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Local structure of interstitial Zn
in β-Zn4Sb3
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The low thermal conductivity of the thermoelectric material
β-Zn4Sb3 has been linked to disorder arising from multiple interstitial Zn sites. Here we investigate the energetics and local
distortions associated with these interstitial sites via DFT calculations. Our results show the β-Zn4Sb3 structure is able to
distort into many inequivalent geometries of similar energies,

suggesting a topology rich with transport pathways through
energetically accessible metastable states. The occurrence of
such a shallow energy landscape may explain the recently
discovered liquid-like diffusivity of Zn in β-Zn4Sb3 – comparable to that found in superionic conductors.
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1 Introduction Zn4Sb3 is known to possess a high
thermoelectric figure of merit in the 100–350 °C range,
making it the most promising p-type material for waste
heat recovery at these temperatures [1]. This excellent performance primarily arises from the extremely low lattice
thermal conductivity in this material. A combination of reciprocal and real space diffraction analysis has been undertaken to identify the source of this low thermal conductivity and has identified both high levels of Zn disorder and
Zn nanostructuring on the 5–10 nm length scales as
sources of phonon scattering [2, 3]. In contrast, the Sb
framework is very well ordered. As such, Zn4Sb3 represents one of the earliest “phonon-glass electron-crystal”
structures discovered for thermoelectrics.
The low temperature α′- and α-phases and the high
temperature β-phase of Zn4Sb3 have a framework composed of isolated and paired Sb atoms (here referred to as
Sb1 and Sb2, respectively, following Ref. [2]), in which
the Sb2 atoms are additionally each capped by three Zn1
atoms, Fig. 1a and b [4]. As such, the framework stoichiometry corresponds to Zn12Sb10.
In all three forms of Zn4Sb3, Zn additionally occupies
interstitial sites thereby accommodating the final stoichiometry of Zn13Sb10 (Zn3.9Sb3). The phases are distinguished
by the degree of interstitial ordering, with the α′- and
α-phases exhibiting long range ordering of a five-atom interstitial cluster [4–6]. Grouping of interstitials at low tem-

peratures (the α ↔ β transition occurs at ~250 K) is likely
favoured due to the coupling of local framework distortions. Figure 1c shows how the interstitial sites may be
characterized according to three basic structural motifs
[2, 5]. The Zn2 interstitial is found at the head of the
Sb2–Sb2 dimer as a fourth Zn atom, Zn3 is located in the
gap between stacked dimers, and the Zn4 interstitial is
equidistant from the dimer Sb2 atoms.
Given the significant structural distortions found in
the α-structures which lower the overall symmetry from
R3c in β (a = 12.228 Å, c = 12.406 Å) to C 1 in α
(a = 32.536 Å, b = 12.237 Å, c = 10.852 Å, β = 98.77°) we
anticipate Zn interstitials in the β-phase will induce the
local Zn12Sb10 framework environment to similarly distort
away from the refined R3c crystallographic positions. In
this work, we utilize a triclinic (P1) cell to locate interstitial sites and reveal the changes in the local structure.
These results lend insight into recent discoveries of extraordinarily fast diffusion of Zn ions and nanoscale ordering of interstitials in β-Zn4Sb3, as well as providing a
framework for future calculations of transport and other
properties.
2 Experimental Each of 19 trials started with 13 Zn
atoms and 10 Sb atoms placed into the rhombohedral
primitive cell of the β-structure. While Sb1 and Sb2 sites
[2] were always used for antimony initial positions, the Zn
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Figure 1 (online colour at: www.pss-rapid.com) Two views of
the framework Zn12Sb10 structure are shown looking along the
rhombohedral [100] (a) and [110] (b) directions. Sb2 atoms (orange) form dimers capped by Zn atoms (blue). Sb1 chains (yellow) are not bonding. (c) The three distinct interstitial sites in the
high temperature β-phase as defined in Ref. [2]: Zn2 (green), Zn3
(blue), and Zn4 (yellow) polyhedra.

sites were varied. 16 of the trials contained all 12 Zn1 atoms plus one interstitial Zn atom. Adding the interstitial
lowers the symmetry to P1 and brings the cell to the experimental stoichiometry of Zn13Sb10. Of these trials, three
of the interstitial positions were from Snyder et al. [2]
(Fig. 1c), three from Cargnoni et al. [7], one from analyzing void space in Zn12Sb10, and another nine taken from locations of residual density detected in the X-ray refinement
[2]. The remaining three trials used multiple interstitial
starting positions (removing an additional Zn1 to maintain
the stoichiometry of Zn13Sb10), namely the BC and BCD
structures of Cargnoni et al. [7], and Zn2 and Zn3 of Snyder et al. [2].
Atom positions were allowed to relax in SeqQuest [8],
a fully self-consistent ab initio electronic structure code
that uses Local Gaussian basis sets (contracted double zeta
plus polarization quality) rather than plane waves in
density functional theory (DFT) calculations to minimize
the energy of atomic positions. All calculations used
double-zeta plus polarization (DZP) basis sets [9]. Standard
norm-conserving pseudopotentials were utilized, generated
from Hamann’s methods [10].
Initial calculations used the local density approximation (LDA). In all 19 distinct trials the cells were
constrained in cell size and shape, but the struc-tures were
allowed to relax to new atom positions. These final
structures were then minimized again using Perdew–
Burke–Ernzerhof pseudoatomic potentials [11] to obtain
the final energies. Placing interstitial Zn atoms in crystallographically equivalent but physically distinct sites led to
identical minimized energies (±1 meV/atom).
The 13 lowest energy structures are presented here,
with energies represented in meV/atom above a stoichiometric ground state – treated here as the Zn12Sb10 structure
plus the energy of a single atom of a Zn crystal.
3 Results and discussion Each of the initial cells
converged to a distinct, energy-minimized structure. Of
these structures, the lowest energy ones correlate closely to
those obtained by electron density maps refined from
X-ray diffraction [2]. The relaxed structures show final in© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

E. S. Toberer et al.: Local structure of interstitial Zn in β-Zn4Sb3

Figure 2 (online colour at: www.pss-rapid.com) Coordination
around interstitial Zn atom (green) in three relaxed structures.
Each cell began from the Zn12Sb10 structure (Sb: red, Zn: cyan)
plus the interstitial, and converged into the relaxed structure (Sb:
red, Zn: dark blue, interstitial: green). Insertion of a Zn atom at
the Zn3 site induced the formation of an adjacent vacancy/Zn2 interstitial. The largest displacements are recorded in Å. Displacements < 0.03 Å are shown as a single atom.

terstitial sites that can be generally identified with one of
three possible positions, the distortions about which are
shown in Fig. 2. These general low-energy interstitial positions are the same as those refined by Snyder et al. [2] but
display induced distortions and vacancies in the local environment (distances shifted in the Zn12Sb10 framework indicated in Fig. 2). The insertion of a Zn atom into the Zn2 or
Zn4 sites primarily distorts one Sb and one Zn neighbour.
Insertion of a interstitial onto the Zn3 site causes an adjacent Zn1 atom to shift onto a Zn2 interstitial position, creating a vacancy and a Zn2–3 interstitial pair. All relaxed
structures containing a Zn3 interstitial were paired with an
additional interstitial and a vacancy. These results are consistent with the observed 90% occupancy of the Zn1 site.
The relaxation of local atoms results in minimum Zn–Zn
distances of approximately 2.4 Å, compared to the 2.2 Å in
Cargnoni et al. [7].
Figure 3a shows the distribution of energies observed
for various final structures. In all cases, the structure is able
to lower its energy by relaxing the atoms coordinating the
interstitial. The wide variety of geometrically unique local
distortions gives rise to the observed range of energies in
Fig. 3a. The energies are shown relative to the relaxed Zn2
interstitial which was the lowest energy β-phase structure
found. The three primary interstitial structures (Zn2, Zn2–3,
Zn4 as shown in Fig. 2) all have comparable energetics, in
agreement with the occupancy of all three sites in the
σ- and β-phases. Spontaneous formation of the α-phase
cannot be observed in our structure as long-range correlations in excess of our unit cell (>10 Å) are inaccesible.
DFT calculations using the α-structure have found this
low temperature phase should be unstable towards disproportionation into 10ZnSb + 3Zn [4]. Prior calculations
have shown that the formation of β-cell structures containing interstitials is likewise unfavourable [7]. Those results
have led to the conclusion that the β-phase must be highly
entropy-stabilized and that the ordered α-structures are
www.pss-rapid.com
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rise to the observed high Zn diffusivity. Analogous behaviour has been observed in ‘cubic’ ferroerroelectrics which
are described as averages of lower symmetry nanodomains
[16]. Fluctuating nanodomains would further be expected
to readily scatter longer wavelength acoustic phonons
which are largely responsible for heat transport.

Figure 3 (online colour at: www.pss-rapid.com) (a) Energies of
the relaxed Zn13Sb10 structures, grouped by nomenclature of [2]
(see Fig. 1). The “2,3” and “3,4” structures contain two interstitials bonded to the same dimer while the “2,4” structure spans
two adjacent dimers. The dotted line represents kT at room
temperature, relative to the lowest energy β-phase structure.
(b) Energetics of the Zn – Sb system, relative to the energy of
Zn + Zn12Sb10. From (a), only the lowest energy from the “2”,
“2,3”, “4” groupings is shown. Energies for ZnSb, the α-phase,
and the BCD β-phase from the Refs. [4, 7].

metastable [4]. In this work and in prior work by Cargnoni
et al., the various relaxed structures are all energetically
unfavourable compared to Zn12Sb10 + Zn, again suggesting
entropic stabilization of Zn13Sb10. The relative energies are
shown in Fig. 3b, with our three lowest energy Zn2, 2/3,
and 4 structures overlaid on the results of Cargnoni et al.
and Mikhaylushkin et al. [4, 7].
The presence of so many metastable structures below
kT300 K is consistent with the high Zn diffusion rates found
in β-Zn4Sb3, as measured by tracer diffusion experiments
[12]. At 270 °C, the diffusion coefficient of Zn is found to
be 1.2 × 10–6 cm2/s. This remarkably high value is comparable to that of the fast-ion conductor AgI in the ‘superionic’ phase (DAg ≈ 2.1 × 10–5 cm2/s at 250 °C [13]). Such
high diffusion rates suggest the Zn motion is enabled by
the presence of multiple interstitial sites with equivalent
energies and low potential barriers between sites (activation energy Zn: 11 kJ/mol; Ag in AgI: 9 kJ/mol [14]). The
mobile species in such superionic conductors are often described as ‘liquid-like’ and the order–disorder transition
described as ‘sublattice melting’ [15]. While it is unclear
whether such terms apply to β-Zn4Sb3, the results here suggest substantial analogies.
Real-space X-ray and neutron analysis using the pairdistribution function (PDF) method has led to further insight into both the low and high temperature Zn4Sb3 phases
[3]. These methods have confirmed that the phases are extremely structurally similar, including the nature of their
interstitial geometry. The most relevant result from the
PDF measurements is an envelope function for the β-phase
which is indicative of a lower symmetry, locally ordered
α-like structure which does not have long range coherency
(<10 nm). Unfortunately, because of the many similar
bond distances that occur in the structure, the exact nature
of the interstitial coordination is not revealed. Spatial and
temporal fluctuations in the domain structure can then give
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4 Conclusion By relaxing a number of distinct initial
interstitial β-Zn4Sb3 structures, we have identified several
energetically accessible, geometrically unique metastable
interstitial/vacancy structures. The occurrence of such
structures and the interstitial disorder may explain both the
remarkably high ‘liquid-like’ Zn diffusivity and the presence of α-like nanodomains in the β-structure. Perhaps
most importantly, these features may be responsible for the
exceptionally low thermal conductivity of β-Zn4Sb3.
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