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Thermoelectric properties of the Mo, 5;Fe 43Sb; compound, a ternary derivative of Mos;Sb,, are
reported from 2 up to 1000 K. Even though Fe substitution keeps low electrical resistivity values,
high thermopower values are achieved at high temperatures. Electronic band structure calculations
show that the high thermopower observed arises from the beneficial influence of iron d-states
contribution to the density of states at the Fermi level. A high power factor similar to those of the
best state-of-the-art thermoelectric materials emerges which, coupled with magnetic excitations that
help to keep very low thermal conductivity values, leads to a dimensionless thermoelectric figure of

merit of 0.55 at 1000 K. © 2010 American Institute of Physics. [doi:10.1063/1.3457920]

As the search for prospective materials for thermoelec-
tric applications intensified in the past decade, complex in-
termetallic systems such as skutterudites, clathrates, half-
Heusler alloys, or Zintl phases have emerged as prime
candidates.' These exciting discoveries were driven by some
basic guidelines, based on solid state physics considerations,
provided in the 50s and extended in the early 90s by several
theoretical ideas.”” Such empirical criterions stand for the
desirable features a material should possess to deserve great
attention from researchers in thermoelectricity. The essence
of these fundamental requirements can be quantitatively cap-
tured by the dimensionless figure of merit ZT defined, at a
temperature T, by ZT=a?T/p\=PT/\ where « is the See-
beck coefficient or thermopower, p the electrical resistivity, A
the total thermal conductivity, and P the power factor.> To
achieve high ZT values require materials exhibiting low elec-
trical resistivity encountered in metallic crystals as well as
thermal properties obtained in glass-like systems.

Recently, sharp hybridization-induced structures and
resonant levels near the Fermi level have appeared as effi-
cient ways to enhance the thermopower and thus to achieve
high ZT values. Such prominent features in the electronic
band structure have been experimentally underlined in PbTe
doped with Tl and in the metallic CoSi;_Ge, compounds as
mechanisms from which enhanced thermoelectric properties
may appear.”

In this letter, we show that the substitution of Mo by Fe
in Mo;Sb; provides an additional example of such engineer-
ing of the density of states (DOS) near the Fermi level. The
beneficial influence of Fe leads to a high power factor and
thus, to a substantially higher dimensionless thermoelectric
figure of merit compared to that of MosSb;.

Y Authors to whom correspondence should be addressed. Electronic ad-
dresses: candolfi@mines.inpl-nancy.fr and candolfi@cpfs.mpg.de. Present
address: Max-Planck-Insitut fiir Chemische Physik fester Stoffe, No&th-
nitzer Str. 40, 01187 Dresden, Germany.
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Detailed descriptions of the metallurgical route used to
synthesize a polycrystalline sample of Mo, s;Fe 43Sbs, of the
chemical and structural characterizations techniques em-
ployed, of the transport properties measurements in the low
and high temperature range and of the theoretical method
used to calculate the electronic band structure can be found
elsewhere.’ X-ray diffraction and electron probe microanaly-
sis have shown that this sample contains a small amount of
Fe-rich secondary phases. The actual composition was deter-
mined to be x=0.43 which constitutes the solubility limit of
Fe in Mo;Sb,. In the next paragraphs, we shall always refer
to the actual composition.

Figures 1(a) and 1(b) show the temperature dependence
of the electrical resistivity and the Seebeck coefficient of
Mo, s;Fe( 43Sb; and of Mo;Sb; for comparison purposes.
Across the entire temperature range investigated, the tem-
perature coefficient of the electrical resistivity is positive
(dp/dT) indicative of a metallic-like behavior for both com-
pounds. Upon alloying, the electrical resistivity still assumes
low values which increase from 1.8 w{) m in MosSb; to
2.2 uQ m in Mo, s;Fe;43Sb; at 300 K. Nonetheless, for
both samples, the measured values are at least one order of
magnitude higher than those usually displayed by pure me-
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FIG. 1. (Color online) Temperature dependences of the (a) electrical resis-
tivity and (b) Seebeck coefficient of the Mo;Sb; (O) and Mo, 5;,Fe; 43Sb;
(A) compounds.
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tallic elements or alloys.7 Hall effect experiments performed
at room temperature have shown that the Fe substituted
sample exhibits a p-type conduction, as the parent compound
does. The carrier concentration, p, inferred from the simple
relation p=1/Rye where Ry is the Hall coefficient and e the
elementary charge, is only slightly lowered from 8.5
X 10%! carriers cm™ in MosSb; to 7.1 X 10?! carriers cm™
in M02'57F60.43Sb7.

If on a more fundamental level, such a high carrier con-
centration should imply low thermopower values, a very dif-
ferent picture emerges from the experimental data [Fig.
1(b)]. The Mo, 5,Fe( 43Sb; compound exhibits high positive
thermopower values reaching ~100 wV K=' at 1000 K.
Both the temperature dependence of the Seebeck coefficient
and the magnitude of « linearly increase with temperatures
up to 1000 K revealing a purely diffusive nature. High ther-
mopower values coupled with low electrical resistivity val-
ues give rise to a high power factor P=a’/p
~26 uW cm™' K= at 1000 K for Mo, 5;Fe 43Sb;, compa-
rable with those of the best state-of-the-art thermoelectric
materials.”

A comprehensive analysis of the thermopower is usually
based on the Mott’s formula suggesting that any variation in
a arises as a direct consequence of modifications of the elec-
tronic band structure near the Fermi level. This relation can
be mathematically written as

a fé[MnMD] M
T 3e IE  pg,

where kg is the Boltzmann constant, E the energy, and N(E)
the DOS.® As evidenced by Eq. (1), a is proportional to the
slope of the DOS in the vicinity of the Fermi level E. Thus,
to investigate the underlying mechanisms responsible for the
observed high thermopower values required to calculate the
electronic band structure of the material, which in turn re-
quires a precise knowledge of the crystallographic param-
eters, i.e., the lattice parameter and the atomic coordinates. In
the present case, the partial substitution of Mo by Fe raises
an additional difficulty related to the knowledge of the exact
position of the iron atoms in the Mo;Sb; cubic structure. It
has been previously suggested that a low iron content might
be inserted into the cubic voids formed by the antimony
atoms of the Mo;Sb, structure.”"! Whether or not iron atoms
can be localized in this alternative position constitutes an
issue that must be settled before undertaking such calcula-
tions. To definitively clarify this point, we carried out Moss-
bauer effect experiments enabling to probe the local atomic
environment, i.e., the charge distribution and magnetic field
surrounding the Fe nucleus. To avoid any parasitic signal
coming from the small amount of the Fe-rich phases, this
study was performed on a Mo, 4sFe( 35Sb; sample exhibiting
any detectable secondary phase neither by x-ray and neutron
diffraction nor by chemical analyses. In the present case, the
situation appears favorable since only two different crystal-
lographic sites are involved, i.e., the alternative site of cubic
symmetry and the molybdenum site located at the center of
an antimony antiprism that exhibits a noncubic symmetry.
The recorded Mossbauer spectrum, shown in Fig. 2, is char-
acterized by a well-defined quadrupole splitting typified by
two symmetric peaks. The full width at half maximum of the
peaks closely corresponds to that observed for pure iron
crystal. This clearly demonstrates that a unique population of
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FIG. 2. >’Fe Mdssbauer spectrum of Mo, 4sFe 35Sb; recorded at 300 K. The
dotted curve stands for the best fit to the data using Lorentzian-shaped
functions. The values of the derived hyperfine parameters are 0.56 and
0.73 mm s~! for the isomer shift and the quadrupole splitting, respectively.

iron atoms inserted in the crystalline lattice of Mos;Sb; can
be held responsible for the observed data, further supporting
the absence of secondary phases in this sample. Since the
quadrupole splitting can be only distinguished when iron at-
oms are located on a noncubic symmetry site, this analysis
unequivocally shows that iron only substitutes molybdenum.

Taking into account this essential crystallographic infor-
mation, band structure calculations were carried out. Figure
3 shows a magnification of the top of the valence bands of
MosSb; superimposed with those of the Fe substituted
sample. As expected for a p-type material, the valence bands
host the Fermi level. Our calculations demonstrate that the
Fermi level is slightly shifted toward the band gap in
Mo, s;Fe 43Sb; consistent with additional electrons deliv-
ered by Fe atoms. However, contrarily to the rigid-band be-
havior of the electronic band structure observed for the
MosSb;_,Te, and Mo;_,Ru,Sb; compounds against Te and
Ru content,’ this result reveals a breakdown of a rigid-like
picture in Mo;_,Fe Sb; further corroborated by the evolution
of the dispersion curves (not shown). The Fermi level is
positioned at 340 and 270 meV from the valence band edge
at T=0 K in Mo;Sb; and Mo, 5;Fe, 43Sb;, respectively.
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FIG. 3. (Color online) DOS near the Fermi level of the Mo;Sb; (dotted line)
and Mo, s;Fe(, 43Sb; (solid line) compounds. The Fermi energy, E, has been
arbitrarily positioned at zero energy (vertical line). The inset displays the
site-dependent densities of states of Mo (lower solid curve) and Fe (upper
solid curve) atoms.
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FIG. 4. (Color online) Temperature dependences of the (a) total thermal
conductivity and (b) ZT of the Mo;Sb; (O) and Mo, s;Fe;43Sb; (A)
compounds.

These values result in reduced Fermi levels n=Ep/kgT of
~14 and 11 in Mo;Sb; and Mo, s;Fe 43Sb; at 300 K, respec-
tively, which largely exceed the value that delineates the
highly degenerate from the partially degenerate regime
(7=4). This result thus suggests that the Fe-substituted
sample is still metallic in nature.

The additional iron d-states contribution to N(Ey) results
in an increased slope near the Fermi level compared to
Mo;Sb,. Using the Mott’s formula [Eq. (1)], the high experi-
mental thermopower values of Mo, s;Fe 43Sb; mainly origi-
nate from this feature. A quantitative estimation of the DOS
slope near the Fermi level, a/7, derived assuming a single
band model with energy independent relaxation time yields
a/T~0.11 wV K2 for Mo, s;Fe( 43Sb;, in excellent agree-
ment with the experimental slope of ~0.10 uV K=2. One
may object that the observed increase in the thermopower
values is a natural consequence of the decrease in the carrier
concentration upon alloying with Fe. Detailed investigations
of the transport properties of the ternary MosSb,_,Te, and
Mos_,Ru,Sb; systems have shown that in both case increas-
ing X results in a decrease in the carrier concentration.® How-
ever, for a similar carrier concentration, the observed en-
hancement of the thermopower values is less pronounced in
these two above-mentioned systems.6 These results clearly
indicate that the sharp DOS slope induced by the partial
substitution of Mo by Fe is the central aspect leading to
higher thermopower values and hence, to high power factors.

The temperature dependence of the total thermal con-
ductivity is depicted in Fig. 4(a). It is worth mentioning that
the lower thermal conductivity values exhibited by Mo;Sb,
in the 50-100 K temperature range is mainly a consequence
of the magnetic interactions and the spin gap formation as
already shown in Mo;Sb,_,Te, and M03_,(Rube7.6’12 Given
the low electrical resistivity values, the thermal conductivity
is very small in the whole temperature range and attains
5 Wm™! K!at 1000 K. Beyond this value, the overall tem-
perature dependences of both Mos;Sb; and Mo, s;Fe 43Sbs
are appealing in the sense that they do not resemble to the
conventional behavior that characterizes a dielectric crystal.
The distinction might be disclosed in the low-dimensional
magnetism exhibited by Mo;Sb, and related to antiferromag-
netically coupled molybdenum dimers leading to a spin gap
formation at 7#=53 K.*'"2 Specifically, the exotic behavior
of the thermal conductivity has been proposed to originate
from a strong interplay between phonons and the magnetic
interactions associated to the Mo—Mo dimers resulting in
strongly depressed lattice thermal conductivity up to 1000
K.° Can such magnetic properties also account for the ob-
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served behavior in the Fe substituted sample? Though appar-
ently the spin gap, as a direct indicator of complex magnetic
framework, does no longer open when Mo is substituted by
Fe, transport as well as magnetic properties experiments car-
ried out on the Mo;Sb,_, Te, and Mo;_,Fe,Sb; systems have
evidently shown that these magnetic interactions still act as
an efficient phonon scattering mechanism for samples exhib-
iting a carrier concentration above ~3 X 10%! cm.° Conse-
quently, a strong phonons-spins scattering combined with a
complex crystalline structure might explain why the total
thermal conductivity of Mo, 57Fe 43Sb; remains so low even
at 1000 K.

The beneficial impact of iron on the DOS slope in the
vicinity of the Fermi level coupled with magnetic excitations
and complex crystal structure constitute three favorable cir-
cumstances from which a high dimensionless thermoelectric
figure of merit ZT of ~0.55 can emerge at 1000 K [Fig.
4(b)]. Not only does this result provide significant informa-
tion regarding the possibility to optimize the thermoelectric
properties of a metallic system by inducing sharp DOS fea-
tures near the Fermi level through substitutions but it also
emphasizes the potential of this material for technological
applications beyond the thermoelectricity borders. The abil-
ity to easily produce homogeneous samples with the desired
Fe concentration (up to ~0.45) and the perfectly linear tem-
perature dependence of the thermopower in a wide tempera-
ture range make this system a prospective candidate to be-
come a Seebeck coefficient standard reference material.
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