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Thermoelectric properties of the doped Kondo insulator: NdxCe32xPt3Sb4

C. D. W. Jones, K. A. Regan, and F. J. DiSalvo*
Department of Chemistry, Baker Laboratory, Cornell University, Ithaca, New York 14853

~Received 20 July 1998!

The temperature dependence of the thermopower, electrical resistivity, and thermal conductivity were ex-
plored for the solid solution NdxCe32xPt3Sb4 obtained from the parent Kondo insulator Ce3Pt3Sb4. While
Ce3Pt3Sb4 is a semiconductor with a small activation energy (Ea'0.0560.01 eV) and a relatively large
thermopower~S511264 mV/K at 300 K!, Nd3Pt3Sb4 is a simple metal with a typically low thermopower
(S5861 mV/K at 300 K!. The thermoelectric figure of meritZT of the NdxCe32xPt3Sb4 solid solution was
found to be maximized atx50.3560.10. The maximumZT of 0.12 at approximately 230 K, however, is too
small to be useful in thermoelectric applications.@S0163-1829~98!05044-9#
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I. INTRODUCTION

Most cerium intermediate valence~IV ! compounds are
metals, with features in the electrical resistivitiesr that can
be attributed to the IV behavior.1 Perhaps the most well
studied cerium IV compound is CePd3. The resistivity is
atypical for a simple metal:r~300 K!'120mV cm andr(T)
has a broad peak;170 mV cm centered at approximatel
120 K.2–5 Similarly, a broad but weak peak in the magne
susceptibility x is observed in the same temperatu
range.4,6,7 Ce3Pt3Sb4 has been shown by magnetic suscep
bility to be an IV compound with a broad peak inx at around
400 K.8–10 In Ce3Pt3Sb4, however, the electronic resistivit
clearly shows semiconducting behavior withr~300 K!
'4 mV cm ~Refs. 10 and 11! and an estimated activatio
energy across the gap of;500 K.8,10,11To have both IV and
semiconducting behavior in a rare-earth~RE! or actinide in-
termetallic is rare, and these types of compounds are o
referred to as Kondo insulators.12 It should be noted tha
CePd3 has also been described as a lightly doped Kon
insulator,13 but the low magnitude of the resistivity~,200
mV cm for all T,300 K) leads to this compound more ofte
being referred to as a metal.

Recently, it has been suggested that cerium IV co
pounds may be a possible source of thermoelectric mate
for Peltier cooling applications.14–16Often in cerium IV ma-
terials, the thermoelectric power~thermopower or Seebec
coefficient! is enhanced over that of regular metals. The
compounds can have maximal thermopower values aro
20–120mV/K at temperatures below 300 K.1,17For example,
the thermopower of CePd3 reaches a maximum of 10
620mV/K at approximately 120 K.14,18–20 Narrow-band-
gap semiconductors have been known for some time to h
good thermoelectric properties and chemically substitu
Bi2Te3 alloys, ~Bi,Sb!2~Te,Se!3, are currently the material
used in Peltier cooling technology.16,21 Bi2Te3 alloys typi-
cally have a room-temperature thermopower of about
mV/K that decreases as the temperature is lowered.21 Since
Ce3Pt3Sb4 shows both IV and small band-gap semicondu
ing behavior, we thought it might be interesting to evalu
and investigate optimizing this compound as a potential th
moelectric material. Recently, an isostructural compou
PRB 580163-1829/98/58~24!/16057~7!/$15.00
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Ce3Cu3Sb4 has also been investigated for its potential th
moelectric properties.22 This compound also has a semico
ducting electrical resistivity, however, the cerium is in a no
mal Ce31 valence state. To the authors knowledge,
thermopower of the Kondo insulator Ce3Pt3Sb4 has not been
previously reported, but we show here that it does disp
significantly large values.

The performance of a thermoelectric material, howev
depends on more than just the magnitude of the th
mopower. A thermoelectric material is generally charact
ized by a figure of meritZ, or a dimensionless figure of mer
ZT,

ZT5
S2T

rk
, ~1!

whereT is the temperature,S is the thermopower,r is the
electrical resistivity, andk is the thermal conductivity. The
efficiency of a thermoelectric device increases with incre
ing ZT. Optimized Bi2Te3 alloys haveZT'1.0 near room
temperature, however, theZT decreases steadily asT is
lowered.16,21 Of the cerium IV materials, CePd3 has one of
the largest room-temperatureZT values;0.2, which remains
roughly constant from 300 to 180 K.20,23 Attempts at chemi-
cally modifying CePd3, however, have not yielded signifi
cantly higherS or ZT values.20,24,25

In the case of Ce3Pt3Sb4, we determine that theZT values
below room temperature are relatively small~,0.07! be-
cause of the exponentially increasing electrical resistivity
was hoped that by doping Ce3Pt3Sb4 in some manner, the
electrical resistivity would decrease while maintaining t
large thermopower of Ce3Pt3Sb4. Assuming the thermal con
ductivity remained unchanged, this would increase theZT. In
Ce3Pt3Sb4, chemical substitution can be seen as both
doping of a semiconductor and as modifying the chemi
environment around the IV cerium atoms. The IV state
generally quite sensitive to chemical substitutions. By stu
ing the NdxCe32xPt3Sb4 system, the near-neighbor environ
ment about any given Ce atom remains unchanged~see Fig.
1!. In addition, the metallic radii of Nd~1.814 Å! and Ce
~1.818 Å! are similar26 so the unit cell size would not be
dramatically affected. It was thought that both of these f
tors would help maintain the IV behavior. Althoug
16 057 ©1998 The American Physical Society
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FIG. 1. The main building blocks of the Ce3Pt3Sb4 structure are polyhedra with the metal atoms~Pt or Ce! at the center and antimon
atoms~shown in black! at the vertices. The Pt atoms~dark gray! are in distorted tetrahedral coordination and the Ce atoms~light gray! are
in distorted dodecahedral~bisdisphenoid! coordination. The polyhedral are connected in two configurations~a! with edge-sharing Ce
polyhedra and~b! with face-sharing Ce polyhedra. These Ce and Pt polyhedra are arranged to fill all space in the cubic unit cell; fo
are shown in~c!.
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Nd3Pt3Sb4 had not been previously reported, the Pr3Pt3Sb4
compound was known to exist and to display meta
behavior.8 It was thought that the Nd compound would al
be metallic and thus, with increasing Nd concentration, h
lower the resistivity in the NdxCe32xPt3Sb4 compounds.

II. EXPERIMENT

A. Sample preparation

Prior to sample preparation, cerium~Cerac, 12-mm
pieces, 99.9%! and neodymium~Cerac, 12-mm pieces
99.9%! were drip melted under vacuum in a RF furnace
remove any oxide coatings.27 The pure and unreacted ra
earth~RE! metals were then handled only in an inert arg
atmosphere. The samples of NdxCe32xPt3Sb4 were prepared
by arc melting the purified rare earths with the correspond
amounts of platinum~Engelhard, 0.38-mm-diameter wire
99.99%! and antimony~Cerac, 1–3-mm shot, 99.999%! un-
der a titanium-gettered argon atmosphere. Because of
high vapor pressure of Sb in the synthesis, approxima
1–2 % excess Sb was added for each sample. Each sa
was flipped and remelted several times until the mass of
sample~typically ;1 g! was within 61% of the stoichio-
metric mass. All the samples were wrapped in tantalum f
sealed in evacuated silica tubes and annealed at 850 °C
96 h. The samples were shaped into rectangular bars
approximate dimensions 33337 mm3 by cutting with a
diamond-impregnated string saw. After cutting, the ex
pieces of each sample were ground and analyzed by pow
x-ray diffraction ~Scintagu-2u diffractometer with Cu Ka
radiation!. Some samples contained trace amounts of RE
and REPtSb second phases~,2% by peak height in the pow
der x-ray diffraction pattern!. The lattice constants obtaine
from a least-square fitting of the powder diffraction data
shown in Fig. 2.
p

g

he
ly
ple
e

l,
for
ith

a
er

b

e

Overall, Ce3Pt3Sb4, is a difficult compound to synthesiz
because it is incongruently melting and CePtSb is of
present as an impurity. The annealing time and tempera
were critical in obtaining predominantly single-phase ma
rial from the arc-melted samples. A pressed pellet synth
was also attempted for Ce3Pt3Sb4. Stoichiometric amounts o
CePt, arc melted and then ground to a powder, and eleme
Sb were placed in a vitreous carbon crucible, sealed in
evacuated silica tube, and heated at 950 °C for 48 h.
resulting mixture was ground, pressed into a 0.8 cm diam
pellet, and heated again at 950 °C for 48 h. X-ray pow
diffraction of this compound showed the majority phase
be Ce3Pt3Sb4, however, there was;7% CePtSb impurity
~based on peak heights in the powder x-ray diffraction p
tern!. In addition, although the pressed pellet sample int
rity was good, it was not as mechanically strong as that
the arc-melted sample. There were also grain boundary

FIG. 2. The cubic lattice constants of the NdxCe32xPt3Sb4 series
~the line is only shown as a guide to the eye!.



ss
c-

e
r

-
(
th
g
s

u
re
ltr
ge
te

c
a-

a
st
w
A

he

e
ng
at
i-
-
er
T

s
a
th
e
p
-

a

e
th
h
ro
t

r
rs

his
of
e

n in
llet

ples

ple
t
tact
cen-

sis-
ic

gh
the

an
m
a

m

om
ug-
on

uct-

elted
or-

PRB 58 16 059THERMOELECTRIC PROPERTIES OF THE DOPED . . .
fects in the transport property measurements of the pre
pellet ~as discussed below!. For these reasons, the ar
melting synthesis was chosen for the NdxCe32xPt3Sb4 series
studied here.

It should be noted that in studying doping in th
Ce3Pt3Sb4 compound, substitutions of Te, Sn, and Pb we
also attempted on the Sb site: Ce3Pt3Sb42yM y , where y
50.2 and 1.0 for Te,y50.2 and 0.5 for Sn, andy50.7 and
1.0 for Pb. Both sintered pressed pellets (M5Te, Pb! and
arc-melted samples (M5Sn, Pb! were prepared. These sub
stitutions, however, yielded multiphase compoundsM
5Te) or predominantly CePtSn or CePtPb, rather than
desired Ce3Pt3Sb4-type structure. Attempts at synthesizin
Ce3Pt3As4 and Ce3Pt3Pb4 also yielded predominantly CePtA
or CePtPb.

B. Property measurements

The electrical resistivities were measured on a home-b
apparatus using typical four-probe ac techniques. Cur
contacts to the ends of each sample were made with u
sonic indium and 0.05-mm-thick copper foil strips. Volta
leads were made by laying 34 AWG copper wires coa
with silver epoxy~H20E, Epoxy Technology! onto a flat face
of each bar. The absolute value of the resistivity for ea
sample could vary by610% due to uncertainties in the me
surement of the area factors.

The thermopower and thermal conductivity were me
sured simultaneously on each sample using the steady-
technique in another home-built apparatus. Each sample
initially mounted on a copper base with indium solder.
5-kV resistor~heater! was attached to the opposite end of t
sample with indium solder. Two 40 AWG
Au,Fe~0.07%!:Chromel-p thermocouples were placed in th
indium joints at either end of the sample. After achievi
temperature equilibrium, the sample chamber was evacu
to less than 431025 Torr. Small, steady temperature grad
ents ~maximum;2 K! were obtained by incrementally in
creasing the power to the resistor and the resulting temp
tures on either side of the sample were measured.
voltage across the sample was also measured using
Chromel-p wires of the two thermocouples. A plot of thi
voltage versus the temperature gradient gave a slope equ
the thermopower of the sample plus the thermopower of
Chromel-p wire. The absolute thermopower of th
Chromel-p wire was subtracted from the measured slo
~thermopower of Chromel-p versus Pt from Ref. 28 and ab
solute thermopower of Pt from Ref. 29!. The overall accu-
racy of the thermopower measurement has been estim
from standards to be within65%. Another plot of the power
to the resistor, divided by the area factor of the sample, v
sus the temperature gradient gave a slope equal to the
mal conductivity of the sample. The overall accuracy of t
thermal conductivity measurement has been estimated f
standards of similar dimensions and thermal conductivity
those measured here to be615%.

III. RESULTS AND DISCUSSION

Although the metallic radii of Nd is nominally smalle
than that of Ce,26 Fig. 2 shows that the lattice paramete
ed
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actually increase with increasing Nd concentration. T
trend results from the unusually small lattice constant
Ce3Pt3Sb4 due to the IV state of the cerium. Overall, th
difference in lattice parameter between Ce3Pt3Sb4 and
Nd3Pt3Sb4 is small: 0.023~6! Å. This should help maintain
the IV state of the cerium.

The semiconducting resistivities of Ce3Pt3Sb4, for a sin-
tered pressed pellet and an arc-melted sample, are show
Figs. 3 and 4. The resistivity for a sintered pressed pe
with r(300 K)'13 mV cm has been reported previously8

and matches well with the data here. Other sintered sam
have been previously reported withr(300 K)'4 mV cm.10

This value matches more closely with the arc-melted sam
in Figs. 3 and 4@r(300 K)'1.8 mV cm# but suggests tha
perhaps grain-boundary scattering and interparticle con
resistance are important in the sintered samples. The con
tration of the minor impurities~RESb and REPtSb! might
also contribute to differences in the magnitudes of the re
tivities. In Fig. 4, the resistivities are plotted on a logarithm
scale versus 1/T and show reasonably linear behavior at hi
temperatures. This linear region can be modeled with
following formula:

r5r0expS Ea

kBTD . ~2!

Fitting the arc-melted sample data from 100–300 K gives
activation energyEa of 734 K. The pressed pellet data, fro
150–300 K, yield anEa value of 635 K. These values are
little higher than previously reported values of 455 K~Ref.
8!, 500 K ~Ref. 11!, and 540 K~Ref. 10! from similar resis-
tivity fits. The Ea of Ce3Pt3Sb4 has also been estimated fro
Hall-effect measurements to be;1228 K.10 Similar to the
data here, all the reported resistivities show a deviation fr
simple activated behavior below 100 K; it has been s
gested that the behavior below 100 K is dependent
impurities.8 As Nd is substituted into Ce3Pt3Sb4 the magni-
tude of the resistivity drops significantly~Figs. 5 and 6!, and
the temperature dependence changes from semicond

FIG. 3. The electrical resistivity of Ce3Pt3Sb4 versus tempera-
ture for both a sintered pressed pellet and an annealed arc-m
sample. The room-temperature resistivities differ by almost an
der of magnitude.



a
ar

00

lle

th
a
ow
re
th
th

a
he

-
in

of
ur

r-
al

e
r

es.
:
-

i-
-
r,

5.

a
t

m

16 060 PRB 58C. D. W. JONES, K. A. REGAN, AND F. J. DiSALVO
ing to resembling those of IV metallic compounds such
CePd3. The magnitude of the resistivities here, however,
larger than that of CePd3 where the maxima is;170mV cm
at approximately 120 K.2–5,24 The Nd3Pt3Sb4 compound
shows metallic type resistivity with a broad rollover near 1
K, probably due to crystal-field effects~Fig. 6!. This resis-
tivity is similar in shape to that for a sintered pressed pe
of Pr3Pt3Sb4.

8

The thermopower of Ce3Pt3Sb4 is shown in Fig. 7, again
for an arc-melted sample and a pressed pellet. Unlike
resistivities, the room-temperature thermopower values
roughly equal, but start to deviate as the temperature is l
ered. These differences may again be attributed to diffe
concentrations of impurities or grain-boundary effects in
sintered pressed pellets. The overall shape of these
mopower curves, however, are similar with a large peak
130615 K. This again resembles the thermopower of ot
IV materials like CePd3, which has a maximum of 100
620mV/K at ;120 K.14,18–20 The magnitude of the ther
mopower is certainly larger than the isostructural Kondo
sulator Ce3Pt3Bi4, which has S(300 K)'10mV/K and a
peakS(25 K)'70mV/K. 30 The temperature dependence
the thermopower is also much different than the isostruct
normal valence compound, Ce3Cu3Sb4, which has a roughly
linear thermopower as a function of tempe
ature.22,31The Nd3Pt3Sb4 compound, however, shows typic
metallic thermopower values~Fig. 8!. Thus, as Nd is intro-
duced into Ce3Pt3Sb4, the thermopowers drop in magnitud
but still show an overall temperature dependence simila
IV-type behavior~Fig. 8!.

FIG. 4. The electrical resistivity of Ce3Pt3Sb4 ~on a logarithmic
scale! versus 1/T for both a sintered pressed pellet and an anne
arc-melted sample. The high-temperature data agree well with
fit: r5r0 exp(Ea /kBT). The arc-melted sample data were fit fro
100 to 300 K and the pressed pellet data from 150 to 300 K.
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Figure 9 shows the thermal conductivity of the sampl
The thermal conductivityk is comprised of two components
k5kel1kph. Here, kel is the contribution from the elec
tronic carriers~holes and electrons! andkph is the contribu-
tion from the phonon modes~lattice component!. In metals,
the kel term generally dominatesk. Since the compounds
across the NdxCe32xPt3Sb4 series have such different electr
cal resistivities~carrier densities!, one might expect the ther
mal conductivities to vary greatly as well. In fact, howeve

FIG. 5. The electrical resistivities of the NdxCe32xPt3Sb4 series
versus temperature.

FIG. 6. A selection of the electrical resistivities shown in Fig.
Note the metallic resistivity of the Nd3Pt3Sb4 compound.

led
he



ith
at
fo

ne
uc
th

o

t
ere
o-

to
dif-

is

is
the
ill

al

ic

n-
to

r
m
e
.

rity.

PRB 58 16 061THERMOELECTRIC PROPERTIES OF THE DOPED . . .
the thermal conductivities are all reasonably similar, w
only the Ce3Pt3Sb4 compound deviating from the series
low temperatures. The room-temperature value
Nd3Pt3Sb4 is slightly higher than for Ce3Pt3Sb4, in agreement
with the larger room-temperature resistivity for Ce3Pt3Sb4.
As disorder is introduced from the substitution with Nd, o
would expect the phonon contribution to the thermal cond
tivity to be reduced. This seems to be observed with
smaller concentrations of Nd (x50.12 and 0.27! which have

FIG. 7. The thermopowerSof Ce3Pt3Sb4 versus temperature fo
both a sintered pressed pellet and an annealed arc-melted sa
Note the similar room-temperature values but the large differenc
the peak value. The lines are shown only as a guide to the eye

FIG. 8. The thermopowerSof the NdxCe32xPt3Sb4 series versus
temperature. The lines are shown only as a guide to the eye.
r

-
e

much smaller k at low temperature in comparison t
Ce3Pt3Sb4. The minimum value ofk'17 mW/cm K is equal
to those typically found in the Bi2Te3 alloys.21 As the amount
of Nd increases, however, thekel becomes more importan
and the totalk increases. Overall, the values measured h
are similar to those for polycrystalline samples of the is
structural normal valence compound Ce3Cu3Sb4.

22 It should
be noted that thermal conductivity is a difficult property
measure accurately and makes interpretation of the small
ferences ink problematic.

Another way to represent the thermal conductivity data
to look at the Lorentz number (L5rk/T, where as defined
here, thek is the total thermal conductivity!. As previously
mentioned, for typical metals, the thermal conductivity
dominated by the electronic component. In this case,
Wiedemann-Franz law is valid and the Lorentz number w
equal

L05
p2

3 S kB

e D 2

52.4431028 ~V/K !2. ~3!

L/L0.1 suggests that the phonon contribution to the therm
conductivity is important. TheL/L0 values for the
NdxCe32xPt3Sb4 series are shown in Fig. 10 on a logarithm
scale. For Nd3Pt3Sb4, theL/L0 values are;1, again suggest-
ing typical metallic behavior. Ce3Pt3Sb4, however, has ex-
tremely largeL/L0 values suggesting that the thermal co
ductivity is dominated by phonons. As Nd is introduced in

ple.
at

FIG. 9. The thermal conductivityk of the NdxCe32xPt3Sb4 se-
ries versus temperature. Thex50.12 data overlaps thex50.45 data
over the whole temperature range and has been omitted for cla
The lines are shown only as a guide to the eye.
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Ce3Pt3Sb4, the L/L0 values decrease dramatically. For a
given compound, theL/L0 values increase rapidly, almos
exponentially, as the temperature is lowered, thus look
reasonably linear in Fig. 10. As the temperature decrea
the contribution from the phonon component to the therm
conductivity seems to become relatively more importa
However, it should be noted that the IV metal CePd3 ~Refs. 3
and 20! and the heavy fermion compound CeCu6 ~Ref. 32!
also show an increase inL/L0 as the temperature decrease
It is possible that another mechanism, perhaps related to
lence fluctuation, is contributing to these rises inL/L0 as a
function of decreasing temperature.

Finally, theZT curves in Fig. 11 show that an increase
ZT is possible with Nd substitution in Ce3Pt3Sb4. The maxi-
mum values ofZT are found near 230610 K for most of the
compounds and a plot ofZT (230610 K) versus Nd concen
tration is shown in Fig. 12. The maximumZT value of 0.12
is roughly double that of the pure Ce3Pt3Sb4 compound, but
certainly still too small for any potential thermoelectric a
plications. The peaks inZT versusT here are also smaller
and much sharper than, the relatively flat region ofZT'0.2
from 180 to 300 K in CePd3.

20,23 Perhaps other substitution
in this compound, such as other transition metals on the
site, may yield other interesting changes in theZT character-
istics of these materials. Other Kondo-insulati
compounds,12 such as the filled skutterudite materi
CeFe4P12, might also be interesting to pursue as lo
temperature thermoelectric materials.

FIG. 10. The Lorentz ratioL/L0 for the NdxCe32xPt3Sb4 series
~on a logarithmic scale! versus temperature. The lines, shown on
as a guide to the eye, suggest thatL/L0 is increasing almost expo
nentially as the temperature is lowered.
g
s,
l

t.

.
a-

Pt

IV. CONCLUSIONS

The solid solution between the semiconducting Kondo
sulator Ce3Pt3Sb4 and the normal metal Nd3Pt3Sb4 has
yielded compounds that show intermediate valence-type
sistivities. The thermopower of Ce3Pt3Sb4 was found to be
significant with S511264 mV/K at 300 K and up to 343
610mV/K at 128 K, much larger than the isostructur
Ce3Pt3Bi4.

30 Although the thermopower decreases with N
substitution into Ce3Pt3Sb4, the thermoelectric figure o
merit is increased for intermediate concentrations of N

FIG. 11. The thermoelectric figure of meritZT versus tempera-
ture for the NdxCe32xPt3Sb4 series. Note that theZT of Ce3Pt3Sb4 is
improved for small substitutions of Nd (x50.27 and 0.45!. The
lines are shown only as a guide to the eye.

FIG. 12. The thermoelectric figure of meritZT at 230610 K
versus Nd concentration. The line is shown only as a guide to
eye but suggests that the maximumZT occurs atx50.3560.10.
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reaching a maximum atx50.3560.10 in NdxCe32xPt3Sb4.
The maximumZT of 0.12 at approximately 230 K, howeve
is too small to be useful in thermoelectric applications.
does show that Kondo insulator compounds may have po
tial as thermoelectric materials if the appropriate dop
schemes can be developed.
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