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Transport properties including electrical resistivity, thermopower, and thermal conductivity of
polycrystalline Mo2.5Ru0.5Sb7−xTex compounds for 0�x�1 have been investigated in the 2–1000 K
temperature range. Additional information on the concentrations and the scattering mechanisms of
the charge carriers as well as on the magnetic properties has been obtained through Hall effect and
magnetic susceptibility measurements performed in the 5–300 K temperature range. The
enhancement in the Te content results in a decrease in the carrier concentration which is at the origin
of the simultaneous increase in the electrical resistivity and thermopower. A single parabolic band
model with acoustic phonon scattering enables to explain the compositional and temperature
dependence of the thermopower while such a simple model fails to adequately describe the
electronic thermal conductivity. This characteristic together with the unusual dependence of the
thermal conductivity upon alloying might be a direct consequence of strong phonons-dimers
interactions displayed by Mo3Sb7. Magnetic susceptibility data demonstrate that the
antiferromagnetically-coupled dimers tend to disappear as x is enhanced, lending further support to
a crucial role played by these interactions to understand the thermal transport in these materials.
Low thermal conductivity coupled with high thermopower values result in a high dimensionless
figure of merit ZT�0.70 at 1000 K in Mo2.5Ru0.5Sb6.5Te0.5 positioning this material as an interesting
candidate for power generation applications. © 2010 American Institute of Physics.
�doi:10.1063/1.3388056�

I. INTRODUCTION

Zintl phases are currently drawing great attention for
their potential as thermoelectric materials.1–6 These phases
meet the requirements to achieve a high dimensionless figure
of merit ZT which stands for the key factor that indicates
whether or not a material is suitable for thermoelectric appli-
cations. This factor is defined as ZT=�2T /��= PT /� where
� is the Seebeck coefficient or thermopower, � the electrical
resistivity, � the total thermal conductivity, P=�2 /� the
power factor, and T the absolute temperature.7 Most of the
Zintl phases display a complex unit cell that helps, in gen-
eral, to limit the phonon mean free path, i.e., to lower the
thermal conductivity. The richness of the chemical composi-
tions and possible substitutions which can be envisaged then
offers the opportunity to finely tune the electrical properties
to enhance the power factor.

Several new families of Zintl phases have been discov-
ered in the last ten years to exhibit high ZT values at high
temperature positioning these materials as prospective candi-
dates for power generation applications. Some of them, such
as Yb14MnSb11 and its related compounds or EuZn2Sb2, even
surpass the ZT values of the best state-of-the-art thermoelec-

tric materials operating in the 900–1200 K temperature range
in radioisotope thermoelectric generators, namely Si–Ge
alloys.8–11

Recently, another compound whose bondings can be ra-
tionalized within the Zintl concept and crystallizing in the
bcc Ir3Ge7 structure type �space group Im3m�, namely
Mo3Sb7, has been considered as a possible candidate and
subsequently, its thermoelectric potential has been
investigated.1,12 Besides intriguing features such as BCS-like
superconductivity �Bardeen-Cooper-Schrieffer� and a spin
gap formation in its magnetic excitation spectrum at T�

=53 K, this exotic metal was found to display an outstand-
ing ZT value of �0.20 at 1000 K.12–23 However, such value
is too low to compete with state-of-the-art thermoelectric
materials, requiring further enhancement in its thermoelectric
properties. Electronic band structure calculations demon-
strated that providing two additional electrons per formula
unit drives the system into a semiconducting state.24–27 Ex-
perimentally, previous investigations have shown that the po-
sition of the Fermi level can be shifted up via partial substi-
tutions of antimony by tellurium or molybdenum by
ruthenium.26–30 Even though a lower than required solubility
limit ��1.6 for Te and �0.8 for Ru� of the two aforemen-
tioned elements prevents a metal-insulator transition to occur
in real compounds, both substitutions markedly affect all the
relevant properties involved in thermoelectricity leading to
higher ZT values near 1000 K ��0.60 and 0.45
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in the Mo3Sb5.4Te1.6 and Mo2.2Ru0.8Sb7 compounds,
respectively�.29,31

In an effort to further improve the thermoelectric prop-
erties of these compounds, double substitution on both the
Mo and Sb sites by Ru and Te, respectively, may be an
interesting undertaking to lower the thermal conductivity
through enhanced disorder in the unit cell. This approach
might also drive the system closer to the metal-insulator tran-
sition resulting in enhanced electronic properties, i.e., in
higher power factors. Even though substituting on both sites
allows varying simultaneously the Ru and the Te contents,
we restricted our study to a fixed Ru concentration and in-
vestigated the influence of Te on the transport properties. In
this context, we report on the synthesis and transport prop-
erties measurements in the 2–1000 K temperature range of
polycrystalline Mo2.5Ru0.5Sb7−xTex compounds with 0�x
�1, complemented by the results obtained for Mo3Sb7 for
comparison purposes.

II. EXPERIMENTAL DETAILS

All polycrystalline samples investigated were prepared
via a powder metallurgical route decribed in detail
elsewhere.26,27 Densification of the powdered materials was
realized by hot pressing using graphite dies in an argon at-
mosphere at 600 °C for 2 h under 51 MPa. Structural and
chemical characterizations were performed by x-ray powder
diffraction �XRPD� and electron probe microanalysis
�EPMA�. High-purity silicon was added as an internal stan-
dard to obtain accurate lattice parameters by XRPD analysis.

All measurements were performed on samples cut from
the hot pressed ingots using a diamond wire saw. Electrical
resistivity, thermopower, and thermal conductivity were si-
multaneously measured from 3.5 to 300 K using a four-point
method with separated power and probe leads on bar-shaped
samples of typical dimensions of 2�2�10 mm3 in an au-
tomated system cooled by a closed-cycle refrigerator. Addi-
tional information on the charge carrier concentrations were
obtained via Hall effect experiments using an ac transport
measurement system option �PPMS-Quantum Design� over
the 2–350 K temperature range and under a magnetic field up
to 7 T. Isothermal magnetization curves were measured from
5 to 300 K in applied fields of up to 7 T using a Quantum
Design magnetometer �MPMS�.

Four probe electrical resistivity measurements based on
the Van der Pauw method were carried out in the 300–800 K
temperature range. Thermopower was measured over the
300–900 K temperature range using a standard method on a
commercial system �ZEM 3, Ulvac-Riko�. Thermal conduc-
tivity has been evaluated from 300 to 1000 K via thermal
diffusivity measurements. For all samples, the specific heat
was considered to be constant throughout the high tempera-
ture range following the Dulong–Petit law. No correction for
thermal expansion at high temperature was applied. What-
ever the measurement is, a good agreement has been ob-
served at room temperature between the low and high tem-
perature sets of data. The deviation does not exceed 12%.

III. RESULTS AND DISCUSSION

A. Structural and chemical characterizations

XRPD experiments have revealed that up to x=0.5 the
compounds are single-phase while a small amount of sec-
ondary phases could be detected in the x=1.0 sample
��5 vol %�. EPMA further confirmed an excellent chemical
homogeneity of the former compounds with a very good
correlation between the nominal and the actual compositions
and corroborated the presence of RuSb2 as a dominating sec-
ondary phase in the latter. This study has also shown a solu-
bility limit of Ru close to 0.30 in the x=1.0 sample. Table I
summarizes the actual compositions, the lattice parameters
as obtained from XRPD and the relative density defined as
the ratio of the measured density to the theoretical density.
All the given actual compositions were obtained by consid-
ering a full occupancy on the Sb site. As can be observed, the
lattice parameters increase with the Te content. Noteworthy,
the strong decrease of the unit cell parameter of the
Mo2.5Ru0.5Sb7−xTex samples with respect to the parent com-
pound is mainly due to the Ru substitution.28,29 In this re-
gard, as expected from the measured actual compositions,
the lattice parameters of the x=0.25 and 0.50 samples are
close to that obtained in the ternary Mo3−xRuxSb7 com-
pounds for x=0.50 �see Table I�.28,29 Thus, the larger unit cell
volume of the x=1.0 sample mainly reflects the lower Ru
content and hence, is consistent with EPMA results.

B. Transport and magnetic properties

Figures 1�a� and 1�b� show the temperature dependence
of the electrical resistivity and of the thermopower, respec-
tively, for all the samples studied. None of them exhibits a
semiconductinglike behavior as revealed by a positive elec-
trical resistivity coefficient d� /dT. This first essential result
can be ascribed to the lower actual Ru content exhibited by
the x=1.0 sample that prevents two electrons per formula
unit to be added. Regardless the Te content, the thermopower
is positive �Fig. 1�b�� indicative of an electrical conduction
dominated by holes. The magnitude of both � and � in-
creases linearly with temperature and with the Te content to
reach at high temperature similar values as those measured in
the ternary Mo3−xRuxSb7 and Mo3Sb7−xTex systems.29–31 The
concomitant increase in the electrical resistivity and ther-
mopower upon alloying suggests a rigidlike behavior of the
electronic band structure as already demonstrated in the
above-mentioned ternary compounds by transport properties
measurements together with electronic band structure

TABLE I. EPMA results, lattice parameter �a�, and relative density �d� of
the Mo2.5Ru0.5Sb7−xTex compounds.

Nominal Composition EPMA
a

�Å�
d

�%�

Mo3Sb7 Mo3Sb6.95 9.568�8� 93
Mo2.5Ru0.5Sb7 Mo2.5Ru0.5Sb7 9.524�9� 99
Mo2.5Ru0.5Sb6.75Te0.25 Mo2.5Ru0.5Sb6.75Te0.25 9.521�9� 95
Mo2.5Ru0.5Sb6.5Te0.5 Mo2.5Ru0.5Sb6.5Te0.5 9.524�7� 91
Mo2.5Ru0.5Sb6Te Mo2.5Ru0.3Sb6Te 9.542�5� 93
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calculations.26,27 Such behavior indicates that the electrical
properties are controlled by the position of the Fermi level,
i.e., by the charge carrier concentration.

Hall effect data provide compelling evidence for this
picture. For all compounds, the Hall coefficient, RH, is posi-
tive characteristic of hole conduction and, therefore, further
confirms a single-carrier electrical conduction. As expected
from a progressive increase in the electrical resistivity, the
hole concentration p, estimated from the simple relation p
=1 /RHe where e is the elementary charge, decreases with the
Te concentration �Table II�.

Using the experimental values of the electrical resistivity
and Hall coefficient, the Hall mobility, �H=RH /�, can be
then estimated. As shown in Fig. 2, �H is constant below
�20 K indicating that holes are mainly scattered by neutral

impurities. With increasing temperature, acoustic phonons
then compete with neutral impurities to become the domi-
nant scattering source above 100 K as revealed by a tempera-
ture dependence that can be modeled by a T−3/2 law �see Fig.
2�.

Additional information on the charge carriers can be ob-
tained via the estimation of their reduced effective mass,
m� /m0, where m0 is the free electron mass. Within a single
parabolic band model with acoustic phonon scattering as the
dominating mechanism of hole diffusion near 300 K, the
thermopower and the hole concentration can be expressed
as7,32

� =
kB

e
�2

F1���
F2���

− �� , �1�

p =
4

��
�2�m�kBT

h2 �3/2

F1/2��� , �2�

Fi��� = 	
0

	 xi

e�x−�� + 1
dx , �3�

where Fi is the Fermi integral of order i, h is the Planck
constant, kB is the Boltzmann constant, and � is the reduced
Fermi level. The values of the reduced effective masses and
Fermi levels, calculated at 300 K, are summarized in Table
III. Interestingly, the m� /m0 values are slightly higher than
those reported in the ternary Mo3−xRuxSb7 and Mo3Sb7−xTex

compounds.26,27 Moreover, these values remain relatively
constant as a first approximation suggesting a rigid band be-
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FIG. 1. �Color online� Temperature dependence of the electrical resistivity
�a� and of the thermopower �b� of Mo3Sb7 ��� and of the x=0.0 ���, 0.25
���, 0.50 ���, and 1.0 �+� samples.

TABLE II. Hole concentration �p�, Hall mobility ��H�, Seebeck coefficient ���, electrical resistivity ���, and
thermal conductivity ��� measured at room temperature for the different Mo3−xRuxSb7−yTey samples studied.

Chemical Formula
p

�cm−3�
�H

�cm2 V−1 s−1�
�

��V K−1�
�

��
 m�
�

�W m−1 K−1�

Mo3Sb7 8.5�1021 4.1 18 1.8 6.2
Mo2.5Ru0.5Sb7 2.4�1021 10.0 33 2.5 5.2
Mo2.5Ru0.5Sb6.75Te0.25 4.6�1021 3.5 44 3.8 4.9
Mo2.5Ru0.5Sb6.5Te0.5 4.0�1021 2.3 59 6.5 4.7
Mo2.5Ru0.3Sb6Te 2.3�1021 3.2 72 8.8 4.8
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FIG. 2. �Color online� Temperature dependence of the Hall mobility, �H of
the x=0.25 ���, 0.50 ���, and 1.0 �+� compounds.
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havior. To further explore this assumption, the experimental
thermopower values at 300, 700, and 900 K are depicted as a
function of the carrier concentration �supposed to be constant
for T�300 K� in Fig. 3. A fit to the databased on the rela-
tions ��1��–��3�� then leads to a satisfying fit �see Fig. 3�
using an average effective mass close to the room tempera-
ture value �m��5.2m0�.

Note that the calculated � values obtained at 300 K offer
the possibility to calculate the Hall factor, rH, and thus, to
determine whether or not the simple relation p=rH /RHe with
rH=1 holds in the present case. Within a single parabolic
band model, rH can be expressed as7,32

rH =
3

4
F1/2���

F−1/2���
F0

2���
. �4�

The values of rH, calculated at room temperature and shown
in Table III, only slightly deviate from unity demonstrating
that considering rH=1 is reasonable to determine the hole
concentration of these materials below 300 K.

Figure 4 depicts the temperature dependence of the total
thermal conductivity. All the data have been corrected fol-
lowing the model developed by Landauer to take into ac-
count the relative density of the samples.33 Above room tem-
perature, the thermal conductivity of the quaternary
compounds decreases with temperature up to 1000 K. These
measurements, together with the thermopower data, clearly
show that these samples do not experience minority carrier
effect. At 1000 K, the thermal conductivity values range be-

tween 2.8 and 8 W m−1 K−1, the lowest value being
achieved for the maximum Te concentration, i.e., in the x
=1.0 compound.

To separate the electronic and lattice contributions to the
total thermal conductivity, the former has been estimated us-
ing the Wiedemann–Franz law

�e =
LT

�
, �5�

where L is the Lorenz number. Previous high temperature
experiments performed on the Mo3−xRuxSb7 and
Mo3Sb7−xTex compounds have shown that taking the value
of a fully degenerate electron gas �L0=2.44�10−8 V2 K−2�
would result in unrealistic electronic contributions higher

TABLE III. Values of the reduced effective mass �m� /m0�, reduced Fermi level ���, Hall factor �rH�, and
Lorenz number �L� estimated assuming a single parabolic band model and acoustic phonon scattering as the
dominant scattering mechanism of holes above 300 K.

Chemical Formula m� /m0 � rH L300 K ��10−8 V2 K−2� L900 K ��10−8 V2 K−2�

Mo3Sb7 3.7 15.8 1.003 2.40 2.18
Mo2.5Ru0.5Sb7 2.9 8.6 1.010 2.33 1.98
Mo2.5Ru0.5Sb6.75Te0.25 5.9 6.4 1.018 2.26 1.87
Mo2.5Ru0.5Sb6.5Te0.5 7.2 4.7 1.031 2.16 1.76
Mo2.5Ru0.3Sb6Te 6.1 3.7 1.040 2.07 1.70
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FIG. 3. �Color online� Hole concentration dependence of the thermopower
measured at 300 ���, 700 ���, and 900 K ���. The solid lines stand for the
best fit to the data according to the Eqs. �1�–�3�.
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than the measured total thermal conductivity for low Ru and
Te contents.29,31 This clearly underlines that the degree of
degeneracy together with acoustic phonon scattering must be
taken into account to properly separate the two above-
mentioned contributions. In this regard, the Lorenz number,
with acoustic phonons as the main scattering source, can be
more precisely estimated via the relation32,7

L = � kB

e
�2
3F2���

F0���
− �2F1���

F0��� �2 . �6�

Such determined values of L, reported in Table III at 300 and
900 K, substantially deviate from L0. Consequently, as a first
approximation, we used the values obtained at 900 K to
separate the electronic and lattice contributions in the whole
temperature range. It is worth mentionning that taking the
exact value of L at each temperature to extract the lattice
contribution at low temperature would not substantially
modify the reported trends nor our analysis. The resulting
temperature dependence of the lattice thermal conductivity is
depicted in Fig. 4�b� for all samples studied. Above 300 K,
the lattice thermal conductivity decreases with temperature
to reach values ranging between 0.6 and 2.0 W m−1 K−1 at
1000 K. Though substituting on both sites increases the dis-
order in the crystal lattice, these values are similar to those
measured in the ternary analogs.29–31 Such a result is, how-
ever, not surprising given the similar molar masses and
atomic radii of the Mo and Ru atoms on one hand and of the
Sb and Te atoms on the other hand.

The variations in the lattice thermal conductivity values
with x constitute one of the most intriguing and counterin-
tuitive property of these materials. The increase in the disor-
der does not result in a decrease in the lattice thermal con-
ductivity values but in its increase with the Te content in the
whole temperature range. Such dependence mimics those re-
ported in ternary alloys and might be explained by the exotic
magnetic properties exhibited by Mo3Sb7.12,14,26,27,29,31 In
this material, the spin gap formation is associated to antifer-
romagnetically coupled molybdenum dimers.14 The unusual
thermal transport has been then tentatively ascribed to a
strong phonons-dimers interaction.12 Thorough investiga-
tions of the transport and magnetic properties of the ternary
compounds have provided further evidence in favor of this
picture since a partial substitution, irrespective of the crys-
tallographic site, progressively suppresses the magnetic in-
teractions and, concomitantly, the thermal conductivity re-
covers a conventional temperature dependence at low
temperature.26,27 Moreover, since mass fluctuation effects
seem to be rather weak in the present case, similar lattice
contributions may be expected. The Mo3Sb7 and x=0.25
compounds should be then characterized by lower Lorenz
numbers than those estimated following Eq. �6�. It would be
therefore tempting to attribute this discrepancy to a break-
down of a single scattering mechanism and parabolic band
model at low substitution levels as already highlighted in the
Mo3Sb7−xTex compounds.31 On the other hand, the analysis
of the transport data has shown the pertinence of this ap-
proach in the present case. This seeming contradiction may,
therefore, suggest an alternative explanation. Rather than
calling into question the validity of this model to estimate the

electronic contribution, the lower lattice thermal conductivity
displayed by the Mo3Sb7 compound may turn out to be an
intrinsic property reflecting an additional efficient phonon
scattering mechanism. The key and so far open question
raised by this picture is, therefore, whether or not the mag-
netic interactions which are still present at low substitution
levels are the central aspect explaining the observed behav-
ior.

The temperature dependence of the magnetic susceptibil-
ity, �, illustrated in Fig. 5, seem indeed to support this sce-
nario. For all samples, the � values have been carefully ex-
tracted from the slope of the isothermal magnetization curves
after subtraction of a small temperature-independent ferro-
magnetic contribution that saturates at low fields. The in-
crease in the Te content markedly influences the magnetic
properties of the Mo3Sb7 compound. The broad hump cen-
tered around 180 K associated to the magnetic fluctuations is
severely damped in the x=0.25 sample while a further in-
crease in the Te content completely suppresses this feature.
Such variation upon alloying is consistent with the idea that
the magnetic interactions associated to the molybdenum
dimers in Mo3Sb7 are progressively suppressed as already
shown in the Te and Ru ternary analogs.26,27 This may con-
stitute an experimental evidence of an intimate interplay be-
tween the magnetic interactions and the variations in the
thermal conductivity in these materials. For the maximum Te
content that can be achieved, the negative � values observed
in the whole temperature range are indicative of diamagnetic
behavior. The decrease in the absolute � values corroborates
a rigid-band approximation in which electron filling induced
by Ru and Te substitutions should lead to decreased densities
of states at the Fermi level N�EF� and thus, to lower Pauli
paramagnetic susceptibilities. The resulting behavior for high
Te contents is then dominated by core diamagnetism.

Based on the measured transport properties, the dimen-
sionless figure of merit ZT can be then calculated �Fig. 6�. It
must be mentioned that the electrical resistivity and Seebeck
coefficient were extrapolated above 800 K and 900 K, re-
spectively, assuming a linear temperature dependence up to
1000 K. This hypothesis is not only supported by the absence
of minority carriers effect up to 1000 K as revealed by the
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thermal conductivity measurements but also by transport
properties studies carried out on the ternary systems.29–31 For
all samples, the ZT values increase monotonically with tem-
perature up to 1000 K. A maximum ZT value of 0.70 is
achieved at 1000 K in the Mo2.7Ru0.3Sb6Te compound. This
value is slightly higher than those obtained in the ternary
counterparts and similar to the best ZT value of the state-of-
the-art thermoelectric materials operating in the 900–1200 K
temperature range.29–31,34 Thus, among all, this result posi-
tions this material as an interesting candidate for power gen-
eration applications.

IV. CONCLUSION

Transport property measurements coupled with low tem-
perature galvanomagnetic and magnetic properties experi-
ments have been carried out from 2 up to 1000 K on poly-
crystalline Mo2.5Ru0.5Sb7−xTex samples. None of the studied
samples displays semiconductinglike behavior revealing that
this double substitution does not provide an alternative way
to drive the system into a semiconducting state. The absence
of a metal-insulator transition is most likely related to the
solubility limit of Ru that prevents two electrons per formula
unit to be added as revealed by XRPD and EPMA studies.
The simultaneous increase in the electrical resistivity and the
thermopower faithfully reflects the decrease in the hole con-
centration with the Te content as shown by Hall effect ex-
periments. A single parabolic band model with acoustic pho-
non scattering provides a pertinent theoretical background to
analyze the transport data of these materials. However, such
a simple model might be inadequate to properly estimate the
electronic thermal conductivity and thus, to reliably extract
the lattice contribution at low substitution levels. Alterna-
tively, this breakdown might constitute an evidence in favor
of an additional and efficient scattering mechanism of
phonons most likely associated with the antiferromagnetic
dimers. Magnetic susceptibility data show that increasing the
Te content results in a progressive disappearance of the mag-
netic interactions which might be at the core of the surprising
increase in the total thermal conductivity with x. The benefi-
cial influence of this double substitution on the thermoelec-

tric properties is reflected by a maximum ZT value of �0.70
at 1000 K achieved in the Mo2.5Ru0.5Sb6.5Te0.5 compound.
This result shows that these materials are possible candidates
for power generation applications. To further enhance the ZT
values, there is still considerable phase space to be explored.
It may be worthwhile to substitute Mo and/or Sb by other
elements such as Fe or Os. Such substitutions may help to
lower the thermal conductivity by increasing mass fluctua-
tions and may lead to a metal-insulator transition paving the
way to finely tune the power factor.
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