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Heavily doped narrow gap semiconductors with complex crystal structures are prime candidates for
thermoelectric materials. The arsenideg(Re,As) are new examples with promising thermoelectric
properties, comparable with the isostructural 88l sTe; 5, @ competitive high-temperature material.
Various doping levels may be achieved by using different Ge/As ratiogGReAsy was prepared by
heating the elements in the desired ratios in evacuated silica tubes between 600 46d Re&GeAs;
crystallizes in the cubic 4Ge; type, space groupn3m, with a = 8.73202(8) A. It exhibits high Seebeck
coefficient, high electrical conductivity, and reasonably low thermal conductivity. Moreover, the
thermoelectric figure-of-merit Z&= TSo/k increases rapidly with increasing temperature, as desired for
high-temperature thermoelectrics.

Introduction added to the semiconductors of interest a new material,
MosShssTex—s,° which is a ternary variant of the metal-
lic antimonide Ma@Sh; (IrsGe; type)1%1! Subsequently,
MosShs 4Te; g was characterized as one of the leading high-
temperaturep-type thermoelectrics, reaching ZF 0.8 at
1050 K, a value that is comparable to the best filled

Thermoelectric materials are commercially used for both
power generation utilizing the Seebeck effect and cooling
applications utilizing the Peltier effect. Waste heat, e.g., that
stemming from combustion in car engines, may be used for

the former effect. With natural resources declining, this skutterudites, and even outperforming them in a smal

fascm_atlng energy conversion enjoys increasing attentlon'c}emperature rang&.Adding cations such as nickel into its
Experience shows that the best materials are narrow ban ; : . L :
cubic void leads to a slight albeit significant improve-

gap semmonductors_cqmposed O.f heavy eler_nents, ex.h'b'tmgment in its thermoelectric properti€s.The isostructural
large Seebeck coefficien§ combined with high electrical .

- L NbsSkyTes, on the other hand, does not exhibit good
conductivity, o, and low thermal conductivitys.'* Ther- . . o .

) . o . thermoelectric properties, with its ZT value at 300 K being
moelectric materials may be classified by comparing the . 14
, . X 75 times smaller than the one of Mgl 4Tey 6.
figure-of-merit, ZT, defined as . )

In contrast to the large skutterudite family, where many

variants are under investigation, thus far only one material
of the I;Ge; type is known to have advanced thermoelectric

New materials with ZT values higher than the commercial properties, namely MiShs,sTe,-5. Most representatives of
materials continue to be found, e.g., the filled skutterudites, (hiS type are germanides or stannides without a band gap in

: . 15 with its v.e.= 56 is
CsBiTes, YbiMnShy,” and AGPRSbTe m® In 2002, we  the band structuré: As well, ReAsr™ wit -
14 L 9 m metallicl® like MosShk; with v.e. = 53. Our calculations
*To whom correspondence should be addressed. E-mail: kIeinke@uwaterIoo.ca.Ut“iZing the LMTO method”'® showed that the hitherto

T University of Waterloo. unknown ternary R&eAs (v.e. = 55) should be semicon-
# Clemson University.
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ducting like MaShTe, (v.e. = 55)_ With this contribu- Table 1. Crystallographic Data from the Neutron Diffraction
tion, we present the physical properties of the promising Experiment on Re;GeAs
Re(Ge,As) series. empirical formula ReGeAs;
fw (g mol™1) 1080.75
. . T(K) 298
Experimental Section wavelength () 1.3302
Synthesis and AnalysisThe elements used, rhenium (powder, space group A Im3m
—325 mesh, 99.99), germanium (powder]00 mesh, 99.999%), {:/e(l'l&(g;mensmnsa( ) 2#753%3?2()7)
arsenic_ (lump, 99.999%), were acquired from Alfa Aesar and then no. of formula units per cell 4
stored in an argon glove box. The compounds were synthesized calcd density (g cm?) 10.78
by heating the elements in the desired ratios in evacuated silica 20 range (deg) 491151
Re2, Re, Rup 0.0265, 0.0358, 0.0482

tubes at temperatures between 600 and ®D0To achieve faster
homogenization, we shook the tubes after a few days, and then Table 2. Atomic Positions and Displacement Parameters of
reheated them for a total of 14 days. Phase pure samples of ResGeAs;

Re;GeyAs;—s could be prepared with = 1.0, 0.8, 0.6, and 0.4,

- atom site X y z Uq (A2 occupancy
whereas side products were found whier 1.2, as analyzed by Re 126 034132 0 5 0.00173) 1R
means of X-ray powder diffraction using an INEL powder diffrac- Agl 123 14 (@) 0 1/2 0 6054(2)) 1 Ase

tometer with a position-sensitive detector. All these powder g 16f 0.1663(2) 0.1663(2) 0.1663(2) 0.0073(4) 0.25 Ge, 0.75 As
diagrams exhibited only the reflections calculated fogA®e albeit

shifted toward smaller angles (hinting toward a larger unit cell), period of 15 h (INEL, Cu K, radiation). The refinement, shown
confirming the structure type as well as the incorporation of Ge in the supplement, yielded comparable results, and a slightly smaller
into this structure, as no side products were found. cell (a = 8.7287(3) A).

The four samples of the nominal compositions;BeAs, Electronic Structure Calculations. The LMTO method
Re;GeyoAss. 2 R&GayeAsss and ReGey AAss s Were analyzed by (LMTO = linear muffin tin orbitals) was utilized with the atomic
means of standardless energy-dispersive spectroscopy (EDS, LEGypheres approximation (ASK)® for the electronic structure
1530, with integrated EDAX Pegasus 1200) using an acceleration ca|cylations. In the LMTO approach, the density functional theory
voltage of 21 kV. The distribution of Re, Ge, and As appeared to s ysed with the local density approximation (LDA) to treat
be homogeneous throughout each sample; no additional peaks, andorrelation effectd! The following wavefunctions were used: for
hence no heteroelements, were detected. Re, 6s, 6p, 5d anéf (5f downfolded?; for Ge and As, 4s, 4p,

Structure Determination. Although X-ray diffraction cannot and 4d (4d downfolded). To model the structure ofGeAs, we
be used to distinguish between Ge and As or between Sb and Techose complete Ge/As ordering on the 16f site (E2), realized in
the neutron scattering factors of the main group elements arethe space grouR3m. The integrations ik space were performed
significantly different in ReGeAs;, which is not the case for  py an improved tetrahedron met#8dn 417 independeritpoints
MosShsTe; (Ge,+8.19 fm; As,+6.58 fm; Sb;+5.57 fm; Te,+5.68 of a grid of 4096k points evenly spread throughout the first
fm). Therefore, we performed neutron diffraction experiments on Brjllouin zone.
the sample RgSeAs; to verify the expected preference of Ge for  physical Property Measurements.To investigate the high-
the 16f site, i.e., the position with the short homonuclear bond. temperature stability of R&eAs, we performed a combined
The corresponding preference of Te for the Sb1 site og3lp differential scanning calorimetry (DSC) and thermogravimetry (TG)
was postulated on the basis of electronegativity considerations, butmeasurement with the computer controlled NETZSCH STA 409PC
not investigated, because neither X-ray nor neutron diffraction | yxx petween room temperature and 1120 K with a heating rate

experiments could differentiate between Sb and Te. of 20 K/min. The measurement was carried out under a constant
The neutron diffraction data were collected on the C2 constant flow of argon (50 mL/m|n) to protect the thermocoup|es from

wavelength (1.3302 A) diffractometer at Chalk River Laboratories potential As vapor, and a second stream of argon (flow of 30
at room temperature over a period of 12°hH-or the Rietveld mL/min) was directed over the balance.

refinements on R&eAs using GSAS? we compared two models, For transport measurements, the samples ofGRAS;,

one with all Ge on the 12d site (i.e., 33.3% Ge and 66.7% As) and ReGeysASs2, ReGe6ASs4, and ReGeyAse s were thoroughly

one with all Ge on the 16f site (25% Ge and 75% As). The latter ground. Parts thereof were then pressed into pellets of the
model (refinement shown in the supplement) yielded better residual gimensions 6< 1 x 1 mm. The densities achieved via this pressing
factors, e.g.Rs = 3.58 vs 3.78%, and unambiguous displace- method were 9.0(2) g cm, i.e., 83% of the ideal density as
ment parametersdyofUser = 0.74) in contrast to the former model  getermined via neutron diffraction. These pellets were used to
(Ur2dUser = 3.33). Attempts to refine the occupancies failed. No  measure Seebeck coefficie, and electrical conductivityg, at
evidence for Ge/As ordering on the 16f site was found, e.g., @ waterloo. A commercial thermopower measurement apparatus
symmetry reduction td3m gives rise to two independent sites (MMR Technologies) was used to measBainder a dynamic
(multiplicities 2 and 6 in the primitive setting) of the 16f position  yacuum, using constantan as an internal standard to determine the
of theIm3m model, but the refinements yielded statistical distribu- temperature difference. Silver paint (TED PELLA) was used to
tions of Ge on these two sites iR3m. As well, no supercell  ¢reate the electric contacts. was determined via a four-point
reflections were observed. Crystallographic details of the best method: a custom-made device was used to determine the voltage
refinement with Ge on the 16f site (E2) are shown in Table 1, and dropsAV over distances.( of approximately 2 mm. The resistance,
atomic positions and displacement parameters in Table 2. ToR was calculated from the voltage drops using Ohm'’s law, Re.,

confirm the purity of the Re5ey ¢Ass4 We carried out Rietveld = Av/l, with | = current.c was calculated after measuring the
refinements using X-ray data obtained at room temperature over a

(21) Hedin, L.; Lundqvist, B. 1J. Phys. C1971, 4, 2064-2083.

(19) Yin, S.-C.; Rho, Y.-H.; Swainson, |.; Nazar, L.Ehem. Mater2006 (22) Lambrecht, W. R. L.; Andersen, O. Rhys. Re. B 1986 34, 2439
18, 1901-1910. 2449,

(20) Larson, A. C.; von Dreele, R. B5SAS-General Structure Analysis (23) Bléchl, P. E.; Jepsen, O.; Andersen, O. Rhys. Re. B 1994 49,
SystemLos Alamos National Laboratory: Los Alamos, NM, 2000. 16223-16233.
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Table 3. Seebeck Coefficient and Electrical Conductivity at 300 K of the Pauling single bond radfiare 1.24 A for Ge and 1.21
Cold-Pressed Pellets; Values for Hot-Pressed Pellets of the Same A for As. This bond is concluded to be the main reason for
Samples are Given in Parentheses ) L
= e ReGaA the Ge atoms to prefer this site, as there are no homonuclear
— @GeAs ReCafs, ReGahs: ReGehss contacts between the Asl atoms3.0 A. Typically, for
? ((‘é\ffc m),l) —sgggg)) _% _8é30((_17029)0) _817 compounds with two anionic constituents of neighboring
groups, the atom with the smaller electronegativity, in general
lengths between the contacts,according tar = L/(AR), with the the atom with the smaller group number, prefers the site with
areaA = 1 mm x 1 mm. more and shorter anieranion contacts, as may be seen in
The results of these measurements at 300 K are summarized inthe NbPS type with its many exampRés3! and similarly
Table 3. Evidently the Seebeck coefficient does not vary much in the Zintl phases N&GeAs®? and CgGeAs.3

With(ij” t?is, Segest; and B?a)-f{'k\fe-“ eXhi?itS thg t'ﬁrgef‘t ?'ecmcal _ Correspondingly, the longer interactions between the main
(r:r:)ar]teLrjigllvlgy@GeZ; evagfen Syhl Istatlgn IOCtlae‘:lnnson (fao(ra 20 (r:t;r:r-lp:eegsegroup elements of 2.90 and 3.09 A are expected to be
PP P significantly weaker. As well, the bond between the transition

determination of the physical properties. | h _ RY is sianifi ith h
At Clemson, both samples were again thoroughly ground and metal atoms (here, ReRe= 2.77 A) is significant, althoug

then pressed into round pellets with a diameter of 12.7 mm. The longer than a single bond (Pauling single bond radius of
pellets were hot-pressed and densified at 1000 K under a weightRe= 1.28 R). The same observations were made in the cases
of 2.3 tons for 90 min in an argon atmosphere (Thermal Technology 0f MosSksTe; and NSk Tes.
HP20-4560-20). This procedure resulted in densities close to 91%  The ynit cell of ReGeAs; is slightly larger (0.2%) than
) ey Seebckcoefcntand el onuei o Ry, wih a— 6.T3180() A 8.T162() A, i

- : . ) eGey 6ASs.4 being intermediatea(= 8.7287(3) A), likely
9328 K using a custom designed appardiiigh-temperature related to a Ge atom being slightly larger than an As atom.

Seebeck coefficient and electrical conductivity data were simulta- - . . . ,
neously determined up to 1000 K in a similarly customized Because the atomic positions remain unchanged within their

apparatus equipped with a resistance furnace. Thermal conductivitys'fandard dev!a.tions, the structura.l changes are minimal. In
was measured using the steady-state technique from 20 to 310 Keither case, filling the E2 cube with a rattler atom may be
using a custom-designed sample puck that plugs into the cold fingerof interest in attempts to lower the thermal conductidity.
of a closed-cycle refrigerat@f. All these measurements were Because the distance of the center to the corners occupied
performed under a vacuum as well. For more details, the reader ispy either Ge or As atoms amounts to 2.52 A, a number of
referred to a recent review article. N _ cations (Mg, Fe, Co, Ni, ...) might fit into the cube. Such
High-temperature thermal conductivity data were determined possibilities will be explored in the near future. Because the
from thermal diffusivity and specific heat measurements. Thermal addition of a cation would enlarge the number of valence

diffusivity, a, was measured by a standard laser flash system . . .
(NETZSCH LFA 457). Specific heaCp, was measured with the ~ ©/cctrons. itwould not help to render e, semiconducting,
which already exhibits too many valence electrons for

NETZSCH DSC system using the differential scanning calorimetry 4 . / .
(DSC) technique in which the heat flow rate to the sample is semiconductivity. Therefore, the incorporation of Ge (or

monitored. Then the thermal conductivity is calculated wia possibly Si, Sn) remains necessary to achieve semiconducting
paCp, with p = density. properties when adding additional cations.
_ . Electronic Structure. As revealed in Figure 2, the density
Results and Discussion of states (DOS) of the models chosen for §8bTe, and

Crystal Structures. Common features of the antimonides ReGeAs ex.hibit f:ompgrqble features advantageous for.

of the skutterudite family as well as of MBb; are a complex thermoelectrics. Flr_st, th.IS mcludes a band gap at the Fermi

cubic body-centered cell, squares of Sb atoms, and holes tha{evel, one of the major criteria for thermoelectrics. The larger
(computed) gap of R&eAs of 0.9 eV (MaShsTe,: 0.45

may be filled with small cation. Re;GeAs is a ternary . ; ek a
substitution variant, where the squares between the cation€V) implies that intrinsic RgeAs should exhibit a larger
Seebeck coefficient and a smaller electrical conductivity,

are formed by As atoms (As1), and cubes are formed by Ge - :
compared to MgBb;Te,. Moreover, it should reach its

and As atoms (E2). The chains of &= As are comprised ' g

of the sequence E2 cub®e—As1 squareRe—E2 cube- maximal ZT value at higher temperatures, for the band gap
Re— ... Three such chains penetrate each other at the E2IS Proportional to the optimal temperatufeHowever, as
cube (Figure 1). the actual ordering of the Ge atoms is not known, the

Parallel running chains are interconnected via short calculation based on the modelf3m can only be a crude

E2—E2 bonds of 2.53 A. These bonds, the shortest of this @PProximation.
structure (Table 4), are slightly longer than single bonds,

noting that Ge and As have comparable sizes. For example,(28) Pauling, L.The Nature of the Chemical Bondrd ed.; Cornell
University Press: Ithaca, NY, 1948.

(29) Donohue, P. C.; Bierstedt, P. Borg. Chem.1969 8, 2690-2694.

(24) Pope, A. L.; Littleton, R. T., IV; Tritt, T. MRev. Sci. Instrum2001, (30) Huang, F. Q.; Flaschenriem, C.; Brazis, P.; Kannewurf, C. R.; Ibers,
72, 3129-3131. J. A.Inorg. Chem.2003 42, 3194-3198.

(25) Pope, A. L.; Zawilski, B.; Tritt, T. M.Cryogenics2001, 41, 725— (31) Soheilnia, N.; Kleinke, K. M.; Kleinke, HChem. Mater2007, 19,
731. 1482-1488.

(26) Tritt, T. M. In CRC Handbook on ThermoelectrjdRowe, D. M., (32) Eisenmann, B.; Klein, Z. Kristallogr. 1991 197, 279-280.
Ed.; CRC Press: Boca Raton, FL, 2005. (33) Eisenmann, B.; Klein, J.; Somer, Mngew. Chem., Int. EdL99Q

(27) Soheilnia, N.; Dashjav, E.; Kleinke, an. J. Chem2003 81, 1157 29, 87-88.

1163. (34) Sofo, J. O.; Mahan, G. Phys. Re. B 1994 49, 4565-4570.
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Figure 1. Structure (left) and two parallel running chains (right) oBeAs. White circles, Re; gray, Asl; black, E2 (25% Ge2, 75% As2). Distances are

given in angstroms.

Table 4. Selected Interatomic Distances (A) of ReAs;; E2: 25%

Ge, 75% As

interaction mult. distance (A)
Re-Asl 4x 2.586(1)
Re-E2 4ax 2.560(2)
Re—-Re Ix 2.772(4)
Asl-Asl 2% 3.08716(3)
E2—-E2 1x 2.533(5)
E2—-E2 3x 2.904(3)

Second, the DOS both exhibit considerably drastic in-

creases (spikes) directly above the gap and below the gap.
This should lead to a large Seebeck coefficient, S, for both

n- andp-type doped materials, which is proportional to the
first derivative of the DOS. This may be deduced from the
Mott eq 2, with the electrical conductivity being proportional
to the DOS, withkg = Boltzmann constant, = temperature,

e = charge of an electroi, = energy,Er = Fermi energy,

o = electrical conductivity>3¢

S= —ﬂszzT
3

3In o(E)]
9E

. (2
Physical Properties.Both ReGeAs and RgGe) ¢ASs 4 are
n-type materials, in contrast to thetype thermoelectric
MosShs 4Ter 6. The Seebeck coefficient of RéeAs and
ResGe) Ass 4 increases smoothly with increasing temperature,
reaching—67uV K~tand—72uV K1, respectively, at 300

K (Figure 3). For comparison, Gascoin et al. determit&

uV K™t at 300 K for MaShs 4Te s in the Jet Propulsion
Laboratories (JPLY whereas we measureéd9 VK 1 It

N

==

05ShcTe,

o

(E - Ep)leV
)

(E - Ep)leV

'
»

'
[

DOS

Figure 2. Density of states of MgShsTe, (left) and RgGeAs (right).
Dashed horizontal lines denote the Fermi lesl,

DOS

O Re3GeAsb6
.50 + < Re3Ge0.6As6.4
<
&-100 .
(72}
229

-150 T

-200

0 100 200 300 400 500 600 700 800 900 T [K]
Figure 3. Seebeck coefficient of REeAs (O) and ReGey sAss.4 ().

is noted that we applied higher pressures and temperatures
to prepare the pellet for the measurements, which may be
the cause for the slight difference in the thermoelectric
properties. Interestingly, the ZT values are then equivalent,
as the smaller Seebeck coefficient occurs with larger electri-
cal conductivity*3

The increase irs for the Re samples continues with the
same slope up to 550 K, and thereafter the slope decreases,
finally reaching around-1504V K1 at 900 K. The larger
Seebeck coefficient of the Re samples correlates nicely with
the larger band gap and the steeper slope of the DOS. For
Re;Gey 6ASs.4 and MaShs 4Te 6, the observation of- and
p-type follows directly from electron counting, as the former
exhibits more than 55 valence electrons per formula unit,
namely 55.4, and the latter less (54.6).

As expected on the basis of the density of states,
ReGaysAss4 and RgGeAs have significantly smaller
electrical conductivity (109@* cm™t and 760Q* cm™?®
at 300 K) than M@Shs; 4Te; ¢, determined to be 161@1
cm ! by Gascoin et al. and 17821 cm™® by us. In either
case, the electrical conductivity decreases slowly with in-
creasing temperature (Figure 4), typical for degenerate semi-
conductors. The observation that the electron-precise material
Re;GeAs exhibits such high electrical conductivity is
indicative of a high concentration of defects and/or disorder.

(35) Mott, N. F.; Jones, HThe Theory of the Properties of Metals and
Alloys Dover Publications: New York, NY, 1958.

(36) Mahan, G. D.; Sofo, J. CProc. Natl. Acad. Sci. U.S.A996 93,
7436-7439.
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1500 T—

© ReGe0.6As6.4 20 + ©ReGe0.6As6.4
1250 1 O Re3GeAs6 ORe3GeAs6 g & © X
16 1 XMo3Sb5.4Te16-JPL & x*X" 0

0 100 200 300 400 500 600 700 800 900 T [K]
Figure 4. Electrical conductivity of RgGeAs; (O) and ReGey 6Ass.4 ().

0 + t + + $ +
300 400 500 600 700 800 900 T [K]

50 1 104 Figure 6. Power factors of R&eAs; (O) and ReGey 6ASs 4 (<), compared
40+ 468 to JPL’s data on MgBhs 4Tep 6 (x).
30 T i
] 102 6
2 T
= 10+ e 5+ < Re3Ge0.6As6.4
el 100 E O Re3GeAs6
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[= T 1 —_ 4 + OOOO <
20 ] -gg * ©%005050
ol 1.4 £31 >
<40} y 2
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50 Attt 9
300 400 500 600 700 8OO 900 1000 1100TIK
Figure 5. Thermal analysis of RGeAs. 11
0

As is the case for the Seebeck coefficient, the slope of
the electrical conductivity changes around 550 K, where the
conductivity commences to increase. On the other hand, the
DSC measurement shows no peak around 550 K (Figure 5);,yitn (300 K) = 4.4 W m ' K%, which compares nicely to
we note that the shape of the DSC curve is determined by e numbers from Gascoin et al.
the device’ i.e., no phase transition was detected. Weight The thermal conductivity is comprised of the lattice

loss becomes significant around 1000 K. thermal conductivity, , and the electronic thermal conduc-

A comparison of the power factor P.F= So, the tivity, xe2 k = kL + ke Via the WiedemannFranz
numerator of ZT that determines the electrical performance yg|ationship, one can calculate: when the electrical

of a thermoelectric, is instructive. At 300 K, we calculate ¢onductivity, s, is known (withLo = Lorentzian numbe?§

P.F. to be 4.3W cm™* K2 for MozSh; 4Tey ¢ 5.7u4W cm?

K~2for ResGey éASs.4, and 3.4uW cm 1 K2 for Re;GeAs. ke =LooT (3)

The changes in the trends of the Seebeck coefficient and

the electrical conductivity are reflected in a decrease of the Using eq 3, one obtains very comparable values of the lat-

slope of the power factor of R&eAs, becoming apparent  tice thermal conductivity at 300 K for all three cases,

above 600 K. On the other hand, the power factor of namely 3.3 W m? K1 for Re;GeAs, 3.4 W nr1 K1 for

MosShs 4Tey ¢ continues its linear increase up to 1000 K, as Re;Gey gAss4, and 3.5 W mt K1 for MosShs4Te s It is

published by Gascoin et al. (Figure B)Nevertheless, the  concluded that the differences in the thermal conductivity

power factor of RgGeyeAss4 remains larger than that of  |argely stem from the different electronic contributions, not

MosShs 4Tey ¢ throughout the whole temperature range mea- surprisingly, as the structures, bonding, and molar masses

sured, reaching 18W cm* K~2 at 840 K, compared to 15  of these materials are very similar.

uW cmt K=2 of MosShs 4Ters, whereas the power factor From the results of our measurements shown in Figures

of Re;GeAs; begins to fall below that of Mgshs aTersaround 3, 4, and 7, the thermoelectric figure-of-merit, ZT, was

600 K, for example, with P.F.(840 K5 13.54W cm™ K2, calculated via eq 1. ZT increases rapidly with increasing
Last, the thermal conductivity, increases from 20 to  temperature in all three cases (Figure 8), andShe,Te; ¢

about 100 K, and then more or less reaches a plateau beand ReGeAs exhibit almost identical slopes as well as

tween 300 and 400 K before starting to decrease (Figure 7).values. Most intriguingly, the ZT values of F&e) ¢ASs 4 are

100 200 300 400 500 600 T [K]
Figure 7. Thermal conductivity of Rg5eAs (O) and RgGey 6ASs 4 (<).

The room-temperature values are 4.2 WinK~! for significantly larger than those determined for 8bs 4Te 6,
ReGeyeAss4 and 3.9 W m* K™* for Re;GeAs. We ob- e.g. ZT(300 K)= 0.041 vs 0.029 and ZT(700 K 0.30 vs
served a similar temperature dependence foggsTe; 6, 0.27, and follow a comparable slope as far as measured, i.e.,

(37) Soheilnia, N.; Dashjav, K. M. K.; Cuthbert, H. L.; Greedan, J. E.; (38) Kittel, C.Introduction to Solid State Physicgth ed.; John Wiley &
Kleinke, H. Inorg. Chem.2004 43, 6473-6478. Sons, Inc.: New York, 1996.
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0.30 3 materials are isostructural with M8 4Te; ¢ (Ir3Ge; type),
© Re3Ge0.6As6.4 o one of the leading high-temperatysgype thermoelectrics.
0251  ORe3GeAs6 The Re compounds exhibit higher Seebeck coefficient and
020 * Mo3Sbs.4Te1.6 R lower electrical conductivity compared to M8bs sTer s as
’ o g0 expected on the basis of our electronic structure calcula-
kK 045 | °® tions. The lattice thermal conductivity of these three com-
pounds is almost identical. RBeysASs4 IS an n-type
010 4 semiconductor with larger thermoelectric figure of merit, ZT,
than MaSh;4Tei s at least up to 700 K. In contrast to
0.05 T MosShs 4Tey 6, the temperature dependencies of the thermo-
electric properties of R&eAs do not continue smoothly
0.00 +@aess t + + + beyond 550 K, whereas the power factor ok8e) sASs 4 IS
0 100 200 300 400 500 600 T [K] the largest of this series up to 840 K. Why the trends of the
Figure 8. Thermoelectric figure of merit of R&eAs (O) and physical properties change around 550 K needs to be

ResGey 6Ass.4 (), compared to MgShs 4Ter s (x), which overlaps with

the ReGeAs values. investigated. Further research will reveal how far these

materials can be further improved by intercalation of small

until 700 K. Moreover, because the lattice thermal conduc- cations, as well as partial Sn/As exchange.

tivity of all these materials is basically equivalent, and the

electrical contribution is lower in case of the Re samples, as  Acknowledgment. Financial support from NSERC, CFlI,
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Supporting Information Available: Two plots depicting the
Rietveld refinements on RéeAs and ReGe, sASs 4, and one table
showing crystallographic details of the latter (PDF). This material
is available free of charge via the Internet at http://pubs.acs.org.

Conclusion

Chemical modification of the metallic arsenidesRs; by
partial Ge substitution for As led to the formation of new
thermoelectric materials, B8eAs and RgGe) ASs 4. These CMO0708517



