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Electrical and thermal transport properties, including thermopower, electrical resistivity, thermal conductiv-
ity, as well as Hall effect and magnetic susceptibility measurements have been carried out on polycrystalline
Mo;_,Ru,Sb; samples for nominal concentrations x=0.0, 0.25, 0.50, and 1.0 in the 2-350 K temperature range.
Further insight into the variations in the electronic band structure as the Ru content increases has been gained
by calculating dispersion curves and total and partial densities of states using the Korringa-Kohn-Rostoker
method with the coherent-potential approximation. This theoretical analysis has revealed a rigidlike behavior
of the electronic structure, synonymous of a shift in the Fermi level toward the valence band edge as x
increases. Transport properties investigations have provided compelling experimental evidence for this picture,
i.e., an increase in both the electrical resistivity and thermopower which is concomitant to a decrease in the
charge-carrier concentration with x. Magnetic susceptibility data have shown that the magnetic interactions
displayed by Mo;Sb; are progressively suppressed by increasing the ruthenium concentration. In addition,
increasing x leads to a surprising enhancement of the lattice thermal conductivity that may be due to the

suppression of strong phonon-dimer interactions exhibited by Mo;Sb;.

DOI: 10.1103/PhysRevB.80.155127

I. INTRODUCTION

Among narrow-band-gap semiconductors and semimetals,
intermetallic Zintl phases are currently focusing attention
due to their promising thermoelectric properties.!® Most of
these materials can be considered to be valence precise, re-
sulting in semiconducting properties that coupled with com-
plex crystalline structures formed by heavy atoms in large
unit cells constitute the prerequisites to achieve superior ther-
moelectric performance. The ability of a material to be a
prospective candidate for thermoelectric applications can be
quantitatively captured in the dimensionless figure of merit
ZT defined as ZT=a’T/p\, where « is the Seebeck coeffi-
cient or thermopower, p is the electrical resistivity, A is the
total thermal conductivity, and 7 1is the absolute
temperature.’

In an effort to search for new Zintl phases displaying
higher thermoelectric efficiency, i.e., high ZT values, the
Yb4,MnSb;; compound was found to meet the above-
mentioned qualifications leading to a maximum ZT of 1 at
~1200 K.3-!! Further optimization through judicious substi-
tutions on both the rare earth and transition-metal sites have
led to enhanced ZT values (ZT~1.3 at 1223 K in
Yb4sMn,_, Al Sb,, for x=0.6 and 0.8) positioning these com-
pounds as the best bulk p-type materials operating at these
temperatures discovered up to now.'’

Recently, other compounds qualified as Zintl phases and
crystallizing in the M;3T; bec structure have been
investigated."!>"!> The crystallographic structure can be ei-
ther described as a three-dimensional (3D) arrangement of
antiprisms formed by the T atoms [Fig. 1(a)] or by consider-
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ing how the M and T sublattices (bcc sublattice of octahedral
structures and truncated octahedra, respectively) interpen-
etrate each other [Fig. 1(b)]. Among the various compounds
discovered, both Mo;Sb; and Re;As; are the most intriguing
materials not only for their thermoelectric properties but also
from a fundamental point of view in the former case.!®-2¢
One of the essential features of these compounds lies in the
existence of an energy gap separating the valence and con-
duction bands and arising from strong d-p orbitals
hybridization.'>!* Electronic band-structure investigations
have shown that driving the system into a semiconducting
regime of conduction could be realized through substitutions
providing two electrons (Mo;Sb;) and one hole (Re;As;) per
f.u., respectively,!>14-10

Of the various elements that could bring two additional
electrons to the Mo;Sb; electronic structure, Te proved to
insert the crystalline lattice on the Sb site and to have a deep
impact on the transport properties.'*!32".2% Upon substitu-
tion, a progressive increase in the electrical resistivity and
thermopower is observed, consistent with a rigidlike behav-
ior of the electronic structure suggested by theoretical calcu-
lations based on the Korringa-Kohn-Rostoker method in-
cluding the coherent-potential approximation (KKR-CPA).?’
In addition, a disappearance of the magnetic interactions dis-
played by Mo;Sb; that lead to the formation of a spin gap
below T°=53 K occurs when the Te content spans the range
of 0=x=1.8.%%" The thermal conduction processes are also
drastically affected by this partial substitution, resulting in
marked differences in the thermal conductivity temperature
dependences as well as in an increase in the lattice thermal
conductivity with x. This uncommon changeover from an

©2009 The American Physical Society
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FIG. 1. (Color online) (a) (left picture) Elementary building
blocks composed by two antiprisms formed by T atoms (in red and
in blue, the different colors refer to the two distinct T sites that
characterize this structure). The M atoms (in green) sit at the center
of each antiprism. The crystal lattice is then formed by a 3D ar-
rangement of the elementary blocks (right picture). (b) Alterna-
tively, the crystal structure can be viewed as a 3D arrangement of
truncated octahedra formed by the T atoms encapsulating a M
octahedron.

exotic temperature dependence to a conventional behavior is
concomitant with the progressive suppression of the mag-
netic interactions suggesting that molybdenum dimers act as
efficient scattering centers in both Mo;Sb; and Mo;Sb,_,Te,
for low Te contents.??” High Te concentrations strongly im-
prove the thermoelectric properties of the Mo;Sb; compound
and lead to high ZT values that even surpass those of the best
state-of-the-art thermoelectric materials, namely, Si-Ge al-
loys, operating in the 900-1200 K temperature range.'>>
Neutron diffraction experiments and low-temperature
electrical resistivity measurements together with preliminary
band-structure calculations have not only demonstrated that
Mo can be partially substituted by Ru but they have also
suggested a rigidlike behavior of the electronic structure with
respect to the Ru content.’® Even though a solubility limit
(x~0.8) of Ru that prevents the system being driven into a
semiconducting state has been clearly demonstrated, high-
temperature thermoelectric properties studies have revealed
an enhancement of the ZT values for high Ru contents.?!
Though optimum thermoelectric properties are achieved
at high temperatures, to extend transport property measure-
ments to liquid-helium temperature is required to shed light
on the role of the Ru substitution in the microscopic mecha-
nisms governing the thermal and electrical conduction pro-
cesses. Moreover, since the antiferromagnetically coupled
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TABLE I. EPMA analysis, lattice parameter (a), and relative
density (d) of the Mo;_,Ru,Sb; compounds.

a d

Nominal composition EPMA (A) (%)

MosSb, Mo;Sbg 05 9.568(8)  93%
Mo, 75Rug »5Sb; Mo, 7sRup2sSb;  9.550(4)  98%
Mo, sRug sSb; Mo, sRupsSb;  9.524(9)  99%
Mo,RuSb, Mo, ,RupgSb;  9.500(8)  88%

molybdenum dimers that characterize the Mos;Sb; compound
are directly affected by the insertion of Ru, this partial sub-
stitution may also provide valuable information regarding the
influence of the low-dimensional magnetism on the transport
properties of these materials. Thus, transport properties stud-
ies coupled with magnetic susceptibility measurements have
been carried out on polycrystalline Mos_Ru,Sb; samples
with nominal composition x=0, 0.25, 0.50, and 1.0 in the
2-350 K temperature range. To further investigate the rigid-
like behavior of the electronic structure, total site-
decomposed and I[-decomposed densities of states (DOS)
have been calculated by the KKR-CPA method for all com-
positions. Dispersion curve calculations have also been un-
dertaken on x=0.25 and 0.8 samples.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Polycrystalline Mos_,Ru,Sb; samples with x=0.0, 0.25,
0.50, and 1.0 have been prepared by a solid-state reaction
method. Stoichiometric quantities of high-purity Mo pow-
ders (99.999%), Sb powders (99.999%), and Ru powders
(99.99%) were loaded into a quartz ampoule sealed under a
reducing He-H, atmosphere. These ampoules were then
heated in a vertical programmable furnace up to 750 °C for
10 days. The ingots were ground in an agate mortar into fine
powders that were cold pressed and annealed under the same
previous conditions for 15 days. The pellets were crushed,
powdered and final densification was performed in graphite
dies by hot pressing in an argon atmosphere at 600 °C for 2
h under 51 MPa. Structure and chemical composition were
checked by x-ray diffraction, neutron diffraction, and elec-
tron probe microanalysis (EPMA).?® As described in detail in
previous investigations,?” these experiments have unambigu-
ously shown that the x=0.0, 0.25, and 0.50 samples are ho-
mogeneous with actual compositions close to nominal com-
positions. A small amount of RuSb, was detected in the x
=1.0 sample indicative of a solubility limit of Ru in the
MosSb; crystalline structure. The actual chemical composi-
tions, the lattice parameters, and the relative densities of the
different samples investigated are listed in Table I. In the
next paragraphs the actual composition will always be used.

Thermoelectric properties including electrical resistivity,
thermal conductivity, and thermopower were measured from
3.5 to 300 K by a steady-state method in an automated
closed-cycle refrigerator system. Hall-effect measurements
were carried out with an ac transport measurement system
option of the physical properties measurement system
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FIG. 2. (Color online) Energy dependence near the Fermi level of the total and site-decomposed DOS of the x=0.25, 0.5, and 0.8

samples.

(Quantum Design) over 5-300 K temperature range and un-
der a magnetic field spanning the range from —7 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-Quantum Design).

Electronic band-structure calculations of Mos_ Ru,Sb,
(0.0=x=1.0) were performed by the Korringa-Kohn-
Rostoker method with the coherent-potential approximation
to treat the chemical disorder on the Mo site.>>33 The crystal
potential of the muffin-tin form was constructed within the
local-density approximation applying von Barth-Hedin for-
mula for the exchange-correlation part. Dispersion curves
with complex energies were calculated for the disordered
alloys along high-symmetry directions in the bcc Brillouin
zone and the real part of E(k) was analyzed. Experimental
lattice and atomic coordinates determined from both x-ray
and neutron diffraction studies were used in these
computations.’®** For final crystal potentials and atomic
charges (converged below 1 m Ry and 10~ respectively),

total site-decomposed and /-decomposed densities of states
were computed at few hundred energy points using the tet-
rahedron method for integration in the reciprocal space. The
thermopower was roughly estimated from numerical deriva-
tion of the DOS near the Fermi level, E.

III. RESULTS AND DISCUSSION
A. Band-structure calculations

The total density of states at the Fermi level, N(Ep), and
the site-decomposed densities of states of the Mo, Ru, Sbl,
and Sb2 atoms as a function of the energy are presented in
Fig. 2. The compositional dependence of the partial densities
of states have been previously discussed and revealed that
the x=0.50 concentration delineates two regions.** Below
this value, N(Ey) is only slowly lowered by increasing the
Ru content while for higher x values, a more pronounced
decrease occurs. All contributions vanish for x=1 revealing a
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FIG. 3. (Color online) Dispersion curves along high-symmetry
directions for the x=0.25 and 0.8 samples.

changeover from a metallic state to a semiconducting regime
of conduction. Furthermore, whatever the Ru content, the
main contributions to N(Er) come from the Mo and to a less
extent from the Ru atoms. As Fig. 2 attests to, the energy
dependence of N(E) provides further theoretical evidence in
favor of a rigidlike behavior of the electronic structure as the
Ru content increases. The presence of ruthenium in the
MosSb; crystalline lattice does not exert any strong influence
on the shape of the valence bands in the vicinity of the Fermi
level. This behavior can be also clearly distinguished on the
dispersion curves calculated for the x=0.25 and 0.8 samples
(Fig. 3). With increasing x, one can notice a slight decrease
in the energy gap (appearing between the I" and H points) as
well as a relative lowering of the band energy occurring near
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the H point. However, both the degeneracy and the curvature
of the valence bands only slightly change along the
Mos_,Ru,Sb; series of compounds supporting a rigidlike sce-
nario.

Even though an accurate theoretical analysis of the ther-
mopower would require integration in the reciprocal space
and, therefore, complete information on k-dependent electron
velocities and lifetime near the Fermi surface, an estimation
of the linear term of the thermopower, «/7, can provide
preliminary information on its variation with the Ru content
using the Mott formula which is expressed as

mky 3 1n o(E)

=— — , 1
T 3 e JE Ey )

a

where kp is the Boltzmann constant, e is the elementary
charge, and o is the electrical conductivity. Assuming that o
is mainly driven by N(Ey) and that the hole mobility is en-
ergy independent, «/T, extrapolated to 7=0 K, can be then
calculated. The obtained values are listed in Table II. As
expected from the rigidlike behavior of the electronic struc-
ture, the thermopower should increase with increasing the
ruthenium concentration.

B. Magnetic properties

The temperature dependence of the magnetic susceptibil-
ity, carefully extracted from the slope of the linear magneti-
zation curves above 1 T (a small temperature-independent
ferromagnetic contribution that saturates at low fields is
present) is shown in Fig. 4. As we can see, the partial sub-
stitution of Mo by Ru drastically affects the low-dimensional
magnetism exhibited by MosSb; and arising from antiferro-
magnetically coupled molybdenum dimers.!® While the sa-
lient features that characterize the magnetic susceptibility of
Mo;Sb; (i.e., a maximum in the magnetic-susceptibility
curve and a low-temperature dependence dominated by the
spin gap below T¥) (Ref. 19) can still be observed for x
=0.25 and recognizable for x=0.50, a very different picture
emerges for x=0.80. At this concentration, the magnetic sus-
ceptibility displays negative values in the whole temperature
range investigated, indicative of a diamagnetic behavior.
Hence, the presence of ruthenium seems to result in the dis-
appearance of the above-mentioned magnetic interactions as
well as of the spin gap.2” The partial substitution of Mo by
Ru directly influences the molybdenum dimers since Ru at-
oms that carry a spin-1 act as impurities breaking the anti-

TABLE II. Total and partial DOS at Er obtained from KKR-CPA calculations in the Mos_,Ru,Sb,
compounds. Total and site-decomposed DOS at E as well as thermopower values evaluated at 50 and 100 K
are expressed in states Ry™!, spin™!, and f.u.”!, states Ry, spin!, and atom™' and uV K~!, respectively. The
Stoner product I,,,Ny,(Er), where Iy, is the exchange integral (I;;,~0.027 Ry in the present case) and
Nyo(Ep) is the partial DOS at the Fermi level of the Mo atoms, is also given.

Chemical formula N, (Er)  Nyo(Er) Npy(Ep)  Neoi(Er)  Nspo(Ep)  IyoNuo(Ep)  Ssop Sioo
Mo, 7sRug 5Sb 64.9 9.72 291 2.86 2.04 0.52 39 234
Mo, sRug sSb, 53.1 7.15 2.8 3.46 1.89 0.38 66 396
Mo, ,Rug sSbs 33.9 421 178 2.18 1.23 0.22 96 576
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FIG. 4. (Color online) Temperature dependence of the molar
magnetic susceptibility of the x=0 (O), 0.25 (OJ), 0.5 (A), and 0.8
(V) samples.

ferromagnetic coupling between the spin—% of the molybde-
num atoms. Interestingly, the same behavior can be observed
when the environment of the molybdenum dimers is modi-
fied, i.e., when Te substitutes Sb.2’ Neutron diffraction ex-
periments performed on both systems have indicated that
these substitutions lead to an increase in the Mo-Mo and
Mo-Mo/Mo-Ru bond lengths in the MosSb,_,Te, and
Mos_,Ru,Sb; compounds, respectively, providing a possible
crystallographic origin of the progressive suppression of
these interactions. However, this increase is much less pro-
nounced in the MosSb;_,Te, compounds even for high Te
concentrations and thus may indicate a more complex mag-
netic framework in Mo;Sb,. Koyama et al.>> have suggested
that both antiferromagnetic intradimer and interdimer inter-
actions should be equally taken into account to explain the
destabilization of the cubic state along only one crystallo-
graphic direction below T* resulting in a possible magnetic
frustration. Assuming that this picture is valid, the partial
substitution of Mo by Ru may then affect the intradimer
interactions while the partial substitution of Sb by Te may
rather affect the interdimer interactions, both substitutions
leading to the disappearance of the magnetic excitations and
of the spin gap formation as well as of the structural defor-
mation. In addition, the magnetic-susceptibility variations
with x are consistent with a progressive crossover from a
paramagnetic metal to a diamagnetic semiconductor as pre-
dicted by our KKR-CPA calculations.

PHYSICAL REVIEW B 80, 155127 (2009)

Magnetic susceptibility data can provide a valuable in-
sight into the variation in N(Ey) with x as well as interesting
information on the effective mass of the charge carriers. The
density of states N(Ey) of magnetically nonpolarized charge
carriers is at the origin of the so-called Pauli susceptibility
expressed via the free-electron formula®

Xpauli = 2.376 X 107 X N(Ep). (2)

In Eq. (2), Xpaui and N(Ej) are expressed in emu mol~' and
in states Ry, respectively. To extract the experimental Pauli
temperature-independent contribution, the magnetic suscep-
tibility, o, for all studied samples can be written as

X0 = Xpauli + Xcore T Xcw> (3)

where xcw stands for the low-temperature Curie-Weiss tail
of localized moments (likely related to paramagnetic impu-
rities) and x,,,. represents the temperature-independent core
diamagnetism of the constituent species that can be esti-
mated using Pascal’s constants.® yp,; values can be then
evaluated by extrapolating the x— X . curves to 0 K. It is
worthwhile to mention that because of the low-temperature
Curie-Weiss tail clearly noticeable for the x=0.0, 0.25, and
0.50 samples we performed a fit to the data to subtract this
contribution. Table III summarizes the theoretical and experi-
mental N(Ey) values along with the various obtained mag-
netic contributions. As can be observed, N(Er) decreases
with x as suggested by our KKR-CPA calculations.

Besides the evolution of the electronic structure, the ex-
perimental Pauli susceptibility combined with the theoretical
N(Ep) values can be used to estimate the reduced effective
mass of the charge carriers m*/mg from Eq. (4) (Ref. 35)

*lm
o= (2 220 @
my 3m

where m, stands for the free-electron mass of the noninter-
acting electrons. The high m*/my, values (Table III) are simi-
lar to those inferred for the MosSb;_,Te, compounds and
show only small variations across the entire Ru concentra-
tion range.?’

C. Transport and magnetotransport properties

The temperature dependence of the electrical resistivity of
the Mos_,Ru,Sb; samples is reported in Fig. 5. The first es-
sential feature lies in positive electrical resistivity coefficient
dp/dT for all samples indicative of a metal-like character.

TABLE III. Values of the theoretical [N(Er)kkr-cpa] and experimental [N(Ep)gy,] densities of states at the Fermi level, diamagnetic

KKR-

contribution y,;,, Pauli susceptibility inferred from experimental data (xp,,;) and band-structure calculations (xp,.;; cp A together with the
derived values of the reduced effective masses m*/my, using Eq. (3) for x=0, 0.25, 0.5, and 0.8.

N(Ep)kkr-cpa X A Xdia Xpauli N(Ep)exp
Chemical formula  (states Ry™' fu.™') (107 emumol™) (10° emumol™") (10 emumol™!) (states Ry™! fu.™!)  m*/my
Mo;Sb, 166 395 280 650 261 1.8
Mo, 7sRug 5Sb 129 307 280 590 247 2.1
Mo, sRug sSbs 108 257 280 430 26 1.8
Mo, ,Rug sSb, 68 162 280 280 186 1.9
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FIG. 5. (Color online) Temperature dependence of the electrical
resistivity of the x=0 (O), 0.25 ({J), 0.5 (A), and 0.8 (V) samples.

Thus, because the Ru content is lower than the theoretical
value (x=1) required to shift the Fermi level at the edge of
the valence band, a semiconducting state is not yet reached at
these concentrations, which appears consistent with our
band-structure calculations. The exotic behavior exhibited by
the electrical resistivity of Mo;Sb; has been ascribed to the
spin gap formation leading to downward curvature near T*
and below this temperature, a dependence that can be mod-
eled by a thermal activation law.'” Ruthenium insertion on
the molybdenum site affects these characteristics. While the
x=0.25 and 0.50 samples display similar variations, the elec-
trical resistivity decreases, exhibits a minimum and then
slowly increases when the temperature increases for x
=0.80. The disappearance of the aforementioned features fur-
ther corroborates the magnetic susceptibility data revealing
the suppression of the magnetic interactions at high Ru con-
centration. As x is increased, the magnitude of p slightly
increases for 0.0<<x=0.50 and shows a pronounced jump
for x=0.80. The lower relative density of the latter sample
(Table II) only partially accounts for the observed behavior.
As revealed by our KKR-CPA calculations, a rapid decrease
in N(Ej) occurs for x=0.50.%° Therefore, the higher electri-
cal resistivity values displayed by the x=0.80 sample seem
to show that the electrical resistivity of the Mo;_ Ru,Sb,
system is mainly driven by N(E), as expected from a rigid-
like behavior of the electronic structure. This viewpoint is
further supported by the residual electrical resistivity, p,, and
1/N(E) values that follow a similar variation as a function
of the Ru content (Fig. 6).

PHYSICAL REVIEW B 80, 155127 (2009)

7 0.035

—0.030

Py (u2 m)

—0.015

0.010
1

FIG. 6. (Color online) Residual electrical resistivity py (O) and
1/N(Ep) (O) values as a function of the Ru content. Note that the
po values have been corrected to take into account the relative den-
sity of the samples.

Further evidence for this picture is provided by the mag-
netotransport data. Whatever the Ru concentration is, all
samples display a positive Hall coefficient, Ry, in the whole
temperature range investigated, indicative of hole conduc-
tion. As already underlined in the case of the Mo;Sb; and
Mo;Sb,_,Te, compounds,?®?7 the Hall resistivity, py, shows
strong variations with magnetic field at low temperature for
samples that still exhibit magnetic interactions, i.e., for x
=0.0, 0.25, and 0.50. Since such low-dimensional magnetism
makes the separation of the anomalous contribution from the
measured data a complex task, information on the carrier
concentration could only be obtained at room temperature
(RT) for the x=0.25 and 0.50 samples. At the maximum Ru
content that could be achieved, magnetic interactions can no
longer be distinguished and concomitantly the superlinear
magnetic-field dependence of pj is strongly lessened. Re-
storing the linearity in py=f(B) with increasing x is consis-
tent with Hall-effect measurements performed in the
MosSb;_,Te, system and among all, raises the question
whether or not a superlinear magnetic-field dependence can
be considered as a common feature of spin gap compounds.
Further experimental investigations on other materials dis-
playing magnetically coupled dimers would be very reveal-
ing in substantiating this hypothesis.

Nevertheless, useful information regarding the hole con-
centration and their mobilities can be inferred from room-
temperature magnetotransport data. Assuming the presence
of only one type of carriers and a parabolic dispersion rela-

TABLE 1V. Hole concentration (p), Hall mobility (uy), Seebeck coefficient (), electrical resistivity (p),
and thermal conductivity (\) measured at RT for the different Mo;_,Ru,Sb; compounds studied.

P Ha o p A
Chemical formula (cm™) (ecm? V71s7h) (wV K (u) m) (Wm™ K1)
MosSb, 8.5 10?! 4.1 18 1.8 6.2
Mo, 75Ru »5Sb; 6.0 10%! 5.0 19 2.1 4.9
Mo, sRug 5Sb, 2.4x10% 10.0 33 2.5 5.2
Mo, ,Rug ¢Sb; 1.2x10% 5.0 62 11.2 3.8

155127-6
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tion, the hole concentration, p, can be estimated from the
simple relation p=1/Rye (Table IV). As shown in Fig. 7, p
decreases quasilinearly as the Ru content increases. This de-
pendence demonstrates that p can be adjusted without sig-
nificantly altering the electronic band structure and stands for
a strong evidence that variations in the electrical properties
of these materials can be understood within a rigid-band
model. In addition, the x=0.80 sample exhibits a
temperature-independent behavior suggesting that the Fermi
level is not yet positioned into the gap, in perfect agreement
with the band-structure calculations (Fig. 8).

Using the room-temperature experimental values of both
the electrical resistivity and Hall coefficient, the Hall mobil-
ity, uy=Rpy/p, can be calculated for all samples studied
(Table IV). The low values obtained are consistent with the
high carrier concentrations displayed by these compounds. In
the case of the x=0.80 sample, the temperature dependence
of uy is shown in the inset of Fig. 8. Below 100 K, the

5 \ l l l
100 :

(\?/-\
x _ :
§°3 E T
g
5
o 2 | | —
c 1
[e] 1 10 100 1000
8 Temperature (K)
.0
£ 1 |
@©
®)

0 \ \ \ \ \ \

0 50 100 150 200 250 300 350

Temperature (K)

FIG. 8. (Color online) Temperature dependence of the hole con-
centration of the x=0.8 sample. Inset: Hall mobility as a function of
the temperature for x=0.8. The solid line denotes the expected tem-
perature dependence accounting for acoustic phonon scattering.
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FIG. 9. (Color online) Electrons added to the structure as a
function of the Ru concentration. The slope of the solid line leads to
an estimation of the number of electrons given per Ru atom.

mobility is temperature-independent suggestive of scattering
by neutral impurities. Above this temperature, uy decreases
with temperature following roughly a 7-¥2 dependence near
room temperature indicative of a charge-carriers scattering
dominated by acoustic phonons.

One of the key questions that arises when Ru substitutes
Mo lies in the number of electrons delivered by the Ru atoms
to the MosSb; structure. Theoretical investigations have
shown that two electrons should be given by Ru atoms to
drive the system into a semiconducting state. If the solubility
limit of Ru which is lower than the required value can natu-
rally explain the absence of conduction crossover, this char-
acteristic could be coupled with a different number of elec-
trons added per Ru atom preventing to reach a
semiconducting state even for a hypothetical x=1.0 concen-
tration. This last hypothesis can be experimentally investi-
gated by considering the electron concentration added to the
structure as a function of the Ru concentration (Fig. 9). The
electron concentration added increases roughly linearly with
x. The slope of the line then leads to an estimation of the
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FIG. 10. (Color online) Temperature dependence of the ther-
mopower for the x=0 (O), 0.25 (), 0.5 (A), and 0.8 (V) samples.
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TABLE V. Effective masses (m*/m), reduced Fermi level (7),
and Lorenz number (L) estimated from Egs. (5) and (6) and Egq.
(11) of Ref. 27, respectively.

L
Chemical formula m*/my n (108 V2K
M02'75RUO'ZSSb7 3.1 14.9 2.40
Mo, sRuy 5Sb; 2.9 8.6 2.33
M02'2Ru0_ng7 3.4 4.5 2.14

electrons added per Ru atoms. In the present case, it amounts
to 1.8 electrons per Ru atoms, a value very close to that
expected based on electron configuration and rigid-band pic-
ture. Thus, it seems that the solubility limit of ruthenium in
the Mo;Sb; structure can mainly be held responsible for the
absence of semiconducting behavior in these compounds.

The temperature dependence of the thermopower is illus-
trated in Fig. 10. For all samples, « is positive in the whole
temperature range indicative of an electrical conduction
dominated by holes, in perfect agreement with the Hall-
effect data. As can be observed, an increase in the Ru content
leads to an increase in the magnitude of «, consistent with a
progressive decrease in the hole concentration. In addition to
the diffusive contribution to the thermopower, an additional
contribution typified by a slight curvature at low temperature
is revealed for all samples. A similar feature is displayed by
the Mo;Sb,_,Te, compounds and has been tentatively as-
cribed to a phonon-drag contribution.?’ Likewise, this effect
could manifest itself in the isostructural Mo;_,Ru,Sb; com-
pounds.

KKR-CPA calculations have provided theoretical insights
into the effective mass of the charge carriers and the position
of the Fermi level as x increases. Both properties can be
experimentally explored by numerically estimating the hole
effective masses and by considering the degree of degen-
eracy displayed by these materials, respectively. The former
property can be investigated at room temperature within a
single parabolic band model and using the experimental val-
ues of the thermopower and hole concentration. The tem-
perature dependence of the Hall mobility has suggested that
acoustic phonons stand for the main source of charge-carrier
diffusion near room temperature in the x=0.80 compound.
The thermopower and hole concentration are then expressed

as’
_ kg 2F1(77)_
T e { F0(77) 77}, (5)
4 (2mam*k,T\>?
p=T( o ) Fin(7), (6)

where F; is the Fermi integral of order i, # is the reduced
Fermi level defined as »=Ey/kgT, and h is the Planck con-
stant. Assuming that this model can be extended to lower Ru
concentration, the calculated values of the reduced effective
masses m”/m and Fermi level 7 are summarized in Table V
for all compounds studied. As can be observed, 7 decreases
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FIG. 11. (Color online) Thermopower as a function of the car-
rier concentration. The solid line represents the best fit to the data
according to the relation [Eq. (7)].

when the Ru content increases consistent with a progressive
crossover from a metallic to a semiconducting state. The
relatively high value displayed by the x=0.80 sample to-
gether with quasiconstant effective masses across the entire
Ru concentration range suggest that all samples can still be
considered as highly degenerate. Thus, Fermi-Dirac statistics
are no longer required and Fermi integrals can be simplified.
Equations (5) and (6) can then be replaced by Eq. (7) indi-
cating that the thermopower should linearly increase with
temperature and should exhibit a p~>* dependence?’

8k [ m\??
a= 3ehZBmPT<§) . (7)

As shown in Fig. 11, the experimental thermopower values
of the Mo;_,Ru,Sb; compounds follow this last trend. A fit of
the data with the exponent as a free parameter reveals an
excellent agreement between the experimental and theoreti-
cal variations.

The temperature dependence of the total thermal conduc-
tivity for all samples studied is presented in Fig. 12(a). To
compare the thermal conductivity of these compounds from
each other, all the data have been corrected using the model
developed by Landauer to take into account the difference in
the relative densities of the samples (see Table I).>® The ex-
otic behavior exhibited by the Mo;Sb; compound has been
ascribed to an interplay between phonons and magnetic in-
teractions, the latter constituting the main scattering source
of the former. In addition, the minimum observed near 50 K
has been attributed to the formation of the spin gap. As al-
ready observed in the Mo;Sb,_,Te, series, the total thermal
conductivity increases with x below ~150 K.?” Above 200
K, a usual behavior is almost recovered, i.e., a decrease in
the total thermal conductivity with increasing the Ru content
[the x=0.25 and 0.50 samples do not follow this trend but at
higher temperature (350-1000 K) a conventional behavior
against the Ru content is observed, see Ref. 31].

The absence of a minimum in the thermal conductivity of
the x=0.25 sample constitutes another evidence of a close
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FIG. 12. (Color online) (a) Total thermal conductivity as a func-
tion of the temperature for the x=0 (O), 0.25 (OJ), 0.5 (A), and 0.8
(V) samples. (b) Lattice thermal conductivity of the four com-
pounds investigated.

relationship between the exotic magnetism and the minimum
in thermal conductivity near 50 K exhibited by the binary
compound. This puzzling behavior shows that the thermal
conductivity increases with increasing the unit-cell disorder
while the opposite trend is usually observed and desired, at
least from a thermoelectric point of view. Since the electrical
resistivity of these samples increases with x, this behavior
seems to be conditioned by an increase in the lattice thermal
conductivity. To separate the lattice contribution, \;, from the
total thermal conductivity, we subtracted the electronic con-
tribution, A,, using the Wiedemann-Franz law

LT
Ne=—, (8)
p

where T is the absolute temperature and L the Lorenz num-
ber. The analysis of the effective masses of these compounds
has revealed that the Ru-substituted samples can still be con-
sidered as highly degenerate. Thus, we can guess that fixing
L to the value of a degenerate electron gas, i.e., L=L
=2.44 X 10"® V2 K2 should constitute a reasonable approxi-
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FIG. 13. (Color online) Temperature dependence of the thermo-
electric figure of merit for the x=0 (O), 0.25 (), 0.5 (A), and 0.8
(V) samples.

mation. Nonetheless, assuming that acoustic phonons scatter-
ing is the prominent scattering mechanism at play in these
materials, as suggested by the temperature dependence of the
Hall mobility, the actual Lorenz number can then be esti-
mated (Table V).?’ As expected, such determined Lorenz
numbers are very close to L.

However, since the mechanisms governing the transport
properties of the Mo;Sb;_, Te, and Mo;_ Ru,Sb; compounds
are similar, we can anticipate that the magnetic interactions
should have a marked impact on L, resulting in deviations of
L from L, at low temperatures. High-temperature thermo-
electric properties measurements performed on both family
seem to further corroborate this picture.?>3! Assuming L
=L, would then lead to an electronic contribution that could
surpass the total thermal conductivity at high temperature,
indicating that additional scattering mechanisms most likely
related to the magnetic interactions might exist.”3! Conse-
quently, as the estimation of the actual Lorenz number,
which takes into account the effect of the magnetic interac-
tions, cannot be simply undertaken within current theories,
we have estimated the lattice thermal conductivity illustrated
in Fig. 12(b) as a function of the temperature by assuming
L=L,. It is worth mentioning that considering lower L values
would modify neither the observed trend nor our analysis.

In the case of the Mo;Sb,_, Te, compounds, the concomi-
tant increase in the thermal conductivity with the disappear-
ance of the magnetic interactions has been held responsible
for the observed and unexpected behavior.”” Since similar
properties are displayed by the Mo;_,Ru, Sb; compounds, the
Ru content dependence of \; also strongly suggests an inti-
mate interplay between phonons and antiferromagnetically
coupled dimers.

Based on the measured thermoelectric properties, the tem-
perature dependence of the thermoelectric figure of merit,
ZT, can be calculated and is plotted in Fig. 13 for the four
samples studied. The ZT values increase with increasing tem-
perature and as expected with Ru concentration. The values
obtained for the x=0.50 and 0.80 samples (0.025 and 0.033
at 300 K, respectively) are higher than those reported in the
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Mo;Sb,_, Te, compounds (~0.02 at 300 K for x=1.6).%"

IV. SUMMARY

Transport and magnetic-susceptibility —measurements
coupled with KKR-CPA band-structure calculations have
been performed on a series of polycrystalline samples of
Mos_,Ru,Sb; for x=0.0, 0.25, 0.50, and 0.80. The partial
substitution of Mo by Ru has a deep impact on the magnetic
interactions exhibited by Mo;Sb; as demonstrated by the
magnetic-susceptibility data. One of the unforeseen conse-
quences of the disappearance of these interactions lies in the
increase in the total thermal conductivity with x. Even
though the solubility limit of Ru prevents to reach a semi-
conducting state, both thermopower and electrical resistivity

PHYSICAL REVIEW B 80, 155127 (2009)

values increase with x, consistent with our KKR-CPA calcu-
lations predicting a rigidlike behavior of the electronic struc-
ture.
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