
sirable to investigate whether (SnSb,)®~ compounds with still
lower alkali contents or even no alkali elements can be syn-
thesized. The calculated band structure for K,Ba,SnSb, (see
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FIG. 6. (Color online) Calculated phonon dispersion curves and
density of states for (a) NagSnSb, and (b) KgSnSby. The phonon
DOS projected onto Sn and Sb atoms are also shown.

Fig. 7) shows that it is a semiconductor with a direct band
gap of 0.16 eV within LDA. K;Ba,SnSb, and KgSnSb, have
the same network of SnSb, clusters and the resulting band
structures are also similar in terms of the lower-lying Sn-Sb
bonding states and the higher-lying Sb-dominated states near
the band gap. The heavy and light bands of K,Ba,SnSb, are
split, as can be seen in Fig. 7. The stronger coupling of the
SnSb, clusters along the ¢ axis (with the shortest intercluster
Sb-Sb distance) leads to larger dispersion of the light band
along the I'-A (the ¢ axis) direction. This further confirms
that the large dispersion of the light band near the VBM
arises from the intercluster Sb state overlap.

NasSnSbs is also a narrow-gap semiconductor with a band
gap of 0.07 eV within LDA. It also has an anisotropic crystal
structure with Sb-vertex-shared SnSb, clusters along the
c-axis forming chainlike structures. As a result, the disper-
sion of the valence band edge states is larger in the I'-Z
direction, suggesting higher hole mobility along the ¢ axis
although the anisotropy is lower than in K,Ba,SnSb,. The
heavy and light bands near the VBM are split in Nas;SnSbs.
The light band has higher binding energy but may be acces-
sible for hole transport with heavy p-type doping.

VIII. SUMMARY AND CONCLUSIONS

We used first principles methods to study the electronic
structure, transport properties and phonon spectra of the
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FIG. 7. Calculated band structure of (a) hexagonal K4Ba,SnSb,
and (b) monoclinic NasSnSbs. For NasSnSbs the dense bands result
from the large unit cell that contains 72 atoms.

Zintl-phase compounds, NagSnSb, and KgSnSb,. The results
indicate that these may be good p-type thermoelectric mate-
rials for the following reasons: (1) they have a combination
of heavy and light bands near the VBM, allowing high ther-
mopower and reasonably good hole conductivity; (2) the
needed p-type doping can very likely be achieved by intro-
ducing Na or K vacancies, which are not expected to cause
strong hole scattering since they are not covalently bonded
with the network of the anionic clusters in which the hole
transport occurs; (3) the weakly coupled cluster structures
should lead to low thermal conductivity. The calculated low-
frequency intracluster optical phonons are expected to effec-
tively scatter the heat-carrying acoustic phonons, further re-
ducing the thermal conductivity; (4) they are isotropic, good
for material growth and device construction.

The existence of both heavy and light bands near the
VBM is also due to the structural features of these com-
pounds. The localized intracluster states gives rise to the
heavy bands, while the weak intercluster interaction leads to
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the light band. Sb is effective in forming an anion network
for hole transport as its extended p states especially in these
highly charged anionic clusters dominate the intercluster
coupling.

However, NagSnSb, and KgSnSb, have low melting tem-
peratures and thus could only be suitable for low-
temperature thermoelectric applications. Furthermore, the
high alkali element contents in these compounds very likely
cause chemical instability in air. This motivated us to study
several other Zintl-phase compounds with SnSb, anion net-
works but lower alkali contents, i.e., K;Ba,SnSb, and
NasSnSb;. These compounds have split heavy and light
bands near the VBM.

The structural feature of weakly coupled anionic clusters
is the key to the good thermoelectric properties of the mate-
rials studied here. Such clusters will generally have an elec-
tronic structure governed by internal bonding, with band for-
mation due to the intercluster interaction in the solid.
Considering only a single ionic cluster, the highest occupied
states are expected to be those with the least favorable bond-
ing configurations, while the lowest energy states will be
those that correspond to stronger bonding. The weakly bond-
ing (and therefore highest energy) occupied states will there-
fore naturally be states with orbital character that is stronger
pointing out of the cluster as compared to the lower energy
states, which will be more directly connected with the cohe-
sion of the clusters. Therefore some of these states, specifi-
cally those directed at adjacent clusters, will also be more
dispersive than the more strongly bonding valence states. As
such, one may generally expect that there will be more dis-
persive bands at or near the top of the valence band. In fact,
our calculations show a combination of heavy and light
bands near the valence band maxima for all the compounds
studied, and based on this and the above discussion, we ex-
pect that while the exact placement and dispersion of the
bands will depend on details, this presence of heavy and light
bands near the valence band maximum may be rather com-
mon in Zintl compounds composed of anionic clusters.

Many other materials with similar structural properties re-
main to be explored for their potential thermoelectric appli-
cations. The approaches used in the present study may also
be useful for guiding future search of new high-performance
thermoelectric materials.
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