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Transport properties of the layered Zintl compound SrZnSb2 have been characterized from room
temperature to 725 K on polycrystalline samples. SrZnSb2 samples were found to be p-type with a
Hall carrier concentration of 5�1020 cm−3 at room temperature, and a small Seebeck coefficient
and electrical resistivity are observed. A single band model predicts that, even with optimal doping,
significant thermoelectric performance will not be achieved in SrZnSb2. A relatively low lattice
thermal conductivity is observed, �L�1.2 W m−1 K−1, at room temperature. The thermal transport
of SrZnSb2 is compared to that of the layered Zintl compounds AZn2Sb2 �A=Ca,Yb,Sr,Eu�, which
have smaller unit cells and larger lattice thermal conductivity, �L�2 W m−1 K−1, at 300 K.
Ultrasonic measurements, in combination with kinetic theory and the estimated �L values, suggest
that the lower �L of SrZnSb2 is primarily the result of a reduction in the volumetric specific heat of
the acoustic phonons due to the increased number of atoms per unit cell. Therefore, this work
recommends that unit cell size should be considered when selecting Zintl compounds for potential
thermoelectric application. © 2009 American Institute of Physics. �DOI: 10.1063/1.3158553�

I. INTRODUCTION

The search for high efficiency thermoelectric materials
encompasses many classes of semiconductors. While most
conventional thermoelectric materials employ tellurium, its
low natural abundance suggests that the discovery of non-Te
based thermoelectric materials may be required for wide-
spread application. Also necessary is high thermoelectric
conversion efficiency, which is characterized �at the material
level� by the figure of merit, zT=�2T /��, where � is the
Seebeck coefficient, � is the electrical resistivity, and the
thermal conductivity � is the sum of the electronic �e and
lattice �L contributions. In general, large zT is difficult to
obtain due to the coupling of these transport properties via
carrier concentration n and temperature T.

Zintl compounds are attractive for thermoelectric appli-
cation due to their valence-precise nature, which frequently
results in tunable semiconductors.1,2 Also, Zintl compounds
are often composed of discrete structural units �layers, cages,
channels, and polyanionic groups� that promote low �L.3–6

Many material systems fall into the Zintl formalism and sev-
eral have demonstrated large thermoelectric efficiency, in-
cluding Yb14MnSb11, Ba8Ga16Ge30, and the filled CoSb3.6

However, the transport properties of many Zintl compounds
remain uncharacterized.

Here, we report on the electrical and thermal transport
properties of polycrystalline SrZnSb2 from room temperature
to 725 K. SrZnSb2 was previously predicted to be a semi-
metal by ab initio calculations, and a maximum zT of 0.14
�0.21� was estimated for p-type �n-type� conduction at
300 K.7 The crystal structure of SrZnSb2 �orthorhombic,
Pnma; Fig. 1�a�� is derived from the ThCr2Si2 structure �te-

tragonal, I4 /mmm�, where anionic slabs of edge sharing tet-
rahedra are separated by square monolayers of cations. In
SrZnSb2, every other �Zn2Sb2�2− slab is replaced by a mono-
layer consisting of �Sb2�2− zig zag chains.

To gain insights into the relationship between crystal
structure and transport properties in Zintl compounds, the
data obtained for SrZnSb2 are compared to those of the lay-
ered AZn2Sb2 �A=Ca,Yb,Sr,Eu� Zintl compounds. The lat-
ter compounds have been shown to possess moderate ther-
moelectric performance, with 0.5�zT�1 at 750 K.8,9 As

shown in Fig. 1�b�, the AZn2Sb2 compounds �P3̄m CaAl2Si2
parent compound� have structural features similar to
SrZnSb2, but the unit cell of SrZnSb2 is larger due to the
layer of �Sb2�2− zig zag chains. The AZn2Sb2 �A
=Ca,Yb,Sr,Eu� compounds are composed of trigonal
monolayers of A2+ cations separating �Zn2Sb2�2− slabs. The
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FIG. 1. �Color online� Crystal structures of �a� SrZnSb2 and �b� SrZn2Sb2

with unit cells outlined in black. Green spheres represent Sr, gold sphere
represents Sb, and Zn is located within the tetrahedrons.
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anionic slabs can be viewed as two puckered graphitic
Sb–Zn layers which have been brought into contact.10

II. METHODS

A. Synthesis

Stoichiometric amounts of the elements �at least 99.9%
metal basis purity� were combined in a pyrolitic BN crucible,
which was sealed in a quartz tube evacuated to 1
�10−5 torr. Samples were slowly heated from
575 to 1225 K, and the resulting melt was held at 1225 K
for 30 min. The melt was cooled to 825 K in 2.5 h, and the
sample was annealed at 825 K for 2.5 h. The resulting ingot
was ball milled under argon for 15 min in the high energy
SPEX 8000 Series Mixer/Mill utilizing stainless steel vial
and balls. The fine grain, homogeneous powder obtained
from milling was hot pressed in a high-density graphite die
�POCO� at 825 K, for approximately 3 h, while roughly 1.4
metric ton of force was placed on a 12 mm diameter surface.
The dense ingots obtained from hot pressing were cut using
a slow cut saw with nonaqueous lubricant, and the resulting
wafers were �1–2 mm thick.

B. Characterization

X-ray diffraction was performed on powder samples via
a Phillips X’Pert plus diffractometer using Cu K� radiation.
Transport data were collected between 300 and 725 K while
under dynamic vacuum. A constant �T of �10 K was uti-
lized to obtain Seebeck coefficients by measuring voltage via
Nb wires and T at the corresponding chromel-Nb junctions.
The van der Pauw method was utilized to obtain the Hall
density �nH=1 /RH, where RH is the Hall coefficient� and
electrical resistivity; a magnetic field of 2 T and currents of
500 mA were utilized. A Netzsch LFA 457 measured the
thermal diffusivity, and heat capacity is estimated by the
method of Dulong–Petit. Shear and longitudinal sound ve-
locities were measured at room temperature using a Pana-
metrics NDT 5800 pulser/receiver and a Tektronix TDS 1012
digital oscilloscope with honey couplant.

III. RESULTS AND DISCUSSION

SrZnSb2 samples were nearly phase pure with a high
density ��97% theoretical�. The presence of a small amount
�1–2 wt % � of elemental Sb impurity is observed in the re-
finement of powder x-ray diffraction data.

A. Electrical transport

SrZnSb2 was found to be a p-type conductor with a room
temperature Hall carrier concentration �nH� of 5
�1020 cm−3. As shown in Fig. 2, the value of nH for SrZnSb2

increases quickly with increasing temperature, which is in-
dicative of a small band gap semiconductor or a semimetal.
At high temperatures, the single-carrier description yields an
exaggerated nH due to the excitation of electrons into the
conduction band. Without knowledge regarding the mobility
of holes and electrons �as a function of temperature�, it is
impossible to calculate the true hole concentration and mo-
bility at high T.

The electrical resistivity ��� of SrZnSb2 is small and
increases with increasing temperature, as shown in Fig. 3.
The temperature dependence of SrZnSb2 is observed to be
less than linear due to the thermal excitation of carriers. The
corresponding Hall mobility ��H� decreases with increasing
temperature �Fig. 2�, presumably due to scattering by acous-
tic phonons, and at high temperatures multicarrier effects
yield an underestimated �H.

Seebeck coefficient ��� measurements support p-type
conduction, with positive � obtained for all temperatures
�Fig. 3�. The Seebeck coefficient of SrZnSb2 is small, likely
due to the high doping level, and the observed temperature
dependence is similar to that of a heavily doped semiconduc-
tor. A thermal band gap of Eg=0.07 eV is estimated using the
maximum value of � and the corresponding T: Eg

�2e�maxTmax.
11 The effective mass of SrZnSb2 is estimated

to be 0.92me at room temperature, where me is the free elec-
tron mass. The effective mass is calculated from the room
temperature nH and � using a single parabolic band model
with carrier mobility assumed to be limited by acoustic pho-
non scattering.12

The transport properties of AZn2Sb2 �A
=Sr,Ca,Yb,Eu� were previously reported and are summa-
rized here.8,9,13 The nominally stoichiometric compounds
were found to be extrinsically doped, p-type semiconductors
with 1.5�1019–1.5�1020 holes /cm3 at 300 K. Using the
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FIG. 2. The Hall carrier concentration �filled markers� and mobility �open
markers� of SrZnSb2 as a function of temperature. The smooth curves are
guides to the eye.
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FIG. 3. Temperature dependence of the Seebeck coefficient �filled markers�
and electrical resistivity �open markers� for SrZnSb2.
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same approach as above, Eg�0.3 eV and m*�0.6me have
been calculated for these compounds,13 and we have calcu-
lated m*=0.57me at 300 K for EuZn2Sb2 from the data in
Ref. 9. The carrier mobility of all AZn2Sb2 �A
=Sr,Ca,Yb,Eu� is found to be larger than that in SrZnSb2,
probably due to the reduced effective mass and lower carrier
density. While the AZn2Sb2 compounds have similar m*, the
variation in � does not follow any trend with carrier concen-
tration and the Yb and Eu compounds have surprisingly large
�. The difference in m*, �, and Eg between these compounds
and SrZnSb2 suggests that the layer of infinite Sb chains
impacts the electronic structure of SrZnSb2 near the top of
the valence band.

B. Thermal transport

The thermal conductivity shown in Fig. 4�a� is calcu-
lated as the product of the density d, thermal diffusivity DT,
and heat capacity CP, the latter of which is estimated using
the method of Dulong–Petit. For SrZnSb2 �112�, CP

=0.252 J /g K and for SrZnSb2 �112� CP=0.270 J /g K. As
seen in Fig. 4�a�, the thermal conductivity of SrZnSb2 is

relatively independent of temperature. Specifically, the value
of � initially decreases with increasing temperature, and then
rises for T�500 K. The lattice contribution shown in Fig.
4�b� is estimated by �L=�−�e. The electronic contribution is
obtained by the Wiedemann–Franz relationship, �e=L	T,
where the Lorenz number L is calculated using a single band
model with carrier mobility limited by acoustic phonon
scattering.12 The calculation of L yields values between
2.35�10−18 and 2.19�10−8 W 
 K−2 for temperatures be-
tween 300 and 675 K, respectively.

The estimation of �L reveals a significant contribution to
� from �e, as expected for materials with low �. In Fig. 4�b�,
the value of �L for SrZnSb2 is observed to decrease with
increasing temperature up to roughly 500 K, where it re-
mains at �1 W /m K. A decrease in �L with increasing tem-
perature is expected for crystalline materials �T−1 decay due
to an increase in phonon-phonon scattering for the acoustic
modes�, while temperature independent �L is typically ob-
served in disordered systems.

The plateau above 500 K does not suggest that SrZnSb2

has a glasslike thermal conductivity at high T. At high tem-
peratures �e possesses additional contributions due to the
thermal excitation of charge carriers across the band gap. In
particular, the bipolar thermal conductivity ��b� can occur
when both holes and electrons are present �here we consider
�b as one part of �e�. The value of �b cannot be determined
without knowledge on the electronic properties of both car-
rier types. We expect �b to be significant at high temperature
in SrZnSb2 due to the large increase in nH, which suggests
that holes and electrons are thermally activated. The net re-
sult is an overestimation of �L, particularly at high tempera-
tures, and thus a temperature independent �L is observed as
an artifact of the analysis.

As shown in Fig. 4�b�, the lattice thermal conductivity of
SrZnSb2 �112� is roughly one-half that of SrZn2Sb2 �122� at
300 K. For most of the temperatures examined, �L for
SrZnSb2 is significantly lower than that of SrZn2Sb2. The
values of �L converge at high T likely due to the crystalline-
like decay �T−1� of �L in SrZn2Sb2 and the presence of �b in
SrZnSb2. Due to the complexity of transport at high T in
SrZnSb2, we focus on the room temperature properties and
highlight the differences between these materials. Further-
more, at room temperature we do not expect significant
variation from the estimated values of CP.

Speed of sound data are utilized to estimate the mean
phonon group velocity �vm�, Debye temperature ��D�, and
average acoustic phonon mean free path �lac�, which are dis-
cussed below. The sample of SrZn2Sb2 utilized was synthe-
sized in a manner similar to that described here for SrZnSb2.
The room temperature data are summarized in Table I, where
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FIG. 4. �a� The total thermal conductivity of SrZnSb2=112 is compared to
that of SrZn2Sb2=122. �b� Estimation of the lattice thermal conductivity �L

reveals lower �L in SrZnSb2 than in SrZn2Sb2. Also shown is �min calculated
via Cahill’s representation, which is similar for both compounds. A contri-
bution from the bipolar thermal conductivity is expected for SrZnSb2 at high
temperatures.

TABLE I. Room temperature properties of SrZnSb2 and SrZn2Sb2.

Compound
na

�atoms/cell�
�L

�W/m K�
vl

�m/s�
vt

�m/s�
vm

�m/s�
�D

�K�
lac

�Å�
Cac

�J/g K�

SrZnSb2 16 1.2 3540 2040 2270 222 170 0.0157
SrZn2Sb2 5 2.1 3750 2010 2240 222 91 0.0540
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it is shown that the two compounds have very similar vm and
�D, which was estimated via

�D =
vm�

kb
�62

V
�1/3

, �1�

where V is the average volume per atom and vm is calculated
from the longitudinal vl and transverse vt speeds of sound via
vm=31/3�vl

−3+2vt
−3�−1/3.14 The values of vl and vt are also

used to estimate the minimum value of the thermal conduc-
tivity ��min� with Cahill’s formulation for amorphous
materials,15

�min = �

6
�1/3

kbV−2/3�
i

vi� T

�i
�2	

0

�i/T x3ex

�ex − 1�2dx . �2�

Within Cahill’s model, both compounds are predicted to
have very similar �min �lower curves in Fig. 4�b��, which is
roughly one-half of the �L observed at high T. The values of
V employed here are obtained from Refs. 16 and 17. In Eq.
�2�, the summation is over the one longitudinal and two
transverse modes with �i=vi�� /kb��62 /V�1/3. When utiliz-
ing Slack’s formulation for �min �including the optical
contribution�,18 a smaller �min=0.28 W m−1 K−1 is calculated
for SrZnSb2, while �min=0.45 W m−1 K−1 for SrZn2Sb2; the
difference is due to a smaller acoustic contribution for
SrZnSb2 �related to the number of atoms per unit cell, dis-
cussed below�.

When thermal transport is governed by acoustic
phonons, such as implied by the temperature dependence of
�L, it is perhaps more appropriate to consider average prop-
erties of the acoustic modes. The mean free path of acoustic
phonons is then obtained from

�L = 1
3dCacvaclac, �3�

where dCac=dCP /na is the contribution of the acoustic
phonons to the volumetric specific heat for a primitive cell
containing na atoms, and vac=vm. From this formulation, and
the summary of results in Table I, it is readily observed that
�dCac�SrZnSb2

/ �dCac�SrZn2Sb2
�0.3, while lac,SrZnSb2

/ lac,SrZn2Sb2
�1.9, and thus the reduced �L in SrZnSb2 is associated with
a decrease in the ability of acoustic phonons to carry heat.
Note that if the classic definition of the average phonon
mean free path is utilized �CP in place of Cac�, the average
mean free path of SrZnSb2 would be roughly a factor of 2
smaller than that of SrZn2Sb2 and both mean free paths
would be roughly an order of magnitude smaller than those
reported in Table I.

From a structural point of view, the larger unit cell of
SrZnSb2 results in reduced �L via a reduction in the volumet-
ric specific heat of heat carrying phonons. According to
Slack, when only acoustic phonons contribute to the thermal
transport, the thermal conductivity at �D can be estimated by

�L =
BM̄V1/3�D

2

na
2/3�2 , �4�

where M̄ is the average atomic mass, � is the Grüneisen
parameter, and the constant B=3.04�107 s−3 K−3 for �=2.19

The trends observed here are in agreement with the theoret-

ical prediction provided � does not vary much between the
two compounds. Specifically, when �=2 is assumed, Eq. �4�
yields �L=1.78 W m−1 K−1 for SrZnSb2 and �L

=3.56 W m−1 K−1 for SrZn2Sb2. The main difference is the
value of na �na,SrZnSb2

/na,SrZn2Sb2
�−2/3= �16 /5�−2/3=0.46, and

thus unit cell size can explain the trends in �L observed here.
The role of optical phonons complicates this comparison

some, as the increased number of atoms per unit cell in
SrZnSb2 leads to more optical modes than in SrZn2Sb2. Op-
tical phonons may carry heat; however, in these compounds
the mass ratios are greater than 1 �between 1.3 and 1.9� and
thus optical modes are not expected to contribute signifi-
cantly to thermal transport.19 Also, optical modes can pro-
mote thermal resistance through the annihilation of acoustic
phonons: acoustic+acoustic→optic.20 Therefore, the small
amount of heat carried by the optical phonons may be offset
by an increased scattering of the acoustical modes.

Structural features must also be considered as a source
for low �L in SrZnSb2. The infinite chains of Sb may be
flexible and/or have large thermal parameters that promote
phonon scattering. Also, the similarity in a and b lattice pa-
rameters may allow the frequent production of twin bound-
aries, which would also promote phonon scattering. We do
not believe that point defects �vacancies� associated with
hole production are responsible for reduced �L in SrZnSb2

because large changes in defect concentrations would be ex-
pected between SrZn2Sb2 and YbZn2Sb2 �based on the val-
ues of nH�, and these compounds have similar �L. The pres-
ence of Sb impurity in SrZnSb2 is not believed to be the
source of low �L as the SrZn2Sb2 samples contained a similar
quantity of ZnSb impurity. Finally, the scattering of phonons
via charge carriers was determined to be insignificant based
on the theory by Ziman.21,22 Furthermore, scattering effects
are unlikely to be the source for reduced �L as lac for
SrZnSb2 is larger than lac for SrZn2Sb2, which suggests less
phonon scattering in SrZnSb2.

The data reported in Ref. 9 suggests a significantly lower
�L for EuZn2Sb2 at high T. However, this is calculated using
L=2.45�10−8 W 
 K−2, which is the metallic limit that
generally overestimates �e. Using the same single band
model discussed here, we estimate �L to be slightly lower in
EuZn2Sb2 than in SrZn2Sb2: �L of EuZn2Sb2

�1.8 W m−1 K−1 at 314 K and �L�0.7 W m−1 K−1 at 713 K
�these values correspond to L=1.82�10−8 and 1.65
�10−8 W 
 K−2, respectively�.

C. Thermoelectric performance

The zT of SrZnSb2 reaches a maximum of 0.09 at 625 K,
and the doping level is too large for optimum performance.
By computing �=�0m*3/2�T /300�5/2 /�L for an unoptimized
sample, the optimum zT can be predicted using a single band
model �we assume that the carrier mobility is limited by
acoustic phonon scattering�.23 The calculation of zT predicts
a maximum zT of 0.15 for n=2.8�1019 holes cm−3 at 300 K
and a zT of 0.3 at 500 K for n=9.8�1019 holes cm−3. The
estimates of maximum zT at room temperature are consistent
with ab initio predictions, which suggested that a zT of 0.14
was obtainable for p-type compositions at 300 K.7 At 500 K,
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zT=0.3 is likely to be difficult to achieve due to the detri-
mental effects of minority carriers, which are more readily
observed at low carrier concentrations and small Eg. Thus
SrZnSb2 is not a viable candidate for thermoelectric applica-
tion.

IV. CONCLUSION

SrZnSb2 was found to be a heavily doped, small band
gap semiconductor with p-type conduction. Low values of
the electrical resistivity and Seebeck coefficient were ob-
served, and a maximum zT of 0.30 was estimated for opti-
mum doping at 500 K from a single, parabolic band model.
A relatively low lattice thermal conductivity was observed
��1.2 W m−1 K−1 at room temperature�, and the thermal
transport was compared to that of the layered AZn2Sb2 �A
=Sr,Ca,Yb,Eu� compounds which have larger �L at moder-
ate T. The main source for lower �L in SrZnSb2 is likely to
arise from the smaller density of acoustic modes, which is
caused by the increased number of atoms per unit cell.
Therefore, this work suggests that the number of atoms per
unit cell should be considered when selecting layered Zintl
compounds for investigation as potential thermoelectric ma-
terials.
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