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Polycrystalline L Sbs (L = La, Ce, Sm, and Yb) and Yb,_,Sm,Sbs, which
crystallizes in the anti-ThsP, structure type (I-43d no. 220), were synthesized
via high-temperature reaction. Structural and chemical characterization were
performed by x-ray diffraction and electronic microscopy with energy-disper-
sive x-ray analysis. Pucks were densified by spark plasma sintering. Trans-
port property measurements showed that these compounds are n-type with
low Seebeck coefficients, except for Yb,Sbs, which shows semimetallic
behavior with hole conduction above 523 K. By partially substituting Yb by a
trivalent rare earth we successfully improved the thermoelectric figure of
merit of YbySbs up to 0.7 at 1273 K.
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INTRODUCTION

Thermoelectric performance is estimated by the
dimensionless figure of merit ZT = «*T/pk, where «
is the Seebeck coefficient (uV/K), p is the electrical
resistivity (mQ cm), and x is the sum of the elec-
tronic part and the lattice part of the thermal con-
ductivity (mW/cm K).

Therefore, good thermoelectric materials must
combine high Seebeck coefficients with low electri-
cal resistivities and thermal conductivities. How-
ever, these three contributions are connected via
the carrier concentration, so that improving one
usually degrades the others, thus limiting the ZT
enhancement.

Rare-earth chalcogenides with ThsP4-type struc-
ture have been systematically studied by Gschneidner
et al.! and Wood.? Indeed, the chemical formulae of
such compounds can be written as Rs_,V,X,
(R = lanthanides, X = S, Se, Te), where x represents
the rare-earth vacancy (V), which is limited to 0 <
x < 1/3. For x = 1/3 there are no charge carriers

available for conduction, making the system insu-
lating. By decreasing the number of vacancies, free
electrons are introduced, and rare-earth chalcoge-
nides become n-type conductors. Thus the charge
carrier concentration can be tuned easily, and sev-
eral compositions of such solid solutions show good
n-type properties for thermoelectric applications.
One of the best is a member of the Las_,Te, solid
solution, exhibiting ZT > 1 at high temperature.>~®
Rare-earth pnictogenides have been less well
investigated for thermoelectric applications. While
they do not form solid solutions, the structure is
very complex and has great flexibility with regard to
interstitials, which can integrate heavy elements.
Additionally, anionic and cationic sites can be par-
tially substituted. All these features can reduce the
lattice thermal conductivity or allow fine tuning of
the charge carrier concentration and consequently
enhanced ZT.

Most of the L4Sbs compounds (L = lanthanides)
crystallize in the anti-ThsP, structure type, first
reported by Hohnke and Parthé.® In this structural
arrangement, the Sb anions in 12a Wyckoff position
are 8-coordinated by two interpenetrating Yb
tetrahedra forming a bis-disphenoid (Fig. 1). The Yb
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Fig. 1. Cubic crystal structure of Yb,Sbs and coordination environments of individual atoms.

Vacancy

cations in 16c¢ position lie at the center of a dis-
torted Sb octahedron, and vacant sites in 12b posi-
tion are coordinated by two interpenetrating Sb and
Yb tetrahedra, thus forming a distorted square
antiprism.

This work focuses on the transport properties
of L,Sbs (L = La, Ce, Sm, and Yb) and substitu-
tions that can be made on the cationic site of Yb,Shs
to improve thermoelectric properties.

EXPERIMENTAL PROCEDURES

L4Sbs (L = La, Ce, Yb, and Sm) and Yb,_,Sm,Sbs
were prepared by high-temperature synthesis.
Stoichiometric amounts of the pure elements were
directly loaded into a niobium container inside a
glove box. This container was arc-welded shut
under argon and in turn enclosed in a fused-silica
tube under secondary vacuum (2 x 10~® mbar to
5 x 10~ mbar). The ampoule was heated to 1323 K,
followed by a quench and subsequent anneal
between 1073 K and 1173 K. Crystallographic
analysis was carried out using x-ray diffraction
(XRD) (Philips X’Pert) and structure refinement by
Rietveld method using the program Fullproff.’
Composition and microstructure were checked by
electronic microscopy with energy-dispersive x-ray
spectroscopy. Polycrystalline samples were densified
by spark plasma sintering (SPS) using a Dr Sinter
2080 SPS device following a 35 min cycle under
uniaxial pressure of 50 MPa up to 1573 K. Magnetic
susceptibility was measured from 2 K to 300 K,
using a superconducting quantum interference de-
vice (SQUID) magnetometer from Quantum Design.
Electrical resistivity (p),® Seebeck coefficient (a),’
and thermal conductivity (x)'° were measured as a
function of temperature (from 300 K to 1273 K) on at
least 90% dense pucks.

RESULTS AND DISCUSSION
Binaries L Sbs

The synthesized binary compounds La,Sbs,
Ce4Sbs, SmySbs, and YbsSbs crystallize in the anti-
ThsP, structure (Fig. 2) with a =9.65 A, 9.51 A,
9.31 A, and 9.32 A (£0.005 A), respectively, in good
agreement with previous works.!'™'* Aging studies
on the four compounds showed that these materials
are stable in air, but a few signs of amorphization
are observed on XRD analysis after 5 months. They
are also stable at high temperature under inert
atmosphere up to 1573 K.

Measurements were performed to at least 1100 K,
with the exception of LasSbs. The 300 K Seebeck
coefficients are in good agreement with those
reported by Bucher et al.'® for La,Sbs, Sm,Shs, and
YbySbs. All the binaries except YbsSbs showed
n-type behavior from room temperature up to
1273 K (Fig. 3a and b). The Seebeck coefficients
were small and negative, and did not exhibit strong
temperature dependence, especially Sm4Sbs, which
displays a quasiconstant coefficient. However, the o
of YbsSbs (Fig. 3b) increased linearly with temper-
ature and suggests a transition from n- to p-type
conduction at 523 K that indicates a semimetallic
character. It reached 70 pV/K at 1273 K, much
higher than that of a metal. Electrical resistivity
(Fig. 3b) also increased linearly with temperature
from about 0.22 at 300 K to 1.25 mQ cm at 1273 K.
So, the transport property data of Yb,Sbs and those
of the most “metallic” materials from the solid
solution LasTe,s-LasTes® (LasTe,) are of approxi-
mately the same magnitude at high temperature.
This similarity suggests that the transport proper-
ties of Yb,Sbs can be improved by tuning the carrier
concentration.
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Fig. 2. XRD patterns of L4Sbgs, L = La, Ce, Sm, and Yb.

.
\J AnlJL
-
e

(@o . . . . .
—~
<
>
= 10
S -
€
Q0
L
=
(O]
o
O -20 4 4
x
(3]
(]
Q
()
o)
(]

-30 T T T T T T T T T T

200 400 600 800 1000 1200
Temperature (K)

(b) ——— 2.5

120 4 | Seebeck coefficient
— 1] o Ybsb, m
X 1004 | & @
S Yb, .Sm_Sb, -20 &
= 80 o Yb,.Sm,,Sb, o
3 7 | Electrical resistivity L
= = YbSb -15 @
& 604 o 58
i) [}
= =
Q40 é
8 1.0 s
x

20 =
] 3
Q )
% 0 4 0.5 o
o 3

20 -

T T T T T T T T T T 0.0
200 400 600 800 1000 1200

Temperature (K)

Fig. 3. (a) Seebeck coefficient of L,Sbs (L =La, Ce, Sm) and
(b) Seebeck coefficient and resistivity of YbsSbs and Yb, ,Sm,Sbs
(x = 0.2, 0.4) versus temperature.

The temperature dependence of the molar mag-
netic susceptibility (y = M/H, normalized per Yb) is
in reasonable agreement with previous work!'®
(Fig. 4) but is much flatter. Yb,Sbs shows a typical
valence fluctuating behavior with a broad peak at
240 K. By fitting the low-temperature data with a

modified Curie—-Weiss law we find that Yb,Sb; is
mainly divalent and contains less than 1% Yb®*.
This is low compared with previous measurements
made on single crystals (average of 34%'7). This
could be due to the presence of a small amount of
oxides such as Yb,O3 or other magnetic impurities
undetectable via XRD.

If we consider the Zintl formalism, we can esti-
mate that Yb,Sbs is electron deficient with more
than 3.8 holes per unit cell. Therefore, substitution
of Yb by a trivalent or tetravalent rare earth should
reduce the electron carrier density, thus improving
the transport properties.

Solid Solution: Ybs_,Sm, Sbs

We substituted Sm for Yb up to x = 0.5 to 0.6
without changing the crystal structure. The unit
cell parameter, refined using the Rietveld method,
is plotted versus Sm content in Fig. 4a. We see, as
expected, that the lattice constant increases linearly
with Sm content, from 9.32 A to 9.38 A (£0.005 A)
for Ybs 4,Smg ¢Sbs. However the substitution proves
not to be energetically favorable at higher x. Pure
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Yb4_xSm,Sbs (x = 0.2, 0.4) versus temperature.

samples are difficult to obtain even with long
annealing times. After reaching these limits, a rock-
salt-type solid solution Sm;_,Yb,Sb begins to form.

The magnetic behavior (Fig. 4b) is not greatly
affected by the substitutions; we observe a small
increase of magnetic susceptibility as a function of
Sm content, indicating a slight increase of magnetic
rare earth in the system (Sm>®* or Yb*).

The transport properties were measured for
Yb,_,Sm,Sbs (x = 0.2, 0.4) as a function of temper-
ature and are compared with those of the initial
binary in Fig. 3b. The Seebeck coefficient was still
linear and increased with Sm content until reaching
120 uV/K at 1273 K for YbsgSmg 4Sbs, which is
almost twice that of YbsSbs. These results could
indicate that the charge carrier concentration was
decreased by the substitution, in good agreement

with the increase of the quantity of magnetic rare
earth in the system. The electrical resistivity is not
as strongly affected by the substitutions, reaching
1.4 mQ cm at 1273 K for x = 0.4.

The thermal conductivity (Fig. 5a) showed a
maximum for all compositions of the solid solution
around 473 K, where it reached 40mW/cm K, and
then decreased linearly with increasing tempera-
ture. We finally obtained a ZT of almost 0.7 at
1273 K for both substituted compounds (Fig. 5b).

CONCLUSIONS

Transport property measurements taken on
L4Sbs (L = La, Ce, Sm, and Yb) show that most of
these compounds are n-type with low Seebeck coef-
ficients except for Yb,Sbs, which shows a transition
from n- to p-type at 523 K with typical semimetallic
behavior.

We show that substitution of Yb by Sm improves
the Seebeck coefficient by lowering the carrier
concentration. Work to further increase the ther-
mopower of such phases is underway. These inves-
tigations will cover other type of substitutions as
well as the possibility of partially filling interstitial
sites.
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