
Crystal structure, electronic structure, and thermoelectric properties of �-Zn4Sb3
from first principles

A. N. Qiu, L. T. Zhang,* and J. S. Wu
School of Materials Science and Engineering, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240,

People’s Republic of China
�Received 7 September 2009; revised manuscript received 9 December 2009; published 14 January 2010�

Due to its complex and disordered structure, the relationship between crystal structure and electronic prop-
erties of �-Zn4Sb3 is still ambiguous. The effect of Zn vacancy and interstitial on the structure, bonding,
electronic properties, and thermoelectric properties of �-Zn4Sb3 has been investigated by ab initio calculations
in this work. It is demonstrated that the Zn-Zn bond distance increases significantly whereas the Zn-Sb bond
distance increases slightly after fully optimization and relaxation. This abnormality is explained by exploring
the bonding properties, which may attribute to the Zn deficiency and the disordered distributions of Zn in
�-Zn4Sb3. Our calculations show that �-Zn4Sb3 is a p-type degenerated semiconductor with an indirect gap of
0.26 eV and a direct gap of 0.33 eV. An opposite effect on the electrical conductivity and Seebeck coefficient
is found for both p-type and n-type dopants. Thus doping may not be exceptionally beneficial for improving
the thermoelectric properties of �-Zn4Sb3.
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I. INTRODUCTION

�-Zn4Sb3 has attracted much attention for its outstanding
thermoelectric performance1,2 between 300 and 700 K with a
figure of merit ZT=1.3 at 670 K �ZT=�S2T /�, where � is
the electrical conductivity, S is the Seebeck coefficient, � is
thermal conductivity, and T is the absolute temperature�. This
excellent performance primarily arises from its particularly
low thermal conductivity �about 0.7 W m−1 K−1 at 650 K�.3
Recent studies4,5 on the crystal structure of �-Zn4Sb3 re-
vealed a considerable occupational deficiency in the main Zn
site �0.89–0.92� and the occurrence of three weakly occupied
interstitial Zn sites �about 0.06�. It is believed that the Zn
disorder in the structure and the three interstitial partially
occupied Zn sites attribute to its low thermal conductivity.6

Although �-Zn4Sb3 has been identified as an excellent
thermoelectric material, further improvements of thermo-
electric performance are of vital importance to practical ap-
plications. Doping is an effective approach to optimize the
thermoelectric properties by adjusting the carrier
concentration,7 nevertheless it is found that doping in
�-Zn4Sb3 is not always beneficial. Liu et al.8,9 and Tsutsui et
al.10 have investigated the effects of Al, Ga, and In doping on
the thermoelectric properties of �-Zn4Sb3, respectively. They
found that the substitutions increase both the electrical resis-
tivity and the Seebeck coefficient resulting in a reduction in
ZT at high doping levels. Pedersen et al.11 have investigated
the thermoelectric properties of Hg0.04Zn3.96Sb3, which
shows that the Hg doping has a minor influence on the trans-
port properties of �-Zn4Sb3 and ZT remains unchanged for
both the undoped and the Hg-doped samples. The effect of
Mg doping has also been examined,12 which showed that no
immediate improvement of ZT was achieved.

At about 260 K,13–15 the rhombohedral �-Zn4Sb3 under-
goes a reversible phase transition to the monoclinic
�-Zn4Sb3. It is surprising that the complex structure of
�-Zn4Sb3 appears to be completely ordered with a crystallo-
graphic composition of Zn13Sb10 �2 f.u. per cell�.16,17 By in-

specting the structure of Zn4Sb3 during the phase transition,
it is found that the actual composition of �-Zn4Sb3 should
also be Zn13Sb10 �Zn3.9Sb3� �Ref. 18� instead of Zn6Sb5 sto-
ichiometry proposed by Mayer et al.19

Based on the Mayer’s model, Kim et al.20 have investi-
gated the electronic structure of �-Zn4Sb3 using first-
principles calculation. They found that the Fermi energy was
below the valence-band edge with a band gap of about
0.4 eV. Nylén et al.18 have investigated the density of states
�DOS� of �-Zn4Sb3 �Zn13Sb10�, showing a band gap of about
0.3 eV. Considering the electron fillings of the bands they
predicted that �-Zn4Sb3 was also a narrow-gap semiconduc-
tor. By constructing complex Zn2-Sb2 frameworks in Zn4Sb3,
Mikhaylushkin et al.21 have concluded that the band gap
of Zn13Sb10 is 0.2–0.3 eV. Cargnoni et al.5 have proposed an
extremely complex model with different combinations of
various Zn12Sb10 and Zn13Sb10 modifications, leading
�-Zn4Sb3 to being a p-type semiconductor.

Considering the disordered and interstitial Zn atoms, the
relationship between crystal and electronic structures of
�-Zn4Sb3 is still ambiguous. The effect of doping to the ther-
moelectric properties in experiments is also puzzling. First-
principles calculations help provide a deeper understanding
of the electronic structure and the physics-governing elec-
tronic transport and they are thus a powerful tool in the field
of thermoelectricity. In this work, we constructed a simple
virtual-crystal model with a consistent stoichiometry of
�-Zn4Sb3 �Zn13Sb10� including a careful consideration of va-
cancies and interstitials. First-principles calculations were
then performed to reveal the electronic structures of
�-Zn4Sb3 and �-Zn4Sb3 with different crystal models. Based
on the band structure and the experimental data, the thermo-
electric properties of doped �-Zn4Sb3 were explained in de-
tail using the Boltzmann theory and the rigid-band approach.

II. MODEL AND METHODOLOGY

The structures of �-Zn4Sb3 �space group C1̄� and

�-Zn4Sb3 of Mayer’s model �space group R3̄C� have been
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proposed in detail.18,19 According to the latest study,4

�-Zn4Sb3 bears a rhombohedral crystal structure �space

group R3̄C, as shown in Fig. 1�a��. Two nonequivalent Sb1
�18e� and Sb2 �12c� sites are fully occupied as 18 Sb3− and
12 Sb2− in dimers. In contrast, the main Zn1 site �36f� is only
90% partially occupied. In addition to the Zn deficiency,
there are three interstitial Zn sites �36f� in the lattice with
quite low occupancies �about 6%�. The �-Zn4Sb3 cell
amounts to Zn13Sb10, i.e., 39 Zn atoms and 30 Sb atoms in
the unit cell.

Based on the previous comprehensive structural charac-
terizations, the framework of �-Zn4Sb3 for calculations was
constructed in the following way: first, a crystal was built
with full occupancy of Zn1, Sb1, and Sb2 sites resulting in
the Zn36Sb30 stoichiometry. Then we removed three Zn1 at-
oms to form three vacancies in the crystal. The distances of
the vacancies were chosen to be as far as possible, which
possessed the lowest total energy. Finally, we inserted differ-
ent Zn interstitials couple dimers to occupy the cavity of
each single Zn1 vacancy, as pointed out by Cargnoni.5 In this
way, we obtained a crystal cell �Fig. 1�b�� with a nominal
composition of Zn39Sb30, which is perfectly consistent with
that of �-Zn4Sb3. Moreover, the ratios of 0.917 �33/36� and
0.056 �2/36� are quite close to the refined occupancy of the
main and interstitial Zn sites, respectively. The theoretical
mass density of our model is 6.41 g /cm3 which coincides
well with the experimental value of 6.36 g /cm3.22

First-principles calculation was performed by the full-
potential linearized augmented plane-wave �FP-LAPW�
method implanted in the WIEN2K code.23 The exchange-
correlation potentials were evaluated within the generalized
gradient approximation �GGA� of Perdew, Burke, and
Ernzerhof.24 A cutoff energy of −6.5 Ry was used to sepa-
rate the valence and core states. The muffin-tin radii RMT was
set to 2.2 a.u. for all atoms and the plane-wave cutoff con-
stant RMTKmax was set to 7.0. The essential relaxation proce-
dures were performed following the damped Newton dy-
namic schemes for forces acting on the atoms smaller than
10−3 Ry /a.u. Self-consistent procedure was performed on a
3�3�3 k mesh in the irreducible Brillouin zone �IBZ� until

the energy difference was less than 10−5 Ry. The thermo-
electric properties were calculated from the band structure of
Mayer’s model using the semiclassical Boltzmann theory
and the rigid-band approach.25 For the transport tensors cal-
culation, eigenenergies of 4218 k points on a nonshifted
mesh in the IBZ were calculated by the BOLTZTRAP code,26

which is based on a well-tested smoothed Fourier interpola-
tion to obtain an analytical expression of the bands. The
original k mesh was interpolated onto a mesh five times as
dense as the original.

III. RESULTS AND DISCUSSION

A. Structural and bonding properties

The ground-state bulk properties were obtained by fol-
lowing the Murnaghan’s27 equation of state. Compared to the
experimental value �a=12.2282 Å and c=12.4067 Å�,
GGA gives larger lattice constants by about 1.3% �a
=12.3933 Å and c=12.5742 Å�. These values are consistent
with the usual GGA behavior of overestimating the unit-cell
volume,28 indicating that the accuracy of the result is satis-
factory.

According to Cargnoni5 and Mozharivskyj,29 some of the
refined distances between the main and interstitial Zn sites
are quite short, which is true in our initial crystal cell �e.g.,
dmin

Zn2-Zn3=1.83 Å and dmin
Zn1-Zn4=1.70 Å�. On the other hand,

the Zn-Sb bond distances are somewhat reasonable for both
Zn atoms occupying the main �dmin

Zn1-Sb1=2.73 Å� and inter-
stitial �dmin

Zn4-Sb2=2.73 Å� sites. The short Zn-Zn bonds are
unfavorable in the lattice and may induce local distortions of
the lattice. This can be confirmed by our relaxation process.
Table I lists the bond-length changes before and after relax-
ations. It is interesting to find that there is a significant
change in the Zn-Zn bond distances. However, the Zn-Sb
bond distances increase slightly. The minimum Zn-Zn bond
distances after relaxations of local atoms increase to about
2.5 Å; compared to the 2.4 Å by Toberer.30 A recent study31

of the local structure of �-Zn4Sb3 using the pair distribution
function analysis suggested the existence of nanoscale do-
mains of locally ordered � structure which are not long-

FIG. 1. �Color online� Crystal structure of �a� �-Zn4Sb3 in space group R3̄C with all atoms in full occupancy, the interstitial Zn atoms
are presented in smaller spheres, �b� the Zn13Sb10 model with occupancy close to the experimental value.
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range ordered in the � phase. Our results show that the short
Zn-Zn bonds are physically unstable and the Zn atoms seem
to repulse each other to a reasonable distance in the actual
local structure. This may lead to the occurrence of �-like
short-range local ordering.

The above difference in changes of bond distances of
Zn-Zn and Zn-Sb implies that the bonding characters be-
tween Zn-Zn and Zn-Sb may be different. To further eluci-
date the nature of the Zn-Zn and Zn-Sb interactions, we com-
puted the bonding charge density, which offers an insight
into the chemical bonds formed as a result of charge redis-
tribution. The bonding charge density is defined as the dif-
ference between the total charge density in the solid and the
superpositions of neutral atomic charge densities at the atom
sites. Figure 2 presents the valence-bonding charge densities
projected on the �110� plane of �-Zn4Sb3. It can be found
that the bonding characteristic of �-Zn4Sb3 is dominantly
covalent based on the directional distribution of valence
electrons, which is in agreement with the results based on
x-ray electron-density analysis by the maximum entropy
method. Obviously, the strong and directional covalent bonds
between Zn and Sb atoms are formed as the significant
charge accumulations along the Zn-Sb atom pairs. In com-
parison, the covalent bonds between Zn and Zn atoms are
rather weak. This different bonding strength explains the
large increase in Zn-Zn distances and slightly changed Zn-Sb
distances. In addition, the weak Zn-Zn bond may be attrib-
uted to the Zn deficiency and to the disordered distributions
in �-Zn4Sb3 acting an important role during the phase tran-
sition from � to � at low temperatures. The weak nature of
such bonding may also cause the decrease in lattice thermal
conductivity �0.75 W m−1 K−1 to 0.65 W m−1 K−1 at 230

K� during the �→� phase transition as the appearance of the
disordered interstitial Zn atoms.

B. Electronic properties

To explore the electronic structure of �-Zn4Sb3, the cal-
culated DOS is compared for the fully ordered monoclinic
�-Zn4Sb3 �Zn13Sb10�, the rhombohedral structured �-Zn4Sb3
proposed by Mayer �Zn12Sb10�, and the interstitial �-Zn4Sb3
�Zn13Sb10� model �Fig. 3�. For �-Zn4Sb3 �Fig. 3�a��, the
Fermi level is exactly situated at a narrow pseudogap sepa-
rating the valence and conduction bands, indicating an al-
most complete band filling. In Fig. 3�b� for �-Zn4Sb3 of
Mayer’s model, the Fermi level is deep inside the valence
states leaving certain amount of unoccupied valence states.
This may lead to a metallic behavior for �-Zn4Sb3, which is
contrary to the narrow-gap-semiconductor behavior observed
in experiments. Therefore, �-Zn4Sb3 should have a filled
valence-bands state. Indeed, the interstitial model of
�-Zn4Sb3 in Fig. 3�c� exhibits a narrow-gap-semiconductor
character. The Fermi level is located close to the band gap
and the valence states are almost filled. It is shown that the
valence state extends down to about 11 eV below the Fermi
level and is divided into three distinct parts �Fig. 3�d��. The
DOS of �-Zn4Sb3 from the bottom up to −8 eV is mainly
composed of Sb s states. From −7.5 to −6 eV, the sharp
Zn d states dominate the shape of DOS. From −6 eV to the
Fermi level, the valence state is rather complex with mixed
Zn d, Sb s, and Sb p hybridized states. A narrow band gap of
about 0.3 eV separates the valence states to the conduction
states, which is also composed of the above-mentioned hy-
bridized states. The hybridization of conduction and valence
states determines the appearance of the gap near the Fermi
level. We regard these mixed hybridized states as the cause
of the highly covalent bonds in �-Zn4Sb3.

Detailed structures of the DOS close to the Fermi energy
are found to be different for the three models. The states
close to the Fermi level are affected by the crystal structure
as well as atomic order �models�. �-Zn4Sb3 is a semimetal
with a small pseudogap. �-Zn4Sb3 of Mayer model is a very
strongly doped semiconductor with a large band gap while
the interstitial �-Zn4Sb3 model is a doped semiconductor
with a smaller band gap. Gao32 and Kim20 have found that, in
order to correspond to a reported Hall concentration nH=9
�1025 m−3=0.1 hole /cell in Mayer’s model, the calculated
Fermi level should be shifted to conduction band by about
0.025 Ry. The calculated Fermi energy of our interstitial
model in Fig. 3�c� is just 0.024 Ry larger than the Fermi
energy of the Mayer’s model in Fig. 3�b�. Thus, we believe
that our interstitial model offers a highly close description of
electronic structure of the disordered �-Zn4Sb3 in reality.

TABLE I. Bond-length changes in Zn-Zn and Zn-Sb before and after relaxations.

Zn1-Zn4 Zn2-Zn3 Zn2-Zn4 Zn3-Zn4 Zn1-Sb Zn2-Sb Zn3-Sb Zn4-Sb

Before relaxation �Å� 2.02 1.97 2.37 2.40 2.73 2.71 2.64 2.73

After relaxation �Å� 2.53 2.52 2.58 2.63 2.78 2.75 2.79 2.77

Change ratio �%� 25.2 27.9 8.9 9.6 1.8 1.5 5.7 1.5

FIG. 2. Valence-bonding charge density for �-Zn4Sb3 on the
�110� plane. Contours range from −0.2 to 0.2 e /Å3 and increase by
0.01 e /Å3. Solid �dotted� contours represent contours of increased
�decreased� charge.
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The Fermi level of �-Zn4Sb3 is not exactly located at the
edge of band gap. The density of �-Zn4Sb3 at the Fermi level
in the present investigation is about 0.8 states/eV/atom in
Fig. 3�c�. This can be illustrated more clearly in the band
structure as shown in Fig. 4. The maximum valence band
crosses the Fermi level, resulting in a lightly p-type degen-
erated semiconductor in agreement with the experiment.
Only a small amount of valence band is unoccupied and
induces a high carrier concentration. This clarifies the con-
tradictory arguments of �-Zn4Sb3’s metallic behavior by pre-
vious studies and indicates that the vacancies and interstitials
in the lattice play a key role in determining its electronic
structure.

The band structure in Fig. 4 reveals that �-Zn4Sb3 is an
indirect semiconductor. The conduction-band minimum
�CBM� is located at the � points, whereas the valence-band
maximum �VBM� is located at about 4/5 of the �M direc-
tion. The indirect band gap is 0.26 eV and the direct gap at �
is 0.33 eV, which both agree well with the above analysis.
Our orbital composition analysis qualitatively reveals again
that the VBM and CBM states are highly delocalized.

C. Thermoelectric properties

Recent studies have shown that doping in �-Zn4Sb3
seems unfavorable for increasing the thermoelectric proper-
ties. By exploring the band structure, the rigid-band ap-
proach can be used to investigate how thermoelectric prop-
erties depend on various doping levels.33,34 Figure 5 presents
the calculated thermoelectric properties along a and c axis of
the crystal, respectively, as a function of chemical potential
�i.e., versus doping level� at 600 K, without consideration of
the specific dopant types. The carrier concentration as a func-
tion of chemical potential at 600 K is shown in the inset of
Fig. 5�a�. It is found that �-Zn4Sb3 shows little anisotropy in
transport behaviors. The calculated Seebeck coefficient S for
undoped �-Zn4Sb3 is 183 �V /K, which agrees well with
the experimental value of 187 �V /K at 600 K �Ref. 3�. By
using the constant relaxation-time assumption and the ex-
perimental electrical resistivity �=2.9�10−5 	 m, the re-
laxation time 
 can be fitted to 3.7�1014 s.

Figure 5 describes an opposite influence of doping to the
electrical conductivity � and Seebeck coefficient S. For
p-doped �-Zn4Sb3, � increases smoothly with an increasing

FIG. 3. The calculated total DOS of �a� �-Zn4Sb3, �b� �-Zn4Sb3 of Mayer’s model, �c� �-Zn4Sb3, and �d� partial DOS of �-Zn4Sb3.
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doping amount whereas S decreases. When the chemical po-
tential equals to −0.3 eV, the corresponding carrier concen-
tration exceeds 1027 m−3 and S decreases to be less than
50 �V /K �Fig. 5�b��. For n-doped �-Zn4Sb3, S increases to
a large value with increasing doping amount however � de-
creases dramatically. Therefore the contradictory effects on S
and � result in a reduction in power factors either in p-doped
or n-doped �-Zn4Sb3 as shown in Fig. 5�c�. As a matter of
fact, after doping in �-Zn4Sb3 �e.g., in Ref. 10�, there is an
increase in S the Fermi level moves toward the conduction
states, thus the number of carriers at the Fermi level is de-
creased and the band-effective mass is increased. The com-
bined effects of the decreased number of carriers �holes� and
the increased effective mass give rise to a decreased carrier
concentration and mobility, resulting in a lower �, which is
consistent with the Hall-coefficient measurement. Mean-
while, S is related to the derivatives of carrier states at the
Fermi level and shows little enhancement. We note that the
shape of � and S versus doping is quite similar to those of
thermoelectric materials �such as Bi2Te3 �Ref. 25� and
CsBi4Te6 �Ref. 35�� which have optimized performance after
doping, except the location of chemical potential of undoped
compound. Our present calculations show that the doping is
not exceptionally beneficial for raising the thermoelectric
properties of �-Zn4Sb3. This unfavorable nature is related to
its intrinsic electronic structure. Therefore, in order to im-
prove the thermoelectric performance by doping, more atten-
tion should be paid on reducing the thermal conductivity in
future experiments.

IV. CONCLUSION

In this work, we have proposed a structure model of
�-Zn4Sb3 with the Zn13Sb10 stoichiometry close to the ex-
perimental studies, which takes the vacancies and interstitials
into consideration. A first-principles calculation was per-
formed to study its electronic properties and thermoelectric
properties using the FP-LAPW method and semiclassical
Boltzmann theory. Our structure-relaxation results reveal that
the short Zn-Zn bonds are physically unstable and the Zn-Zn
bond distances increase significantly while the Zn-Sb bond
distances increase slightly. It is explained by the difference
between the strong Zn-Sb covalent bonds and weak Zn-Zn
covalent bonds. Our calculations show that �-Zn4Sb3 is a
p-type semiconductor with an indirect gap of 0.26 eV and a
direct gap of 0.33 eV. The valence band is not completely
filled thus induces a high carrier concentration of about

FIG. 4. The calculated band structure of �-Zn4Sb3.

FIG. 5. The calculated thermoelectric properties along different
directions of �-Zn4Sb3 at 600 K as a function of chemical potential.
�a� Electrical conductivities relative to relaxation time � /
, �b� See-
beck coefficient, and �c� power factor relative to relaxation time
S2� /
. The chemical potential of undoped �-Zn4Sb3 is marked by a
vertical line at 0.0 eV. The inset shows the dependence of carrier
concentration on chemical potential at 600 K.
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9�1025 m−3. Doping is not exceptionally beneficial for rais-
ing the thermoelectric properties. This unfavorable nature is
related to the intrinsic electronic structure of �-Zn4Sb3 and
more attention should be paid on reducing the thermal con-
ductivity in future investigations.
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