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The efficiency of a thermoelectric generator depends on the
thermoelectric figure of merit zT, where z is defined as z = α2σ/κ,
(α is the Seebeck coefficient, σ is the electrical conductivity, T is

temperature and κ is the thermal conductivity). Good thermoelectric
materials are typically heavily doped semiconductors with low thermal
conductivity.Heavily doped semiconductors provide a balance between
the large |α| of lightly doped semiconductors and the high σ of metals.
The power factor α2σ in Zn4Sb3 (13 µW cm–1 K–2 at 400 °C)1 is reasonably
high,but still less than half that of the next best thermoelectric material—
(AgSbTe2)0.15(GeTe)0.85 (TAGS) (ref.2).What makes Zn4Sb3 a remarkable
thermoelectric material is the unusually low thermal conductivity
(Fig. 1),comparable to that of a glass.

The total thermal conductivity is the sum of the lattice thermal
conductivity and the electronic thermal conductivity,where the latter can
be estimated from the electrical conductivity using the
Wiedemann–Franz law. The lattice thermal conductivity usually can be
understood from the features of the crystal structure.Complex structures
with large unit cells,disorder,and/or a variety of atom types are known to
scatter phonons and therefore produce materials with low thermal
conductivities.For example,binary skutterudites such as CoSb3 can have
a high power factor, but they require disorder, electron–phonon
scattering, or introduction of rattling guest atoms to lower the lattice
thermal conductivity enough to achieve high zT values3,4. Glasses have
even lower thermal conductivity compared with crystalline materials
because the amorphous structure scatters phonons to mean-free paths of
atomic dimensions. An amorphous structure will also scatter electrons,
lowering their mobility and therefore electrical conductivity and power
factor. Thus the ideal thermoelectric material resembles a ‘phonon glass
and an electron crystal’5,6.

Virtually all thermoelectric materials with the highest zT are
compound semiconductors containing heavy elements. In such
materials, the general electronic properties can be explained from their
crystal structures by identifying and locating atoms and their covalent
and ionic bonds.Bonding strong enough to produce a small bandgap is
required for semiconducting electronic properties, which allows the
possibility of high Seebeck coefficient.

Thus,a proper description of the crystal structure of Zn4Sb3 should
explain both the electronic structure (by identifying bonds and
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therefore valence state) as well as the glass-like thermal conductivity (by
identifying phonon-scattering mechanisms) and therefore explain the
high thermoelectric figure of merit.The single-crystal X-ray diffraction
study of Mayer7 provides a reasonable starting model of the observed
diffraction data, but is inconsistent with numerous chemical and
physical properties. The crystal structure reported in the present study
allows a general explanation of the electronic transport properties and,
in addition, the structure reveals disordered zinc atoms,which explains
the remarkable thermoelectric figure of merit.

Both single-crystal and powder X-ray diffraction data were used to
determine the detailed crystal structure of Zn4Sb3 at room temperature.
Small single crystals were extracted from a polycrystalline sample
cooled from the melt8. Powder samples were synthesised by direct

reaction of the elements. The mass density was measured by the
immersion method (in toluene) to be 6.36 g cm–3. The initial 14,773
integrated reflections on a small single crystal were reduced to 956
independent reflections (details of the data collection are given in
Table S1 of the Supplementary Information), and an empirical
absorption correction was carried out on the basis of the large
redundancy of the data set. High-resolution synchrotron powder-
diffraction data (Supplementary Information, Fig. S2) collected at
short wavelength in a thin capillary were used for maximum entropy
method (MEM) calculations9.The MEM procedure uses scaled,phased,
structure factors extracted from the diffraction data by full-pattern
Rietveld refinement for finding the most probable electron density
consistent with the experimental data.
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Figure 1 Thermoelectric properties of Zn4Sb3 compared with other materials. a, Thermoelectric figure of merit:Zn4Sb3 has the highest zT between 150 °C and 400 °C,due to b, its
thermal conductivity being substantially lower than all other optimized p-type thermoelectric materials1,2,4,15,17.

Table 1 Comparison of structural models for Zn4Sb3 with intermediate steps to the interstitial model. The R value 
and goodness-of-fit (GooF) (using the new data set) is improved with each evolution of the model, but the density
and composition is close to the experimental values only with the inclusion of interstitials.

Site occupancy (fraction) RF GooF x in ZnxSb3 Density
(%)  (g cm–3)

Site Zn(1) Sb(1) Sb(2) Zn interstitial
multiplicity (36f) (18e) (12c) (36f) 

Mayer model 7 1 0.89Sb 1 0 4.27 2.64 4.07 6.09
0.11Zn 

Full occupancy 1 1 1 0 3.93 2.44 3.60 6.21
model

Vacancy model 0.90 1 1 0 3.45 2.01 3.24 5.96

Three interstitial 0.90 1 1 0.17 2.57 1.37 3.83 6.37
model 

Empirical values10,11 3.95 ± 0.05 6.36
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The core structure of Zn4Sb3 (Fig. 2), common to all structure
solutions7,10, contains three distinct atom positions (36 Zn(1),18 Sb(1),
and 12 Sb(2)) in space group R3

–
c (Table 1, 2). Previous structural

investigations have modelled the Sb(1) site with a mixture of Zn (6.7%
ref.10,or 11% ref.7) and Sb.The substitution of Zn on the Sb(1) site was
originally done11 to achieve the experimental stoichiometry for ZnxSb3

known to be x = 3.95 ± 0.05; without any substitution the X-ray
stoichiometry would only be x = 3.6.

In all our structure determinations, however, we find no evidence 
of Zn substitution on the Sb(1) site (Table 1). In contrast, all our
structure refinements show a deficiency of Zn on the Zn(1) site such 
that it is only about 90% occupied (corresponding to x = 3.24).
Clearly, these three atom positions are insufficient to account for the
observed Zn stoichiometry.

The MEM electron density (Fig. 3), which is not biased by any
particular structural model,shows non-spherical zinc atoms and clearly
contains at least three small but unequivocal regions of electron density,
separate from the three main atomic positions. If we assign this
additional electron density in Zn4Sb3 to interstitial Zn atoms, the
structural, chemical and physical model of Zn4Sb3 is vastly improved.
By adding three interstitial sites (Table 2),the Rvalue drops dramatically
(Table 1) from 4.3% to 2.6% and the goodness-of-fit from 2.6 to 1.4.

To demonstrate the effect of changing the structural model, some
intermediate steps are included in Table 1. Starting with the model of
Mayer7, the substitution of Zn on the Sb(1) position is eliminated, then
vacancy on the Zn(1) site is allowed,and finally Zn interstitials are added
on the basis of the extra electron density found in the MEM density map.

Each step significantly improves the R value and goodness-of-fit but
only the model with Zn-interstitials has low R with both stoichiometry
and density consistent with experimental observations.

The mass density and stoichiometry of the new structure
determination agrees well with the observed density and elemental
analysis. The previous structures7,10 that contain no interstitial atoms
and substitute light zinc atoms for heavier antimony are significantly
less dense than that observed experimentally (Table 1). This would be
quite exceptional because X-ray densities are almost universally slightly
greater than experimental densities, due to random vacancies.
The density of the revised structure is not only much closer to the
observed density (Table 1),but even slightly greater,as expected.

In addition, such a substitution of Zn for Sb leads to conclusions
inconsistent with the physical properties. Normally, different elements
randomly positioned on the same crystallographic site have the same or
very similar size and charge (if the charges differ, then there needs to be
some charge compensation elsewhere) and therefore similar site
energies. With little energy preference of one element over the other, a
range of relative composition for that site should be possible.
An example would be an intermetallic alloy of two similar sized,neutral
(similar electronegativity) metals that is capable of having a wide range
of compositions. However, Zn4Sb3 shows none of these properties, it is
known to be nearly a line compound with a narrow range of Zn/Sb
stoichiometry11. Furthermore, the small and electropositive Zn is
chemically very different to the large,electronegative Sb.Band-structure
calculations12 show that the Sb(1) site has a coordination sphere 
with bond distances too large for Zn. The chemical differences 
between Zn and Sb are made even more apparent by using the concepts
of valence compounds.

Valence compounds such as compound semiconductors and Zintl
phases are intermediate between insulating and intermetallic
compounds. Compound semiconductors are valence compounds
containing only covalent bonds whereas Zintl phases contain some
ionic bonding13. Regardless of the classification, the rules of valence
(valence charge balance and the octet rule) stipulate the extent of
covalent bonding between anions in analogy to lighter elements of the
same family. Like nitrogen, antimony will have formally a –3 valence
without any Sb–Sb bonding, –2 valence with one bond, –1 with two
bonds and so on. The Sb–Sb bonding can be identified in structures
from their distances, which are typically 2.9 ± 0.1 Å; distances greater
than 3.3 Å signify significantly weaker bonding14. As a consequence of
their bonding configurations, valence compounds are usually brittle,
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Figure 2 The crystal structure of Zn4Sb3 without Zn interstitials.The Sb3– form
distorted hexagonal-close-packed layers with Sb2– dimers in the channels formed by the
octahedral holes.Top:view along c,Bottom:side view showing Sb2– dimers.

Table 2 Atomic coordinates and equivalent isotropic displacement
parameters (Ueq (Å2 ×103)) for single-crystal refinement of Zn4Sb3

(R3
–
c, a = 12.2282(3) Å, c = 12.4067(4) Å). Standard deviations are given in

parentheses.

Atom Site x y z Occupancy Ueq

Zn(1) 36(f) 0.0792(1) 0.2439(1) 0.4033(1) 0.899(5) 25(1)  

Sb(1) 18(e) 0.3555(1) 0 0.25 1 17(1)  

Sb(2) 12(c) 0 0 0.1364(1) 1 16(1)  

Zn(2) 36(f) 0.1574(14) 0.4207(17) 0.0715(17) 0.046(3) 57(6)  

Zn(3) 36(f) 0.2420(20) 0.4600(20) 0.2000(40) 0.056(6) 110(20)  

Zn(4) 36(f) 0.1260(20) 0.2367(17) 0.2760(40) 0.063(5) 170(20)
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diamagnetic semiconductors that,like salts,tolerate little stoichiometric
variation of anion/cation ratio.In contrast,intermetallic alloys typically
are ductile metals (with low Seebeck coefficient) that can usually tolerate
larger stoichiometric variation.The bonding (ionic and covalent) of Sb
compounds is typically weaker than that for the lighter elements but
enough to produce a small bandgap (required for predominance of n-
or p-type carriers) and hence semiconducting electronic properties,
namely the possibility of high Seebeck coefficient.

Indeed, most good thermoelectric materials follow the rules of
valence compounds. The best-known thermoelectric materials15 are
Bi2Te3, Sb2Te3 and PbTe, all of which have valence balance, and are 
small-bandgap semiconductors with limited stoichiometry range.
Caesium bismuth telluride CsBi4Te6 is a good thermoelectric material
below room temperature16, where close examination of the structure
reveals that Bi–Bi bonding compensates for the added electron from
caesium providing valence balance. The good high-temperature
thermoelectric material skutterudite CoSb3 and filled skutterudite (for
example, CeFe4Sb12) contains doubly bonded square rings of Sb–

making (Sb4)4– clusters3. Semiconducting CoSb3 (Co3+) has valence

balance whereas CeFe4Sb12 (Ce3+, Fe2+) is one electron short of valence
balance and therefore a heavily doped p-type semiconductor.

In the Zn–Sb system, the valence compound ZnSb contains singly
bonded Sb2–, which form (Sb2)4– dimers. The assignment of the zinc as
Zn2+ is consistent with the physical properties (brittle, diamagnetic
semiconductor) and with the results of doping additions (substituting
Ag+ for Zn2+ produces p-type ZnSb while In3+ makes n-type ZnSb)17.

With the new structure determination,Zn4Sb3 is found to follow the
rules of valence compounds.The Sb(1) atoms, in a distorted hexagonal-
close-packing arrangement, have only zinc near neighbours (6 Zn(1) at
2.76(3) Å; see Table S2 in the Supplementary Information for
interatomic distances) and therefore is given the valence designation
Sb3–. The Sb(2) atoms are 2.82 Å from another Sb(2) (in addition to 
3 Zn(1) at 2.68 Å) indicating the presence of single-bonded Sb2–in dimers
similar to those in ZnSb. The Sb2– atoms, like the Al atoms in corundum
(Al2O3),are in the channels of octahedral holes formed by the Sb3– layers
with one dimer every three layers. Zn(1), with four Sb neighbours and
one Zn at a metallic distance of 2.7 Å, has two electrons available for
covalent or ionic bonding resulting in valence Zn2+. In each hexagonal
cell of Zn4Sb3, there are 18 Sb3– and 12 Sb2– in dimers requiring a total of
78 electrons,or 39 Zn2+ for valence balance (Zn3.9Sb3).As there are only 36
available positions on the main Zn(1) site (Zn3.6Sb3), there must be at
least three interstitial zinc atoms for valence balance. The new structure
accounts for the interstitial zinc with a total of 38.3(4) Zn atoms per cell
(Zn3.83(4)Sb3).The rules of valence should be used to justify chemically the
necessity of interstitial zinc, but are not exactly quantitative because
complete electron transfer is never expected. Also, because Zn4Sb3 is a 
p-type conductor, it is expected that the composition would be slightly
cation-poor (1020 holes per cm3 = 0.16 holes per cell = Zn3.89Sb3).

This classification of Zn4Sb3 as a valence compound finally gives a
general explanation of the chemical and physical properties important
to thermoelectric applications. The valence-balance requirement
precludes a fixed stoichiometry in both the pure and doped phases.
Pure Zn4Sb3 is limited to Zn3.95(5)Sb3 whereas doped Zn4Sb3 tends to form
compensated phases. For example, several percent Ga3+ will substitute
for Zn2+ to make Ga0.16Zn3.66Sb3 but more than one zinc atom is
displaced for each gallium atom, such that the resulting compound 
is nearly isoelectronic, with similar properties, to Zn4Sb3. The valence
balance also accounts for the relatively large Seebeck coefficient of a
small-bandgap semiconductor, essential to an efficient thermoelectric
material.The crystal structure used for band-structure calculations12 to
explain the thermoelectric properties of Zn4Sb3 is actually closer to the
interstitial model than that of Mayer7. For these calculations, full
occupancy was assumed on the three core positions and extra electrons
added to achieve the empirical stoichiometry of Zn.
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Figure 3 Electron density surface (calculated by MEM) of Zn4Sb3 superimposed
with the resultant atom positions including three different Zn interstitials.

Table 3 Anisotropic displacement parameters (Å2 × 103) for the single-
crystal refinement.

Atom U11 U22 U33 U23 U13 U12

Sb(1) 19(1)  14(1) 15(1)  –1(1) 0(1) 7(1)  

Sb(2) 18(1) 18(1) 12(1) 0 0 9(1)  

Zn(1) 26(1) 22(1) 29(1) 1(1) 3(1) 14(1)

Zn(2) 20(6) 56(11) 81(13) 15(9) –9(6) 8(6)  

Zn(3) 57(11) 42(11) 200(40) –64(18) 63(17) 2(8)  

Zn(4) 68(13) 49(10) 400(60) 20(17) –50(20) 35(10) 
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The three zinc interstitial positions are much like the Zn(1) site,with
reasonable distances (>2.5 Å) to three to five neighbouring Sb atoms.
Many Zn(1) and Zn-interstitial sites are too close (<2.5 Å) in proximity
to be simultaneously occupied,and therefore the site occupancies must
be locally correlated. Such correlated disorder will lead to small
displacements on neighbouring atoms visible as non-spherical
perturbations in the electron density.Thus the actual local coordination
of the interstitial atoms will be quite different from that implied from the
diffraction data.

The three Zn interstitial sites described here, and perhaps other
smaller ones in Zn4Sb3, approximate contiguous channels (along the 
c axis), which suggests that there may exist significant Zn mobility in
Zn4Sb3. The interstitial sites refine best with relatively large, anisotropic
thermal parameters where the long axis is in the direction of the closest
interstitial or Zn(1) atom (Supplementary Information, Fig. S1).
Large, non-ellipsoidal and low-occupancy atom positions are rare in
simple inorganic crystals,but are common in intercalation compounds
and fast ion-conducting solids18. For example, the fast Ag+ ion
conductor α-RbAg4I5 contains channels of electron density or Ag-
interstitial sites.The disorder in Zn4Sb3 may be either static or dynamic;
indeed, a static-to-dynamic transition may be the origin of the various
subtle phase transitions observed11,19.

The new structure determination reveals disordered interstitials as
an extremely effective mechanism for low thermal conductivity that
makes Zn4Sb3 the highest zT thermoelectric in the 150–400 °C
temperature range.The compounds ZnSb and Zn4Sb3 have very similar
structural features and electronic properties17,20. However, Zn4Sb3 has a
much lower thermal conductivity (Fig. 1) than ZnSb, which can be
attributed to their most striking difference—interstitial,disordered zinc
with large displacement parameters. Some intercalated Chevrel
compounds21 such as Cu4–xMo6S8 have similar disordered Cu positions
with large thermal-displacement parameters. These phases have
promising thermoelectric properties22,but have not yet demonstrated a
thermoelectric figure of merit as large as that of Zn4Sb3. The thermal
conductivity of Zn4Sb3 is substantially lower (Fig. 1) than even filled
skutterudite (CeFe4Sb12), which contains a single disordered, ‘rattling’
site with large displacement parameter6. Thus, the multiple, disordered
interstitial sites in Zn4Sb3 are noticeably more effective at lowering
thermal conductivity than even the rattling atom in filled skutterudites.

The thermal conductivity of Zn4Sb3 is so low it may be considered a
phonon glass.The heat transport of crystalline solids can be successfully
modelled using phonons to describe the lattice vibrations.However, for
amorphous solids, the phonon mean-free path is of the order of the
phonon wavelength, and therefore the lattice vibrations are best
described by localized damped oscillators instead of phonons.
The resulting thermal conductivity for an amorphous solid is much less
than that for a crystalline solid. For real materials, the theoretical
thermal conductivity of an amorphous solid can be considered a lower
limit to the thermal conductivity23.For this reason,it has been suggested
that the ideal thermoelectric material is amorphous to phonons while
maintaining high electron mobility, the so-called electron crystal
phonon glass5. It seems that Zn4Sb3 is exactly such a compound.
The diffuse, disordered channels of zinc seem to reduce the phonon
mean-free path substantially.At the same time,the structure ofantimony
provides a crystalline electronic structure suitable for thermoelectrics.

METHODS

SINGLE-CRYSTAL SAMPLE PREPARATION
Small single crystals were extracted from a polycrystalline sample prepared using the Bridgman

technique8. Zinc (99.9999%) and antimony (99.999%) shots were combined in a 57.5:42.5 atomic ratio

and loaded into a carbon-coated silica ampoule with pointed bottom. The ampoule was evacuated and

sealed before placing in a vertical two-zone furnace. The sample was directionally cooled from the melt

with a gradient of 50 K cm–1 and growth rate of 0.7 K h–1. From power X-ray diffraction and microprobe

analysis, the samples seemed to be single phase. Samples often contained microcracks due to phase

transformation or instability near the melting point.

SINGLE-CRYSTAL X-RAY DIFFRACTION
Single-crystal (0.1 mm diameter) X-ray diffraction measurements were carried out on a Bruker SMART

CCD diffractometer (MoKα radiation). The single crystals had severe twinning problems, and more than

15 specimens were tested before a suitable sample was found (powder data, unaffected by twinning, give

the same results—see below). For the final non-twinned specimen, extensive data were recorded (14,773

integrated reflections were reduced to 956 independent reflections) to (sinθ/λ)max = 0.88 Å–1 and an

accurate empirical absorption correction (µl = 25.14 mm–1) was carried out based on the very large

redundancy of the data set (SADABS). The structure solution and refinement was done with SHELXL

(ref. 24).

SINGLE-CRYSTAL STRUCTURE REFINEMENT
The final structure refinements were done using anisotropic displacement parameters on all atoms 

(Table 3), using restraints. The final interstitial model for the single-crystal data restrains the anisotropic

displacement parameters of the Zn interstitials to approximate isotropic behaviour (ISOR 0.1 command24).

This keeps the thermal ellipsoids from extending into the neighbouring Zn(1) or Zn-interstitial

positions. In addition, the total Zn stoichiometry was restrained to the Zintl stoichiometry (x = 3.9, with

standard deviation 0.36) for a final stoichiometry x = 3.83(4). In this way both the occupancy and

anisotropic thermal parameters are allowed to vary within physically reasonable restraints.

The reliability factor RF is defined as

where Fo and Fc are the observed and calculated structure factors. Goodness-of-fit (GooF) is defined as

where N is the number of reflections, P is the total number of parameters refined and w is the weighting

function given in the Supplementary Information (Table S1).

Further refinement of the structure is possible (GooF > 1.1) by modelling some of the 1 e Å–3

difference peaks as additional Zn-interstitial sites. These additional sites were excluded in the final model

because they appear only as non-ellipsoidal bulges in the MEM electron-density map, and therefore their

significance is uncertain.

POWDER SAMPLE PREPARATION AND X-RAY DIFFRACTION
The powder sample was obtained by direct reaction of the constituent elements. Room-temperature

synchrotron powder-diffraction measurements were carried out at the beam line BL02B2 at SPring8,

Japan, using a large Debye-Sherrer camera with an image plate detector25. The incident X-ray wavelength

(λ = 0.42061 Å) was determined by calibration on a standard CeO2 sample (a = 5.411102 Å). The image

plates were scanned with a pixel resolution of 100 µm. The data extend from 2θ = 3° to 2θ = 39° with a

step size of 0.01° (dmin = 0.626 Å).

RIETVELD AND MEM
Owing to the small diameter of the capillary (0.1 mm) and the high energy of the incoming X-rays,

absorption and extinction are negligible. In addition, powder-diffraction data cannot contain spurious

effects from twinning. This makes the synchrotron data more suitable for MEM calculations than the

single-crystal data, as is confirmed by the smooth MEM densities with very little noise. In combined

Rietveld/MEM analysis26, a small impurity phase of metallic Zn is also observed. As a starting point we

Rietveld-refined a model without interstitial Zn atoms. From this refinement, structure factors were

extracted for MEM calculations, and the corresponding density revealed several positions of interstitial

atoms. The largest interstitial peak was included in the Rietveld model and the procedure was repeated.

In the following two Rietveld/MEM cycles, a total of three interstitial sites were added to the model.

Final residual values for the refinement with the three zinc interstitial sites (refined stoichiometry

Zn3.845Sb3) were RP = 2.03%, RWP = 2.68%, RF = 2.37% (for 802 reflections with dmin = 0.626 Å).

The reliability factor RP is defined as

where Yo and Yc are the observed and calculated intensity. RWP is the reliablity factor based on the

weighted powder profile:

and w = 1/Yo is the weighting function.

It should be stressed that MEM analysis on the single-crystal data produce approximately the same

three interstitial Zn sites as does the MEM analysis of the synchrotron powder data. However, for the

single-crystal analysis the interstitials are superimposed on a more noisy background density.

MEM calculations use scaled, phased, ‘error free’ (that is, corrected for systematic errors such as

extinction and absorption) structure factors as input for finding the numerical grid density (ρx) that

optimizes S = –ρxlog(ρx/τx) subject to the constraints of the data,

Here S is the Shannon entropy, τ is the grid density derived from prior information, N is the number of

the observed structure factors, and σ is the standard deviation.

The ENIGMA program9 was used for parallel code MEM calculations at the Danish Supercomputer

Centre. The calculations used uniform priors and a 240 × 240 × 240 pixel grid. Iterations were stopped at

χ2 = 1 with RF(MEM) = 2.15%.

χ = = 1      .
1
N

∑
Fobs – Fmodel

(Fobs) σ( (22

RWP =
w(Yo

 – Yc )
2Σ 
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w(Fo
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