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Crystal field effects and thermoelectric properties of PrFe4Sb12 skutterudite
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Transport and magnetic properties are reported for ternary skutterudites La0.83Fe4Sb12 and Pr0.73Fe4Sb12.
Physical properties of Pr0.73Fe4Sb12 are dominated by crystal electric field effects, yielding in the magnetic
triplet G5 as ground state. As a result, long-range magnetic order appears below 4.6 K. Pr0.73Fe4Sb12 exhibits
an unusually high electronic contribution to the specific heatCp /T of several hundred mJ/mol K2, and a
significant value of a nuclear Schottky contribution is derived below about 1 K, primarily related to141Pr with
a nuclear spinI 55/2. The figure of merit at room temperature, expressing the thermoelectric performance of
Pr0.73Fe4Sb12, is about 0.075.

DOI: 10.1103/PhysRevB.66.214421 PACS number~s!: 75.40.Cx, 71.27.1a, 71.70.Jp, 71.70.Ch
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I. INTRODUCTION

Ternary skutteruditesRyM4X12, with R5rare earth,M
5Fe, Co, Rh, Ru, . . . , andX5P, As, Sb, have attracte
much interest because of a variety of possible ground st
and because of their large thermoelectric potential. Depe
ing on the particular rare earth element, features like su
conductivity, such as, e.g., in LaRu4As12 below Tc510.3 K
or LaOs4As12 below Tc53.2 K,1 long-range magnetic orde
in EuFe4Sb12 at Tmag584 K,2,3 heavy fermion behavior in
YbFe4Sb12,4 non-Fermi-liquid behavior in CeRu4Sb12,5 in-
termediate and mixed valence behavior in Yb(Fe,Co)4Sb12
and Eu(Fe,Co)4Sb12,6,7 and hopping conductivity in
YbRh4Sb12,6 were already found and discussed in some
tail. Significant interest in this family of compounds, how
ever, stems from the fact that skutterudites are potential c
didates for thermoelectric applications. Materials conside
for such use should exhibit values for thefigure of merit
ZT5S2T/(rl) at least of the order of 1 (T5temperature,
S5Seebeck coefficient, r5electrical resistivity, and
l5thermal conductivity!. Depending on the carrier concen
tration of a particular skutterudite, Seebeck values ab
about 100mV/K are frequently observed. Besides, terna
skutterudites are outstanding with respect to their low th
mal conductivity which, in some cases, may be near to
theoretical limit. As a matter of fact, the dramatically dimi
ishedl(T) values are associated with an exceptionally la
thermal displacement parameter of the loosely bound
earth elements, corresponding to a ‘‘rattling’’~i.e., soft pho-
non mode! of these atoms in an oversized cage.8

Previous studies of Pr-based skutterudites evidenced
a number of remarkable characteristics. Among them is
perconductivity in PrRu4As12 and PrRu4Sb12 below 2.4 and
1 K, respectively,9,10 and a metal to insulator transition i
PrRu4P12 at TMI560 K,11 as well as ordering atTmag
56.2 K in PrFe4P12.12 Kondo-like anomalies in transpor
phenomena were found for the latter andCp /T for T→0
shows a huge value of about 1.4 J/mol K2.13,14 Moreover, de
0163-1829/2002/66~21!/214421~9!/$20.00 66 2144
es
d-
r-

-

n-
d

e

r-
e

e
re

lso
u-

Haas–van Alphen measurements evidenced extraordi
heavy electrons and unusual features of the Fermi sur
topology,15 suggesting strongly correlated electrons in th
compound. Recent studies devoted to PrFe4P12,16,17 how-
ever, revealed that the order parameter below 6.4 K is n
magnetic, most likely of quadrupolar origin. Very recent
heavy fermion superconductivity was discovered
PrOs4Sb12 with a transition temperature of 1.8 K. Specifi
heat studies suggest that the superconducting ground sta
formed from heavy quasiparticles as concluded from
normal-state Sommerfeld valueg of about 500 mJ/mol K2.18

The aim of the present work is to evaluate the groun
state properties of Pr0.73Fe4Sb12 and to explore its thermo
electric potential. Special emphasis is directed to crys
electric field effects which determine low-temperature ma
netic and transport properties. In particular, Pr as n
Kramers ion in a cubic environment can result in both
magnetic or a nonmagnetic ground state. For a purpos
comparison, a number of bulk properties derived for isom
phous La0.83Fe4Sb12 are added. Preliminary low-temperatu
properties concerning Pr0.73Fe4Sb12 are reported in Ref. 19
and the various aspects of stability and crystal chemistry
ternaryRFe4Sb12 are discussed in Ref. 2 together with som
physical properties.

II. EXPERIMENT

A. Synthesis and x-ray powder diffraction

Starting materials of the title compounds were ingots
La and Pr~99.9 wt %!, pieces of iron~99.9 wt %! and rods of
antimony~99.9 wt %!. Due to the high vapor pressure of S
at elevated temperatures, arc melting was performed un
current as low as possible with repeated melting. With t
method and compensating the losses of evaporation by a
tional Sb a dense product was achieved. The compou
were then sealed under vacuum in silica capsules, slo
heated~50°/h! to a 650 °C, and kept there for up to 150
followed by quenching in water.
©2002 The American Physical Society21-1
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X-ray powder diffraction data were obtained using
Huber-Guinier powder camera applying monochromatic
Ka1 radiation with an image plate recording system. Latt
parameters were calculated by least-squares fits to the
dexed 4u values applying the program packageSTRUKTUR

~Ref. 20! on the base of our single-crystal data
YbFe4Sb12.21 For quantitative refinement of the atom pos
tions, the x-ray intensities were analyzed employing
FULLPROF program.22

B. Measurements of bulk properties

A superconducting quantum interference device~SQUID!
and a vibration magnetometer served for the determina
of the magnetization from 2 K up to 300 K infields up to 6
and 15 T, respectively. Pieces from the bulk specimen~0.15
and 0.17 g, respectively! were used in this study. Specifi
heat measurements on samples of about 1–2 g were
formed at temperatures ranging from 1.5 K up to 120 K
means of a quasi-adiabatic step heating technique in exte
fields up to 9 T. Specific heat data were also collected
temperatures down to about 100 mK in a3He/4He cryostat
using a relaxation method.23

The electrical resistivity and magnetoresistivity of b
shaped samples~about 13135 mm3) were measured usin
a four-probe dc method in the temperature range from 0.
to room temperature and fields up to 12 T. A resistivity stu
of Pr0.73Fe4Sb12 for a few values of externally applied mag
netic fields was performed in the3He/4He cryostat at tem-
peratures as low as 30 mK employing an ac technique.

A piston-cylinder cell with a Teflon cap and a paraffi
mixture as pressure transmitter served to generate hydros
pressure up to about 16 kbar. The absolute value of the p
sure was determined from the superconducting transi
temperature of lead.24

Thermopower measurements were carried out with a
ferential method. The absolute thermopowerSx(T) was cal-
culated using the following equation:Sx(T)5SPb(T)
2VPb/x /DT whereSPb is the absolute thermopower of lea
andVPb/x is the thermally induced voltage across the samp
depending on the temperature differenceDT.

Thermal conductivity measurements were performed i
flow cryostat on cuboid-sphaped samples~length about 1 cm,
cross section about 2 mm2), which where kept cold by an
choring one end of the sample onto a thick copper pa
mounted on the heat exchanger of the cryostat. The temp
ture difference along the sample, established by electr
heating, was determined by means of a differential therm
couple~Au10.07% Fe/Chromel!. The measurement was ca
ried out under high vacuum and three shields moun
around the sample reduced the heat losses due to radiati
finite temperatures. The innermost of these shields was
on the temperature of the sample via an extra heater.

III. RESULTS AND DISCUSSION

A. Structural chemistry

The obtained x-ray intensity pattern, shown in Fig. 1
Pr0.73Fe4Sb12, was indexed on the base of a body-center
21442
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cubic lattice prompting isotypism with LaFe4P12.25 The re-
finement of the x-ray intensities converged satisfactorily
a fully ordered atom arrangement PryFe4Sb12 with respect to
atom site distribution among Pr, Fe, and Sb atoms@ Im3̄, Sb
in 24 g, xSb50, ySb50.1598(1), zSb50.3348(1), RI
50.039]. Occupation factors were refined and correspon
a full occupancy of the Fe and Sb sublattices but reveal c
siderable voids for the Pr site accounting for only 73% fillin
of the rare earth site@y50.73(2)#. The lattice parameter is
found to bea59.1369(2) Å. The corresponding values f
LayFe4Sb12 arey50.83 anda59.1471 Å. Besides the skut
terudite phase, traces of Sb~about 3%! were obtained.

B. Bulk properties

To initially characterize the magnetic state
Pr0.73Fe4Sb12, dc and ac susceptibilityxdc(T) and xac(T)
measurements were performed. Results are shown in F
2~a! and 2~b!. The Curie-Weiss-like behavior at elevate
temperatures (T.50 K) reveals an effective magnetic mo

FIG. 1. X-ray pattern of Pr0.73Fe4Sb12.

FIG. 2. ~a! Temperature-dependent magnetic susceptibilityx of
Pr0.73Fe4Sb12 plotted asx21 vs T. The solid circles represent th
Pr-related susceptibility and the solid line is a least-squares fit
cording to Eq.~2!. The inset shows the low-temperature behavior
more detail.~b! xac(T) of Pr0.73Fe4Sb12.
1-2
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CRYSTAL FIELD EFFECTS AND THERMOELECTRIC . . . PHYSICAL REVIEW B66, 214421 ~2002!
ment me f f54.19mB , as well as a paramagnetic Curie tem
perature up'0.5 K. These paramagnetic quantities a
slightly smaller than those reported previously by Danebr
et al.2 In order to match the theoretical rare earth mome
associated with a 31 state of the Pr ion, a significant contr
bution tome f f of the@Fe4Sb12# sublattice is required. Assum
ing that both the rare earth and the@Fe4Sb12# contribution to
me f f are simply additive, i.e.,

me f f
meas5Ay~me f f

Pr !21~me f f
[Fe4Sb12] !2 ~1!

(y is the void filling factor!, yields an effective magnetic
moment for@Fe4Sb12# of 2.7mB . Isomorphous compound
LaFe4Sb12 and CaFe4Sb12 ~Ref. 2! exhibit effective moments
of me f f53.0mB and me f f53.7mB , respectively, that prima
rily have to be attributed to the magnetic behavior of Fe. T
assumption that Fe in Pr0.73Fe4Sb12 carries a magnetic mo
ment differs distinctly from the results for isostructur
PrFe4P12, the latter point at an effective magnetic mome
perfectly matching the theoretical Pr31 value.12 A prelimi-
nary investigation carried out on PrCo4Sb10Sn2 yielded
me f f53.63mB ,26 evidencing the absence of a moment be
ing a @Co4Sb10Sn2# sublattice in this compound. Binar
Co4Sb12 is known to be a diamagnetic semiconductor. The
various results imply some exceptional position of the Fe
units with respect to their magnetic properties in filled sk
terudites.

Electronic band structure calculations performed for ra
earth-based skutterudites, in particular for LaFe4P12 ~Ref. 27!
and LaFe4Sb12 ~Ref. 28!, revealed much narrower valenc
and conduction bands for the latter due to a significan
larger lattice constant~about 15%!. In addition, a double-
peak structure of the Fed partial density of states~DOS!
below the Fermi energyEF in LaFe4Sb12 backs the probabil-
ity that Fe carries a magnetic moment, in agreement with
experimental evidence by Danebrooket al.2 Preliminary
spin-polarized calculations for LaFe4Sb12 also support a
magnetic solution.28 These band structure calculations e
dence similar features within a certain family of skutter
dites, except the 4f contribution when proceeding throug
the series of rare earths. Assuming that the DOS
PrFe4Sb12 resembles nearly that of LaFe4Sb12, the magnetic
moment ascribed to@Fe4Sb12# follows from a distinct feature
of the Fe 3d partial DOS aroundEF .

A closer inspection of the low-temperature data and of
ac measurement@Fig. 2~b!# indicates an onset of long-rang
magnetic order. Defining the transition temperature
Pr0.73Fe4Sb12 in a standard manner, i.e., by taking the ext
mum in dxdcT/dT,29 as well as the temperature at ha
height of the ac susceptibility anomaly on the paramagn
side revealsTmag'4.6 K. The sharp transition and the ove
all behavior of xac(T) does not exclude a ferromagnet
ground state.

In order to elucidate the above conclusion, isotherm
magnetization measurements below and above the trans
temperature are shown in Fig. 3. Magnetization curves ta
below the ordering temperature@Fig. 3~a!# and even Arrott
plots @Fig. 3~b!# do not unambiguously validate ferroma
netism. The magnetization at 2 K and 15 T reaches a value o
21442
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about 2.6mB , well below the theoretical saturation magne
zationMs53.2mB . The lower figure is primarily associate
with crystalline electric field ~CEF! effects, lifting the
ground-state degeneracy of the total angular momentum
Pr31.

The influence of the CEF on the ground-state degener
of the Pr ion essentially depends on the crystal symmetry
the compound. Neglecting the impact of vacancies in the
sublattice of Pr0.73Fe4Sb12, the cubic symmetry is respon
sible for a splitting of thej 54 total angular momentum o
Pr31 into a G1 singlet, aG3 doublet, and in theG4 and G5
triplets. For non-Kramers ions like Pr, nonmagnetic grou
states, i.e.,G1 andG3, are possible.

To derive some estimate of the particular CEF scheme
Pr0.73Fe4Sb12, an attempt was made to account for the e
perimentally observed temperature dependent magnetic
ceptibility. To fix the contribution originated by Pr, the su
ceptibility associated with@Fe4Sb12# is subtracted from the
total measured set of data assuming a simple Curie beha
and taking into accountme f f(@Fe4Sb12#)52.7mB . The thus
modified 1/x(T) curve is added in Fig. 2~a!.

The susceptibilityx(T) related to Pr in Pr0.73Fe4Sb12 is
analyzed in terms of

1/x51/xCEF2l, ~2!

wherexCEF is the susceptibility due to crystal field effec
and l is the molecular field parameter caused by excha
interactions between the Pr ions. When a magnetic field
applied along the directiona, xCEF follows from the Van
Vleck formula30

xa
CEF5

NA~gjmB!2

(
n

exp~2En /kBT!
(
r ,s

u^r uJaus&u2

3expS 2Er

kBT Dexp@~Er2Es!/kBT#21

Er2Es
. ~3!

FIG. 3. ~a! Isothermal magnetization of Pr0.73Fe4Sb12 at T52, 4,
and 6 K.~b!. Arrott plots for Pr0.73Fe4Sb12.
1-3
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NA is the Avogadro number,Er is the energy of ther th state,
gj is the Lande´ factor, and^r uJaus& is the matrix element
between ther ands states of a CEF scheme.

Incorporating the CEF Hamiltonian for cubic systems,

Hcub5B4
0~O4

015O4
4!1B6

0~O6
0221O6

4! ~4!

(Bn
m are CEF parameters andOn

m are Stevens operators!, and
considering the Pr total angular momentumj 54 allows the
calculation ofxCEF(T) as well as ofx(T) by adjustingB4

0,
B6

0, andl. Since the present experimental data are deri
from polycrystalline material, a uniform susceptibility co
tribution from the various directions is assumed in the fitti
procedure.

A recent reexamination of the CEF for cubic point group
however, revealed a new nonvanishing term (O6

2–O6
6) for

the point groupsTh andT due to the lack of umklappung an
fourfold symmetry axis of the point groupOh .31 The degen-
eracy of each sublevel does not change in compariso
results derived by Eq.~4!, but some eigenfunctions and e
genvalues may alter slightly.

In absence of inelastic neutron scattering results and
lack of single crystal data, as well as to keep the numbe
adjustable parameters low, the term (O6

2–O6
6) is omitted in

the present investigation for simplicity. A reasonable fit
the experimental data is then obtained forB4

050.04 K and
B6

050.001 33 K, while the molecular field constant is d
rived asl56 mol/emu. Results of the calculation are show
in Fig. 2~a! as a solid line. In particular, the pronounce
curvature in 1/x(T) around 25 K is well reproduced@com-
pare inset, Fig. 2~a!# and the overall susceptibility behavio
matches fairly well the experiment. Slight differences c
also be caused by an inaccurate determination of the Pr
tribution. The set of parametersB4

050.04 K and B6
0

50.001 33 K for Prj 54 in cubic symmetry reveals the trip
let G5 as ground state, followed by the singletG1 at 28 K,
and again a triplet (G4) at 136 K. The uppermost level is th
doubletG3 at 215 K. Associated with theG5 triplet ground
state is a magnetic moment ofm52mB . This finding is con-
sistent with the occurrence of magnetic order and moreo
explains the magnitude of the isothermal magnetization
T52 K.

Magnetization measurements performed up to 15 T are
additional possibility to consider crystal field effects and
corroborate the set of the CEF parameters chosen. Plotte
Fig. 4 is the temperature-dependent magnetization for v
ous values of applied magnetic fields. The solid lines
calculations of the magnetization based on Eq.~4! with gj

54/5, j 54, B4
050.04 K, and B6

050.001 33 K, revealing
reasonable agreement with the experimental data. Note
there is no extra adjustable parameter used in this calc
tion. Although the effective magnetic moment of@Fe4Sb12#
is large, magnetization can be rather small, as a consequ
and characteristic feature of itinerant moments. Such a c
tradictory feature of delocalized moments is well known
the literature, e.g., from the phenomenological Rhod
Wohlfart plot ~compare, e.g., Ref. 32!. Both CEF parameters
21442
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derived above will also serve for a discussion and a satis
torily description of the specific heat and electrical resistiv
observed for Pr0.73Fe4Sb12.

A heat capacity study of Pr0.73Fe4Sb12 was performed
from 0.1 to about 30 K in external magnetic fields up to 9
Results are shown in Fig. 5 asCp /T vs T. A pronounced
anomaly around 5 K indicates the onset of long-range ma
netic order, in agreement with magnetic measurements.
taking the maximum negative slope ofCp(T), the ordering
temperature is found to be about 4.5 K. As the field stren
increases, the anomaly inCp(T) becomes washed out, an
eventually vanishes for external fields higher than 3 T.
general, such an observation is referred to some anisot
of the phase boundary in theH vs T plane. At each field
value, however, the low-temperature heat capacity is rem
ably high. The electronic contribution to the specific he

FIG. 4. ~a! Temperature-dependent magnetization
Pr0.73Fe4Sb12 for various values of externally applied magnet
fields. The solid lines are theoretical values~see text!.

FIG. 5. ~a!: Temperature- and field-dependent specific heatCp

of Pr0.73Fe4Sb12 and La0.83Fe4Sb12 plotted asCp /T vs T. The inset
shows the low-temperature behavior of Pr0.73Fe4Sb12.
1-4



un
os

u-
F

pe

a

e

u

a
in
n
a
o

ite
d
at
bl

ea
ic
ld
re
a

ca
es
d

a

sc
a

q
w-

hase
he
ler
h a
ed

th.
ion
om-

ut-
. In
rant
-

tic
ble
se is

aly-
opy

the

ove.

for
re-
t for
ith
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Cp /T thus amounts to several hundred mJ/mol K2. Such sig-
nificant values ofCp /T are well known in heavy fermion
systems based on Ce, Yb, or U, but were already fo
in isomorphous Pr compounds as well. For the purp
of comparisonCp(T) of La0.83Fe4Sb2 is added in this figure.
It should be noted that the largeg value observed for
La0.83Fe4Sb12 is in convincing agreement to the one calc
lated from band structure results, mainly referring to the
3d contribution.28

The inset of Fig. 5 shows the very-low-temperature s
cific heat behavior of Pr0.73Fe4Sb12 for magnetic fields up to
5 T. Cp /T exhibits a significant rise due to the nuclear he
capacity primarily associated with theI 55/2 state of Pr. This
is referred to a strong intrasite hyperfine coupling betwe
the nuclei and 4f electrons.

To quantitatively account for such a hyperfine contrib
tion to the heat capacity, derived from Fe57, Sb121, Sb123, and
Pr141, an average magnetic field and Zeeman splitting is
sumed. The best fit of the low-temperature upturn results
local field of approximately 87 T, but takes only into accou
7.3% of all nuclei. One can therefore conclude that the m
contribution to the hyperfine term is only due to one kind
nuclei. Assuming a local magnetic field of 73 T at the Pr s
and a slightly enhanced average magnetic field compare
the external field on all the other nuclei sites, fits the d
very well. The strong internal field thus derived presuma
refers to the Pr vacancies~about 27%! in the skutterudite
structure.

At temperatures slightly above the pronounced nucl
contribution~'1 K!, Cp /T increases with external magnet
fields. Fluctuations of the order parameter prior to a fie
induced phase transition or the destroying of the orde
state by the magnetic field are well known to cause such
enhancement. A similar field-dependent trend ofCp /T can
be found in PrFe4P12.16

In order to estimate the characteristic temperature s
for the observed heavy quasiparticles we adopted the r
nance level model~RLM! as introduced by Schotte an
Schotte33 and successfully applied by Aokiet al.16 to a re-
lated problem in the case of PrFe4P12. This model assumes
narrow Lorentzian density of states at the Fermi energyEF
with a width D;TK , where the Kondo temperatureTK is
supposed to represent the appropriate temperature
which describes thermal excitations in a strongly renorm
ized quasiparticle band formed aroundEF . In absence of
magnetic fields, specific heat follows from33

Cmag5kB

2SD

pkBT
22kBH D2

~2pkBT!2 F ~2S11!2c8

3S 11
D

2pkBT
~2S11! D2c8S 11

D

2pkBTD G J ,

~5!

whereS represents an arbitrary impurity spin andc is the
derivative of the digamma function. A least-squares fit of E
~5! to the experimental data, together with the lo
temperature phonon contribution derived from La0.8Fe4Sb12
21442
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(Cph
lt 'bT3, b50.0008 J/mol K4), is displayed in Fig. 6 as a

solid line, yieldingTK'25 K. The adjustment ofTK is made
such to satisfy the entropy balance associated with the p
transition. The results of the RLM show that the jump in t
specific heatdc at the transition temperature is much smal
than expected, e.g., in a mean-field-like description. Suc
reduction, however, is well known in magnetically order
Kondo lattices wheredc continuously diminishes asTK in-
creases with respect to the magnetic interaction streng34

An alternate possibility for the rather broad phase transit
as evidenced by the specific heat data could be the inc
plete filling of the voids at the 2a sites of the skutterudite
structure. However, ac susceptibility results@compare Fig.
2~b!# reveal a rather sharp phase transition.

The magnetic entropySmag is derived by a comparison
with La0.83Fe4Sb2. Results ofSmag(T) are shown in Fig. 6,
right scale. Some inaccuracy ofSmag(T) may arise from the
different void-filling factor in the case of the Pr-based sk
terudite with respect to the isomorphous La skutterudite
general, the magnetic entropies associated with the itine
moments of@Fe4Sb12# sum up to zero at the ordering tem
perature and have no contribution aboveTmag. The ground-
state degeneracy of the Pr ion is lifted either by magne
ordering and/or possibly by Kondo interaction, responsi
for the large effective electron masses. The entropy relea
found to beR ln 2 at about 7 K and R ln 3 around 13 K.
Invoking the set of CEF parameters as derived for the an
sis of the magnetic susceptibility data reveals an entr
value of Smag510 J/mol K at T515 K, almost in perfect
agreement with the experiment, independently backing
derived CEF scheme, where theG5 triplet is the ground state
and a nonmagnetic singlet state is situated about 30 K ab

Transport coefficients, i.e., the electrical resistivityr,
thermopowerS, and the thermal conductivityl, are neces-
sary in order to classify materials as possible candidates
thermoelectric applications. Furthermore, temperatu
dependent resistivity measurements allow one to accoun
existing crystal field influences, making a comparison w
the above-derived CEF parameters possible.

FIG. 6. Temperature-dependent specific heatCp /T ~open
circles, left axis! and magnetic entropy~solid circles, right axis! of
Pr0.73Fe4Sb12. The solid line is a fit according to the RLM~see
text!.
1-5
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Shown in Fig. 7~a! is the temperature-dependent electric
resistivityr(T) of Pr0.73Fe4Sb12 as well as of La0.83Fe4Sb12.
Both compounds behave metallic; i.e.,r(T) increases with
rising temperature. The particular temperature depende
however, deviates significantly from a simple metal, even
the case of La0.83Fe4Sb12, where La does not carry a mag
netic moment. The absolute resistivity values are charac
istic for materials having a reduced number of charge ca
ers. At low temperatures, the weak anomaly in Pr0.73Fe4Sb12
indicates the onset of long-range magnetic order at 4.6 K

To account for the strongly curvedr(T) behavior of
Pr0.73Fe4Sb12, at least in the lower-temperature rangeT
,100 K), we attempted to consider the spin disorder re
tivity rspd, i.e., scattering of conduction electrons on dis
dered magnetic moments, in combination with CEF effe
According to Ref. 35,rspd should read

rspd~T!5const3m* J2~gj21!2

3 (
ms ,ms8 ,i ,i 8

^ms8i 8usW jWumsi &
2pi f ii 8 , ~6!

where m* is the effective carrier mass andJ is the s- f
coupling constant;ms andms8 are the spins of the conductio
electrons~holes! in the initial and final states andi and i 8
are the CEF states with energiesEi and Ei8 . The matrix
elements are between the simultaneous eigenstates fo
local-moment conduction-electron system.pi5exp@2Ei /
kBT#/(j exp@2Ej /kBT# and f i i 852/„11exp$2@(Ei2Ei8)/
kBT#%…. Note that in absence of CEF splittingrspd(T) be-
comes constant. A temperature-independent spin diso
contribution is also expected from scattering on the param
netic moments of@Fe4Sb12#.

Using the already derived CEF parametersB4
050.04 K

andB6
050.001 33 K, the normalized spin disorder contrib

tion to the electrical resistivity can be calculated without a
further free parameters. Results of this calculation are sh
in Fig. 7~b!, together with the resistivity data of Pr0.73Fe4Sb12
normalized to 100 K. Except at low temperatures, wh
Pr0.73Fe4Sb12 exhibits a phase transition (Tmag54.6 K), the

FIG. 7. ~a! Temperature-dependent electrical resistivityr of
La0.83Fe4Sb12 and Pr0.73Fe4Sb12. ~b! Normalized resistivity of
Pr0.73Fe4Sb12. The solid line represents the CEF derived spin d
order resistivity withB4

050.04 K andB6
050.001 33 K.
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peculiar structure ofr(T) is well reproduced by this choice
of CEF parameters, already used to tracex(T) of
Pr0.73Fe4Sb12 over a broad range of temperature. This co
cidence can be considered as further hint for the pro
choice of the crystal field level scheme, dominated by a m
netic triplet as ground state. Moreover, the phonon contri
tion to r(T) seems not to be of significant importance belo
100 K.

Crystal field splitting thus appears to play a dominant r
in the series of Pr-based skutterudites. A survey of alre
studied PrRu4Sb12 ~Ref. 10!, PrFe4P12 ~Ref. 16!, PrOs4Sb12
~Ref. 18! and PrRu4P12 ~Ref. 36! reveals that theG1 singlet
or theG3 doublet should be the ground state in each of th
compounds. Since bothG1 and G3 are nonmagnetic, long
range magnetic order does not occur, or ordering is refe
to quadrupolar origin. Additional evidence for a distinct CE
influence is superconductivity in both PrOs4Sb12 and
PrRu4Sb12, most likely promoted by a nonmagnetic groun
state of the Pr ion. Contrary to the above-mentioned mat
als, the magneticG5 triplet is supposed to be the ground sta
in Pr0.73Fe4Sb12, being responsible for a more common typ
of magnetic order. Although the various Pr-based skutte
dites are isoelectronic, physical properties vary significan
among this family of compounds. Harima has shown37 that
the mixing between the electronic states of the various c
stituents depends on both the pnictogen and thed elements.
While d-p mixing is largest in the case of Os-P, it is smalle
for Fe-Sb. On the contrary, conduction-electron–f mixing is
predominant for Fe-P and is small for Os-Sb. Moreover,
phosphides and the antimonides differ with respect to
density of states at the Fermi energy and the Fermi surfac28

Varying electronic structures are thus responsible for diff
ent CEF effects and a simple point charge model is not
plicable for a preliminary calculation of the CEF paramete
B4

0 andB6
0.

Figures 8 and 9 display the field- and pressure-depen
electrical resistivity of Pr0.73Fe4Sb12. At very low tempera-
tures and low magnetic fields an increase of the electr
resistivity is observed with increasing fields@inset, Fig. 8~a!#,
but at higher temperatures, externally applied magnetic fie
reduce the absolute values of the resistivity.

-

FIG. 8. ~a! Temperature- and field-dependent electrical resis
ity r of Pr0.73Fe4Sb12. The inset showsr(T,B) of Pr0.73Fe4Sb12 at
very low temperatures.~b! Isothermal magnetoresistanceDr/r of
Pr0.73Fe4Sb12.
1-6



re
i

gy
th
c

he

o
et
ac

el

a-
o
ll

-
d

on
n

e

in

t

ary
in-

f the
n.

rare
at

with
at

-
can
ry

e
the
in
nly

xact

del,

iant

ns

sly
har-
y

al

at
de
s
-

l r

r-

CRYSTAL FIELD EFFECTS AND THERMOELECTRIC . . . PHYSICAL REVIEW B66, 214421 ~2002!
In order to analyze features associated with the orde
state, the low-temperature resistivity is accounted for
terms of electron scattering on spin waves, i.e.,

r5r01ATn exp~2D/kBT! ~7!

~Ref. 38!, wherer0 represents the residual resistivity,A is a
constant, andD is an energy gap in the spin-wave ener
spectrum. An excitation of a spin wave requires at least
finite energyD. Ferromagnetic materials are usually chara
terized byn52. Least-squares fits according to Eq.~7! are
shown as solid lines in the inset of Fig. 8~a!. The parameters
derived reveal an increase ofA, a decrease ofn from 1.58 to
0.64, and an increase ofD from 0.3 to 1.6 K for a field
increase from 0 to 5 T, respectively. The values ofn neither
favor a ferromagnetic nor a Fermi-liquid ground state.

Figure 8~b! shows the isothermal magnetoresistanceDr/r
between 2 and 30 K. At low temperatures—well below t
phase transitionTmag54.6 K—Dr/r smoothly increases up
to a maximum of about 3.5% at a magnetic field of 7 T. F
higher fields,Dr/r decreases again. With respect to magn
cally ordered materials, this particular feature would char
terize an antiferromagnet39 and the maximum inDr/r repre-
sents the field where the system crosses over into a fi
induced ferromagnetic state. The decrease ofDr/r at high
fields would be in line with the quenching of spin fluctu
tions, typical for a ferromagnet. Rounding and broadening
the signature at 7 T would then follow from domain wa
motion and polycrystalline effects.39 Contrary to the magne
toresistance, isothermal magnetization does not show a
continuity around 7 T andT52 K. Tentatively, this incon-
sistency may be ascribed to different preferred orientati
of the various pieces of the polycrystalline material. Stro
anisotropy between thê100& and ^111& directions has al-
ready been reported for single-crystalline PrFe4P12.16

Pressure applied to Pr0.73Fe4Sb12 causes a reduction of th
absolute resistivity values well aboveTmag ~see Fig. 9!. In-
dependent of the magnetic state of the rare earth ion
certain skutterudite, such a distinct feature is observed
systems where holes dominate the electronic transport. In

FIG. 9. ~a! Temperature- and pressure-dependent electrica
sistivity r of Pr0.73Fe4Sb12.
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case of electron-dominated transport, e.g., in Co-rich tern
skutterudites, the resistivity is found to increase upon
creasing pressure.7,40 In contrast to Eu-filled skutterudites,7

the present pressure study of Pr revealed no change o
transition temperature, at least within the limit of resolutio

The Seebeck coefficientS(T) of Pr0.73Fe4Sb12 and
La0.83Fe4Sb12 is displayed in Fig. 10~a!. Common to these
compounds and independent of the magnetic state of the
earth ion is a minimum with negative thermopower and
elevated temperatures a crossover to positive values
little structure up to room temperature. The largest value
room temperature is derived for Pr0.73Fe4Sb12 with S
588 mV/K. The positiveS(T) values found for these skut
terudites indicate holes as principal charge carriers. This
be understood, at least qualitatively, by starting with bina
and semiconducting CoSb3. Substituting Co by Fe, holes ar
created, and a simple carrier count yields four holes in
case of@Fe4Sb12#. Electropositive rare earth ions provide
their trivalent state three conduction electrons that o
partly compensate the holes associated with@Fe4Sb12#. The
particular degree of compensation depends on the e
amount of rare earth ions filling the voids in the CoAs3 crys-
tal structure. In general and considering a one-band mo
absoluteS(T) values depend on the carrier density41 and
systems next to the semiconducting state can exhibit g
thermopower values, of the order of several hundredmV/K,
while simple metals are characterized by only a fewmV/K.
The larger values observed for Pr0.73Fe4Sb12, in particular at
low temperatures, are attributed to Kondo type interactio
that are also reflected by the largeCp /T values of the spe-
cific heat. In general, Kondo systems can exhibit enormou
large Seebeck coefficients, with a maximum around the c
acteristic temperatureTK . CEF effects, however, can modif
these universal features.42

Figure 10~b! shows the temperature-dependent therm
conductivityl(T) of Pr0.73Fe4Sb12 and La0.83Fe4Sb12. l(T)
of Pr0.73Fe4Sb12 reaches a value of about 40 mW/cmK
room temperature, which is of the very same magnitu
as l of LaIrSb9Ge3.43 The well-characterized serie
Cey(Fe,Co)4Sb12 points atl(T) values ranging at room tem
perature from 30 to 120 mW/cm K.44 Note that l(T) as

e-

FIG. 10. ~a! Temperature-dependent thermopowerS of
La0.83Fe4Sb12 and Pr0.73Fe4Sb12. ~b! Temperature-dependent the
mal conductivity of La0.83Fe4Sb12 and Pr0.73Fe4Sb12.
1-7
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small as possible, with a magnitude in the proximity of t
theoretical lower limit of the thermal conductivity, is consi
ered a prerequisite for a successful use as thermoele
material.45 Comparingl(T) of Pr0.73Fe4Sb12 with that of
La0.83Fe4Sb12 reveals significantly larger values for the latte
The observed differences are associated with the additi
scattering processes of conduction electrons owing to
magnetic moments of the Pr ions. According to Matthie
sen’s rule, the thermal resistivity increases upon this m
netic interaction and, thus, the overall thermal conductiv
reduces.

Taking into account the Wiedemann-Franz law, the to
thermal conductivityl(T) can be separated in a standa
manner into the electronic partle and the lattice partl l .
Results are shown in Fig. 10~b! as small solid and open
symbols forle and l l , respectively. This estimate revea
that the lattice thermal conductivity is of about the same s
in the La- and Pr-based compound. Significant differenc
however, are obvious for the electronic contributionle . As
concluded in the previous paragraph, the lowerle values can
be associated with the presence of scattering processes o
charge carriers on the Pr magnetic moments. Conseque
the thermal resistivity rises and hencele diminishes.

The figure of merit of Pr0.73Fe4Sb12 at room temperature
based on the displayed measurements of transport co
cients, amounts to aboutZT'0.075.

IV. SUMMARY

The present study of ternary skutterudite Pr0.73Fe4Sb12
with respect to magnetic properties and transport phenom
reveals magnetic ordering atTmag'4.6 K, presumably
with some kind of an antiferromagnetic spin arrangem
of the Pr31 ions. A value of me f f54.19mB deduced for
Pr0.73Fe4Sb12 may render that the building blocks of the sku
terudite structure@Fe4Sb12# carry an effective magnetic mo
ment of 2.7mB . The possibility of Fe moments inRFe4Sb12
can be referred to a double-peak structure of the Fe 3d DOS
in the proximity of the Fermi energy.28 Such a distinct fea-
ture is absent, e.g., inRFe4P12,27 and thus the iron momen
a-
su

ys

.
.

ys

let

B
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vanishes. Moreover, a significant band broadening of the
ter due to a substantially smaller lattice parameter make
iron moment more unlikely.

Ground-state properties of Pr0.73Fe4Sb12 are primarily de-
termined by crystal field splitting of thej 54 total angular
momentum. Analyses of the temperature-dependent m
netic susceptibility and electrical resistivity reveal the trip
G5 as ground state, resulting in a magnetic moment ofm
52mB . Overall CEF splitting is found to be about 215 K
Both specific heat and magnetization data also agree with
set of CEF parameters (B4

050.04 K andB6
050.001 33 K)

evaluated. On the contrary, already studied skutterud
based on Pr, e.g., PrFe4P12 or PrOs4Sb12, are characterized
by nonmagnetic ground states, i.e.,G3 or G1.

Most remarkably, Pr0.73Fe4Sb12 exhibits extraordinary
large values ofCp /T at low temperatures, synonymous wi
large effective masses of the charge carriers. Invoking
resonance level model, usually applied to Kondo syste
revealed a characteristic temperature for fluctuations of ab
25 K. A somewhat smaller value was deduced
Pr0.73Fe4P12 (TK'9 K).16 For the latter, heavy quasiparticle
as large as 67me were found experimentally from de Haas
van Alphen measurements,15 classifying Pr0.73Fe4P12 as a
heavy fermion compound.

Strong electron~hole! correlations are also obvious from
the much larger Seebeck coefficient of Pr0.73Fe4Sb12 in
comparison with La0.73Fe4Sb12, Nd0.73Fe4Sb12,46 or
Eu0.83Fe4Sb12,3 making this material promising for thermo
electric applications. In order to further enhance the abso
thermopower values, the number of charge carriers—ho
in this Pr compound—should be reduced without weaken
correlation effects. Therefore, studies of Fe/Co and Fe
substitutions in Pr0.73Fe4Sb12 are in progress.
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