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Crystal field effects and thermoelectric properties of PrFgShb,, skutterudite
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Transport and magnetic properties are reported for ternary skutterudiggg-&#&b,, and Pg,4€,Sb;,.
Physical properties of Brde,Sh;, are dominated by crystal electric field effects, yielding in the magnetic
triplet I's as ground state. As a result, long-range magnetic order appears below 4 & 4&e8b,, exhibits
an unusually high electronic contribution to the specific hegf T of several hundred mJ/moPK and a
significant value of a nuclear Schottky contribution is derived below about 1 K, primarily relaté¢tPiowith
a nuclear spin =5/2. The figure of merit at room temperature, expressing the thermoelectric performance of
Pry ,4F€,Sh;,, is about 0.075.
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[. INTRODUCTION Haas—van Alphen measurements evidenced extraordinary
heavy electrons and unusual features of the Fermi surface
Ternary skutterudite® M 4X;,, with R=rare earth,M topology’® suggesting strongly correlated electrons in this
=Fe, Co, Rh, Ru, ..., anX=P, As, Sb, have attracted compound. Recent studies devoted to RFgg " how-
much interest because of a variety of possible ground stateayver, revealed that the order parameter below 6.4 K is non-
and because of their large thermoelectric potential. Dependnagnetic, most likely of quadrupolar origin. Very recently,
ing on the particular rare earth element, features like supeheavy fermion superconductivity was discovered in
conductivity, such as, e.g., in Lapis,, below T,=10.3 K  PrOgShb;, with a transition temperature of 1.8 K. Specific
or LaOsAs;, below T.=3.2 K, long-range magnetic order heat studies suggest that the superconducting ground state is
in EuFgShy, at Ty,,,—84 K,22 heavy fermion behavior in formed from heavy quasiparticles as concluded from a
YbFe,Shy,,* non-Fermi-liquid behavior in CeRBby,,% in-  normal-state Sommerfeld valyeof about 500 mJ/mol K8
termediate and mixed valence behavior in Yb(Fe St), The aim of the present work is to evaluate the ground-
and Eu(Fe,Cq)Sh,,%” and hopping conductivity in State properties of Brde,Sh, and to explore its thermo-
YbRh,Sb;,,® were already found and discussed in some deelectric potential. Special emphasis is directed to crystal
tail. Significant interest in this family of compounds, how- electric field effects which determine low-temperature mag-
ever, stems from the fact that skutterudites are potential carpetic and transport properties. In particular, Pr as non-
didates for thermoelectric applications. Materials consideredkramers ion in a cubic environment can result in both a
for such use should exhibit values for tifigure of merit magnetic or a nonmagnetic ground state. For a purpose of
ZT=ST/(p\) at least of the order of 1T(=temperature, comparison, a number of bulk properties derived for isomor-
S=Seebeck coefficient, p=electrical resistivity, and Pphous Lggf€,Sh, are added. Preliminary low-temperature
A=thermal conductivity. Depending on the carrier concen- properties concerning ps4€,Sh, are reported in Ref. 19
tration of a particular skutterudite, Seebeck values abovend the various aspects of stability and crystal chemistry of
about 100w V/K are frequently observed. Besides, ternaryternaryRFe,Sh, are discussed in Ref. 2 together with some
skutterudites are outstanding with respect to their low therphysical properties.
mal conductivity which, in some cases, may be near to the
theoretical limit. As a matter of fact, the dramatically dimin- Il. EXPERIMENT
ished\ (T) values are associated with an exceptionally large
thermal displacement parameter of the loosely bound rare
earth elements, corresponding to a “rattlin@’e., soft pho- Starting materials of the title compounds were ingots of
non modg of these atoms in an oversized cége. La and Pr(99.9 wt %, pieces of iror{99.9 wt %9 and rods of
Previous studies of Pr-based skutterudites evidenced algmtimony(99.9 wt %. Due to the high vapor pressure of Sb
a number of remarkable characteristics. Among them is suat elevated temperatures, arc melting was performed under
perconductivity in PrRyAs;, and PrRySh,, below 2.4 and  current as low as possible with repeated melting. With this
1 K, respectively’® and a metal to insulator transition in method and compensating the losses of evaporation by addi-
PrRuP;, at Ty, =60 K," as well as ordering afl,,; tional Sb a dense product was achieved. The compounds
=6.2 K in PrFgP,.'? Kondo-like anomalies in transport were then sealed under vacuum in silica capsules, slowly
phenomena were found for the latter a@d/T for T—0 heated(50°/h) to a 650 °C, and kept there for up to 150 h
shows a huge value of about 1.4 J/mél¥**Moreover, de  followed by quenching in water.

A. Synthesis and x-ray powder diffraction
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X-ray powder diffraction data were obtained using a 10000 F — —
Huber-Guinier powder camera applying monochromatic Cu Pro.73Fe4Sby2
Keal radiation with an image plate recording system. Lattice 8000 o Yobs. |
parameters were calculated by least-squares fits to the in- — goo0 | — Yeale.
dexed 4 values applying the program packageRUKTUR 5 g
(Ref. 20 on the base of our single-crystal data of 8 4000 | .
YbFe,Shy,.2! For quantitative refinement of the atom posi- 2 i
tions, the x-ray intensities were analyzed employing the § 2000 | i ii i i
FULLPROF program?2 E o m ﬂ i i i

o rrrrrr rrrrn
B. Measurements of bulk properties 2000 L | | L ?ragg posi}ion |

A superconducting quantum interference de\is®UID) 4000 . ,] ., Yobs.-Yacalo. |
and a vibration magnetometer served for the determination 20 30 40 50 60
of the magnetization frm 2 K up to 300 K infields up to 6 26 [deg ]

and 15 T, respectively. Pieces from the bulk specirfeh5
and 0.17 g, respectivelywere used in this study. Specific FIG. 1. X-ray pattern of Rr,4€,Sh;,.
heat measurements on samples of about 1-2 g were per-

formed at temperatures ranging from 1.5 K up to 120 K byC

[T TC . o bic lattice prompting isotypism with Lag®,,.%° The re-
means of a quaS|-ad|ab_a_1t|c step heating technique in extern ement of the x-ray intensities converged satisfactorily for
fields up to 9 T. Specific heat data were also collected a]

temperatures down to about 100 mK irPHe/*He cryostat fully (.)rde.red. atgm arrangement,Pe;Sbi, with respect to
using a relaxation methdd. gtom site distribution among Pr, Fe, and Sb atgns3, Sb

The electrical resistivity and magnetoresistivity of barn 24 9, Xsp=0, ysp=0.15981), z5,=0.33481), R
shaped sample@bout 1x 1 X5 mn?) were measured using =0.039]. Occupation factors were refmec_j and correspond to
a four-probe dc method in the temperature range from 0.4 K& full occupancy of the Fe and Sb sublattices but reveal con-
to room temperature and fields up to 12 T. A resistivity Study5|derable voids for_the Pr site accounting f_or only 73% f|||_|ng
of Pry ,4&,Shy, for a few values of externally applied mag- of the rare earth sitey=0.73(2)]. The lattice parameter is
netic fields was performed in thiHe/*He cryostat at tem- found to bea=9.1369(2) A. The corresponding values for
peratures as low as 30 mK employing an ac technique.  -&F&Sh; arey=0.83 anda=9.1471 A. Besides the skut-

A piston-cylinder cell with a Teflon cap and a paraffin terudite phase, traces of $about 3% were obtained.
mixture as pressure transmitter served to generate hydrostatic
pressure up to about 16 kbar. The absolute value of the pres-
sure was determined from the superconducting transition
temperature of leatf To initially characterize the magnetic state of

Thermopower measurements were carried out with a difPlo.7F€Sbh,, dc and ac susceptibility(T) and xac(T)
ferential method. The absolute thermopovgg(T) was cal- Measurements were performed. Results are shown in Figs.
culated using the following equationS,(T)=Spp(T) 2(a) and 2Zb). The Curie-Weiss-like behavior at elevated
—Vppx /AT whereSpy, is the absolute thermopower of lead temperaturesT>50 K) reveals an effective magnetic mo-
andVpy is the thermally induced voltage across the sample,
depending on the temperature difference.

B. Bulk properties

T T T T 10
Thermal conductivity measurements were performed in a T GOE @ o PlozFe.Sb
flow cryostat on cuboid-sphaped sampllength about 1 cm, 160 Fr “e S i 1s
cross section about 2 nfin which where kept cold by an- 140 | {20 & N
choring one end of the sample onto a thick copper panel@ 120}/, . | g}f le ©
mounted on the heat exchanger of the cryostat. The temperzg |, [0 25 50 75 ] § “e
ture difference along the sample, established by electricaé TIK § b
heating, was determined by means of a differential thermo-~— or T j ; 14 5
couple(Au+0.07% Fe/Chromel The measurement was car- sor 1 5 S
ried out under high vacuum and three shields mounted 40} o ProsFe,Sby, 4t | {2
around the sample reduced the heat losses due to radiation 2o} o Prorgeash ol %
finite temperatures. The innermost of these shields was kep - ® L veseso ] 0
on the temperature of the sample via an extra heater. 0 50 100 ;;2} 200 250 0 2 4 6 8 10
TIK]
lIl. RESULTS AND DISCUSSION FIG. 2. (a) Temperature-dependent magnetic susceptibilityf

Pro-4#€Shy, plotted asy™* vs T. The solid circles represent the
Pr-related susceptibility and the solid line is a least-squares fit ac-

The obtained x-ray intensity pattern, shown in Fig. 1 forcording to Eq(2). The inset shows the low-temperature behavior in
Pry ,d4€,Shy,, was indexed on the base of a body-centeredmore detail.(b) x,(T) of Prys4€,Sh,.

A. Structural chemistry
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ment ueii=4.1%g, as well as a paramagnetic Curie tem-
perature §,~0.5 K. These paramagnetic quantities are
slightly smaller than those reported previously by Danebrock
et al? In order to match the theoretical rare earth moments
associated with a-8 state of the Pr ion, a significant contri-
bution tou.¢¢ of the[ FeShy,| sublattice is required. Assum-
ing that both the rare earth and thee,Sh;,] contribution to
Meft @re simply additive, i.e.,

Fe,S
PR [y (bl 2+ (ul #450d)2 (1)

(y is the void filling factoj, yields an effective magnetic
moment for[ Fe,Shy,] of 2.7ug. Isomorphous compounds
LaFe,Shy, and CaFgSh;, (Ref. 2 exhibit effective moments
of weir=3.0ug and uesi=3.7ug, respectively, that prima-
rily have to be attributed to the magnetic behavior of Fe. The
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FIG. 3. (a) Isothermal magnetization of Psfe,Sb,atT=2, 4,

assumption that Fe in pyde,Sh;, carries a magnetic mo-
ment differs distinctly from the results for isostructural
PrFeP;,, the latter point at an effective magnetic moment, . . .
perfectly matching the theoretical Pr value®? A prelimi- ~ about 2.Gug, well below the theoretical saturation magneti-
nary investigation carried out on Prg&b,Sn, yielded zationM¢=3.2ug . The lower figure is primarily associated
Loti=3.63u5,2 evidencing the absence of a moment bearWith crystalline electric field (CEF) effects, lifting the
ing a [Co,Shy,Sn,] sublattice in this compound. Binary groEnd—state degeneracy of the total angular momentum of
Co,Shy, is known to be a diamagnetic semiconductor. Thes o
various results imply some exceptional position of the Fe-Sh , ' n€ influence of the CEF on the ground-state degeneracy
units with respect to their magnetic properties in filled skut-Of the Prion essentially depends on the crystal symmetry of
terudites. the compound. Neglecting the impact of vacancies in the Pr

Electronic band structure calculations performed for rareSublattice of Py74€Sbi,, the cubic symmetry is respon-
earth-based skutterudites, in particular for Lgfe (Ref. 27 S'rtsﬂf for a splitting of thej=4 total angular momentum of
and LaFgShy, (Ref. 28, revealed much narrower valence P"” into al’y singlet, al’s doublet, and in thd’, andI's
and conduction bands for the latter due to a significantly"iPlets. For non-Kramers ions like Pr, nonmagnetic ground
larger lattice constantabout 15%. In addition, a double- St&tes, i.e.J’y andI's, are possible. _
peak structure of the Fd partial density of state¢DOS) To derive some estimate of the particular CEF scheme in
below the Fermi energig in LaFe,Shy, backs the probabil-  Plo.78€Shi;, an attempt was made to account for the ex-
ity that Fe carries a magnetic moment, in agreement with th@erimentally observed temperature dependent magnetic sus-
experimental evidence by Danebroast al? Preliminary ceptibility. To fix the contribution originated by Pr, the sus-
spin-polarized calculations for Laf®h, also support a ceptibility associated WitﬂjFQlelﬂ_ is sub_tracted fr_om the .
magnetic solutio’® These band structure calculations evi- total me_asu_red set of data assuming a simple Curie behavior
dence similar features within a certain family of skutteru-@nd taking into accounje([Fe,Sbiz]) =2.7ug . The thus
dites, except the # contribution when proceeding through Medified 14(T) curve is added in Fig. (@). _
the series of rare earths. Assuming that the DOS of The susceptibilityx(T) related to Prin Ry;deSh is
PrFeShy, resembles nearly that of Lafh,,, the magnetic analyzed in terms of
moment ascribed tpFe,Sb,] follows from a distinct feature
of the Fe 3l partial DOS aroundEg .

A closer inspection of the low-temperature data and of the

ac measuremeiffig. 2(b)] indicates an onset of long-range ) o ]
magnetic order. Defining the transition temperature ofVNerexcer is the susceptibility due to crystal field effects

Pry-Fe,Shy, in a standard manner, i.e., by taking the extre-and A is the molecular field parameter caused by exchange
mum in dyy.T/dT,? as well as the temperature at half interactions between thg Pr ions. When a magnetic field is
height of the ac susceptibility anomaly on the paramagneti@PPlied along Othe directiom, xcgr follows from the Van
side reveal§ ,,4~4.6 K. The sharp transition and the over- Vieck formula
all behavior of y,.(T) does not exclude a ferromagnetic

ground state.

and 6 K.(b). Arrott plots for Pp,4eSh;,.

Ux=1lxcer—\, v

. o Na(gjug)?
In order to elucidate the above conclusion, isothermal x$EF= AEITE > (r]3,)s)|?

magnetization measurements below and above the transition > exp —E,/kgT) ns
temperature are shown in Fig. 3. Magnetization curves taken n
below the ordering temperatuf€ig. 3(a)] and even Arrott

X exp(

plots [Fig. 3(b)] do not unambiguously validate ferromag-
netism. The magnetizationt 2 K and 15 T reaches a value of

—Er>exr[(Er—ES)/kBT]—1. @

kT E,—Es
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N, is the Avogadro numbeE, is the energy of theth state, 2.5 ' ' ' ' '
g; is the Landefactor, and(r|J,|s) is the matrix element
between the ands states of a CEF scheme. 2ol Pry23Fe,Sby,
Incorporating the CEF Hamiltonian for cubic systems, | ® WOH=5T
. v MgH=10T
Heup=B3(03+504) +BY(08—210%) @ T 8f " poroieT 1
) — calculated
=
(By' are CEF parameters a@] are Stevens operatgrsand = 1.0}
considering the Pr total angular momentijim4 allows the
calculation ofycee(T) as well as ofy(T) by adjustingB?,
B2, and\. Since the present experimental data are derived 05T
from polycrystalline material, a uniform susceptibility con-
tribution from the various directions is assumed in the fitting 0.0
procedure. 0 50 100 150 200 250

Arecent reexamination of the CEF for cubic point groups, TIK]
however, revealed a new nonvanishing ter@£0%) for
the point groupd}, andT due to the lack of umklappung and ~ FIG. 4. (@ Temperature-dependent magnetization  of
fourfold symmetry axis of the point grou,,.>* The degen- Pl &Shi, for various values of externally applied magnetic
eracy of each sublevel does not change in comparison ti!ds: The solid lines are theoretical valugge text
results derived by Eq4), but some eigenfunctions and ei-
genvalues may alter slightly. derived above will also serve for a discussion and a satisfac-

In absence of inelastic neutron scattering results and iforily description of the specific heat and electrical resistivity
lack of single crystal data, as well as to keep the number opbserved for Ry,d€,Shs.
adjustable parameters low, the ter@3-0¢) is omitted in A heat capacity study of Rr4e,Sh, was performed
the present investigation for simplicity. A reasonable fit of from 0.1 to about 30 K in external magnetic fields up to 9 T.
the experimental data is then obtained Bf}=0.04 K and  Results are shown in Fig. 5 &,/T vs T. A pronounced
B2=0.00133 K, while the molecular field constant is de-anomaly aroud 5 K indicates the onset of long-range mag-
rived ash =6 mol/emu. Results of the calculation are shownnetic order, in agreement with magnetic measurements. By
in Fig. 2@ as a solid line. In particular, the pronounced taking the maximum negative slope 6f,(T), the ordering
curvature in 1¢(T) around 25 K is well reproduceftom-  temperature is found to be about 4.5 K. As the field strength
pare inset, Fig. @] and the overall susceptibility behavior increases, the anomaly @,(T) becomes washed out, and
matches fairly well the experiment. Slight differences caneventually vanishes for external fields higher than 3 T. In
also be caused by an inaccurate determination of the Pr cogeneral, such an observation is referred to some anisotropy
tribution. The set of parameter83=0.04 K and B}  of the phase boundary in the vs T plane. At each field
=0.001 33 K for Pij =4 in cubic symmetry reveals the trip- value, however, the low-temperature heat capacity is remark-
let 's as ground state, followed by the singlet at 28 K,  ably high. The electronic contribution to the specific heat
and again a tripletl{,) at 136 K. The uppermost level is the

doubletI"; at 215 K. Associated with thEg triplet ground 3.0 : : : : :
state is a magnetic moment af=2ug. This finding is con- :
sistent with the occurrence of magnetic order and moreover o5 |

explains the magnitude of the isothermal magnetization at
T=2 K.

Magnetization measurements performed up to 15 T are an
additional possibility to consider crystal field effects and to
corroborate the set of the CEF parameters chosen. Plotted in
Fig. 4 is the temperature-dependent magnetization for vari-
ous values of applied magnetic fields. The solid lines are
calculations of the magnetization based on E.with g;
=4/5, j=4, B}=0.04 K, andB2=0.00133 K, revealing 05|
reasonable agreement with the experimental data. Note that e
there is no extra adjustable parameter used in this calcula- 0.0 . .
tion. Although the effective magnetic moment [dfe,Sb; 5] 0 5 10 15 20 o5 30
is large, magnetization can be rather small, as a consequence T[K]
and characteristic feature of itinerant moments. Such a con-
tradictory feature of delocalized moments is well known in  FIG. 5. (a): Temperature- and field-dependent specific I@&at
the literature, e.g., from the phenomenological Rhodesef Pr,;F€,Shy, and La gfe,Shy, plotted asC,/T vs T. The inset
Wohlfart plot(compare, e.g., Ref. 32Both CEF parameters shows the low-temperature behavior of PFe,Sh.

Cp/T [Wimol K?]
o

10} K2

Lag.g3Fe4Sb12
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C,/T thus amounts to several hundred mJ/mal Buch sig- 20
nificant values ofC,/T are well known in heavy fermion
systems based on Ce, Yb, or U, but were already found
in isomorphous Pr compounds as well. For the purpose
of comparisorC,(T) of Lay gf€,Sh, is added in this figure.

It should be noted that the large value observed for
Lay g€, Shy, is in convincing agreement to the one calcu-
lated from band structure results, mainly referring to the Fe
3d contribution®

The inset of Fig. 5 shows the very-low-temperature spe-
cific heat behavior of Br,4&,Sb;, for magnetic fields up to
5 T. C,/T exhibits a significant rise due to the nuclear heat oo . ‘ ‘ 0
capacity primarily associated with tthe- 5/2 state of Pr. This o 5 10 15 20
is referreq to a strong intrasite hyperfine coupling between TIK]
the nuclei and 4 electrons.

To quantitatively account for such a hyperfine contribu- FIG. 6. Temperature-dependent specific he&$/T (open
tion to the heat capacity, derived from®eSh'?%, Sb'?3 and  circles, left axi$ and magnetic entropgsolid circles, right axisof
Pr“L an average magnetic field and Zeeman splitting is asPlo.7F&Sh. The solid line is a fit according to the RLNsee
sumed. The best fit of the low-temperature upturn results in iex.
local field of approximately 87 T, but takes only into account L -
7.3% of all nuclei. One can therefore conclude that the mair(cll?th%_'IS)T?"_'BZ_O'OOO8 Jimol K), is displayed in Fig. 6 as a
contribution to the hyperfine term is only due to one kind ofsolid line, yieldingT~25 K. The adjustment ofc is made
nuclei. Assuming a local magnetic field of 73 T at the Pr site,Such to satisfy the entropy balance associated with the phase
and a slightly enhanced average magnetic field compared féansition. The results of the RLM show that the jump in the
the external field on all the other nuclei sites, fits the dateéPecific heai, at the transition temperature is much smaller
very well. The strong internal field thus derived presumablythan expected, e.g., in a mean-field-like description. Such a
refers to the Pr vacanciggbout 27% in the skutterudite reduction, however, is well known in magnetically ordered
structure. Kondo lattices where5, continuously diminishes a§y in-

At temperatures slightly above the pronounced nucleafreases with respect to the magnetic interaction strefigth.
contribution(~1 K), C,/T increases with external magnetic An alternate possibility for the rather broad phase transition
fields. Fluctuations of the order parameter prior to a field-2S evidenced by the specific heat data could be the incom-
induced phase transition or the destroying of the ordere@lete fllllng of the voids at the 2 sites of the skutterudite
state by the magnetic field are well known to cause such aftructure. However, ac susceptibility resultompare Fig.
enhancement. A similar field-dependent trendGf/ T can ~ 2(b)] reveal a rather sharp phase transition. .
be found in PrEgP;,.*6 The magnetic entropy,,,q is derived by a comparison

In order to estimate the characteristic temperature scal®ith Laggde,Sh,. Results ofS;,(T) are shown in Fig. 6,
for the observed heavy quasiparticles we adopted the res#ight scale. Some inaccuracy 8f,,((T) may arise from the
nance level mode(RLM) as introduced by Schotte and different void-filling factor in the case of the Pr-based skut-
Schotté?’ and successfu”y apphed by Aolat a|_16 to a re- terudite with respect to the isomorphous La skutterudite. In
lated problem in the case of PifRg,. This model assumes a general, the magnetic entropies associated with the itinerant
narrow Lorentzian density of states at the Fermi endtggy moments off Fe;Shy,] sum up to zero at the ordering tem-
with a width A~Ty, where the Kondo temperatufig is  Perature and have no contribution abdlg,y. The ground-
supposed to represent the appropriate temperature scaitdte degeneracy of the Pr ion is lifted either by magnetic
which describes thermal excitations in a strongly renormalordering and/or possibly by Kondo interaction, responsible

ized quasipartic'e band formed arouﬁi . In absence of for the Iarge effective electron masses. The entropy release is
magnetic fields, Speciﬁc heat follows fraf’n found to beRIn2 at aboti 7 K and RIn3 around 13 K.

Invoking the set of CEF parameters as derived for the analy-
2SA A2 sis of the magnetic susceptibility data reveals an entropy
Cmag= kgﬁ — ZKB[ —2[(25+ 1)2y' value of Syaq=10 J/molK atT=15 K, almost in perfect
X8 (2mkgT) agreement with the experiment, independently backing the
A derived CEF scheme, where thg triplet is the ground state
1+ _) H ' and a nonmagnetic singlet state is situated about 30 K above.
27kgT Transport coefficients, i.e., the electrical resistivity
(5) thermopowerS, and the thermal conductivity, are neces-
sary in order to classify materials as possible candidates for
where S represents an arbitrary impurity spin agdis the  thermoelectric applications. Furthermore, temperature-
derivative of the digamma function. A least-squares fit of Eq.dependent resistivity measurements allow one to account for
(5) to the experimental data, together with the low- existing crystal field influences, making a comparison with
temperature phonon contribution derived fromy jfée,Sb;,  the above-derived CEF parameters possible.

-
[4,]
T

P
Smag [J/molK?]

Cy/T [Wimolk?]

o
4]

A
14+ ———(2S+1)

X 2’7TkBT

_¢/

214421-5



E. BAUERet al. PHYSICAL REVIEW B 66, 214421 (2002
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FIG. 7. (a) Temperature-dependent electrical resistivityof FIG. 8. (a) Temperature- and field-dependent electrical resistiv-

Lag g€, Sh, and Pg,FeSh,. (b) Normalized resistivity of ity p of Ply,d€Sh,. The inset showp(T,B) of Pry,4€,Sh;, at
Pro.-4€Shi,. The solid line represents the CEF derived spin dis-very low temperatures(b) Isothermal magnetoresistaneg/p of
order resistivity withB=0.04 K andB=0.001 33 K. Pro.7d€Sh,.

Shown in Fig. Ta) is the temperature-dependent electricalPeculiar structure 0p(T) is well reproduced by this choice

resistivity p(T) of Pr, -4€,Sby, as well as of Lagde;Shy,. of CEF parameters, already used to traqeeT)_ of _
Both compounds behave metallic; i.e(T) increases with Plo.7F&Shy, over a broad range of temperature. This coin-
rising temperature. The particular temperature dependenc@'ﬁe_r|Ce can be considered as further hint for the proper
however, deviates significantly from a simple metal, even ifchice of the crystal field level scheme, dominated by a mag-
the case of Lgsde,Shy,, where La does not carry a mag- netic triplet as ground state. Moreover, th(_a phonon contribu-
netic moment. The absolute resistivity values are charactefOn 10 p(T) seems not to be of significant importance below
istic for materials having a reduced number of charge carri100

ers. At low temperatures, the weak anomaly ipFe,Shy, Crystal_field splitting thus appears to play a dominant role
indicates the onset of long-range magnetic order at 4.6 K. In the series of Pr-based skutterudites. A survey of already

To account for the strongly curved(T) behavior of Studied PrRySh;, (Ref. 10, PrEqP;, (Ref. 16, ProgShy

Pr,.4€Sh,, at least in the lower-temperature range ( (Ref. 18 and PrRyP;, (Ref. 36 reveals that thd'; singlet

<100 K), we attempted to consider the spin disorder resis®" thel'; doublet should be the ground state in each of these

tivity pspq, i.€., Scattering of conduction electrons on disor-compounds. Since both, and I'; are nonmagnetic, long-
range magnetic order does not occur, or ordering is referred

dered magnetic moments, in combination with CEF effects, o > : 2
According to Ref. 35p,,4 should read FO quadrupplar origin. Add|t|9|jal ey|dence for a distinct CEF
influence is superconductivity in both Pr{&, and
_ * 2y 112 PrRySh,,, most likely promoted by a nonmagnetic ground
Pspd T)=constcm™ 7(g;— 1) state of the Pr ion. Contrary to the above-mentioned materi-
b2 kg als, the magnetit's triplet is supposed to be the ground state
X 2 . (mgi’[s]|mgi)pifii. 6 in Pr,,4e,Shy,, being responsible for a more common type
Ms M 1! of magnetic order. Although the various Pr-based skutteru-
dites are isoelectronic, physical properties vary significantly
X , ) . among this family of compounds. Harima has shd{that
coupling constantms andm; are the spins of the conduction yho miving between the electronic states of the various con-
electrons(holeg in the initial and final states andandi’ stituents depends on both the pnictogen anddtleéements.
are the CEF states with energi& and E/. The matrix  \wpile d-p mixing is largest in the case of Os-P, it is smallest
elements are between the simultaneous eigenstates for & Fe-sp. On the contrary, conduction-electrérmixing is
local-moment - conduction-electron systerp;=ex{—Ei/  predominant for Fe-P and is small for Os-Sb. Moreover, the
keTV= exd —E;j/kgT] and fii,=2/(1+exp{~[(E—E))/  phosphides and the antimonides differ with respect to the
ksT]}). Note that in absence of CEF splitting,,(T) be-  density of states at the Fermi energy and the Fermi sufface.
comes constant. A temperature-independent spin disordearying electronic structures are thus responsible for differ-
contribution is also expected from scattering on the paramagsnt CEF effects and a simple point charge model is not ap-
netic moments of F&;Shy,]. plicable for a preliminary calculation of the CEF parameters
Using the already derived CEF paramet@®3=0.04 K B andB..
andB2=0.001 33 K, the normalized spin disorder contribu- Figures 8 and 9 display the field- and pressure-dependent
tion to the electrical resistivity can be calculated without anyelectrical resistivity of Py,4€,Sh,,. At very low tempera-
further free parameters. Results of this calculation are showtures and low magnetic fields an increase of the electrical
in Fig. 7(b), together with the resistivity data of 24-e,Sb;,  resistivity is observed with increasing fieldsset, Fig. 8a)],
normalized to 100 K. Except at low temperatures, wherebut at higher temperatures, externally applied magnetic fields
Pro.74-€,Shy, exhibits a phase transitiol {,,,=4.6 K), the  reduce the absolute values of the resistivity.

where m* is the effective carrier mass and is the s-f

214421-6



CRYSTAL FIELD EFFECTS AND THERMOELECTRIC.. .. PHYSICAL REVIEW B6, 214421 (2002

T L T ' ' | 50
go @ { | -+ LagssFesSbrn
800 1 ] | © Pr0.73Fe43b12ywvv | 4
60 |
— 40| o
‘T 600 | | < O@f‘ ;
Q 2 g
g o 20} T
= ' E
Q vv'
400 e 1 5 |
v ;"- t:6)akrb Lag g3Fe,4Sbyp
) ar Pr, Fe,Sb
—a— 10.5 kbar 0.73F€4Sbq2 |
—<&— 13.5 kbar . ‘ | & .
200 —A— 16.5 kbar ]| 0 100 200 300 0 100 200 300
‘ : : : TKK] TIKI

50 100 150 200 250 300

TIK] FIG. 10. (a) Temperature-dependent thermopow& of
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FIG. 9. (3) Temperature- and pressure-dependent electrical reMal conductivity of Lg s€,Shy, and Pp 74€,Shy,.

sistivity p of Pro.74€,Sby. case of electron-dominated transport, e.g., in Co-rich ternary
_ ) skutterudites, the resistivity is found to increase upon in-
In order to analyze features associated with the ordereglaasing pressure®® In contrast to Eu-filled skutterudités,
state, the low-temperature resistivity is accounted for inthe present pressure study of Pr revealed no change of the
terms of electron scattering on spin waves, i.e., transition temperature, at least within the limit of resolution.
_ n The Seebeck coefficienS(T) of Pr,;4€Sh, and
p=pot AT" exp(—A/ksT) @) Lag gF€,Sh;, is displayed in Fig. 1@&). Common to these
(Ref. 38, wherep, represents the residual resistivityjs a  compounds and independent of the magnetic state of the rare
constant, and\ is an energy gap in the spin-wave energyearth ion is a minimum with negative thermopower and at
spectrum. An excitation of a spin wave requires at least thelevated temperatures a crossover to positive values with
finite energyA. Ferromagnetic materials are usually charac-little structure up to room temperature. The largest value at
terized byn=2. Least-squares fits according to K@) are = room temperature is derived for f#e,Sb, with S
shown as solid lines in the inset of Figag The parameters =88 uV/K. The positiveS(T) values found for these skut-
derived reveal an increase Af a decrease af from 1.58 to  terudites indicate holes as principal charge carriers. This can
0.64, and an increase df from 0.3 to 1.6 K for a field be understood, at least qualitatively, by starting with binary
increase from 0 to 5 T, respectively. The valuesiafeither ~ and semiconducting CogbSubstituting Co by Fe, holes are
favor a ferromagnetic nor a Fermi-liquid ground state. created, and a simple carrier count yields four holes in the
Figure 8b) shows the isothermal magnetoresistangdp  case off FeShy,]. Electropositive rare earth ions provide in
between 2 and 30 K. At low temperatures—well below thetheir trivalent state three conduction electrons that only
phase transitiofl ,,,,=4.6 K—Ap/p smoothly increases up partly compensate the holes associated Wi, Shy,]. The
to a maximum of about 3.5% at a magnetic field of 7 T. Forparticular degree of compensation depends on the exact
higher fields Ap/p decreases again. With respect to magneti-amount of rare earth ions filling the voids in the CgAsys-
cally ordered materials, this particular feature would charactal structure. In general and considering a one-band model,
terize an antiferromagnétand the maximum il\p/p repre-  absoluteS(T) values depend on the carrier den$itand
sents the field where the system crosses over into a fieldsystems next to the semiconducting state can exhibit giant
induced ferromagnetic state. The decrease\pfp at high  thermopower values, of the order of several hungu&tK,
fields would be in line with the quenching of spin fluctua- while simple metals are characterized by only a feW/K.
tions, typical for a ferromagnet. Rounding and broadening ofThe larger values observed forRg€,Sh;,, in particular at
the signature at 7 T would then follow from domain wall low temperatures, are attributed to Kondo type interactions
motion and polycrystalline effecfS.Contrary to the magne- that are also reflected by the lar@g /T values of the spe-
toresistance, isothermal magnetization does not show a disific heat. In general, Kondo systems can exhibit enormously
continuity around 7 T and =2 K. Tentatively, this incon- large Seebeck coefficients, with a maximum around the char-
sistency may be ascribed to different preferred orientationgcteristic temperatur€, . CEF effects, however, can modify
of the various pieces of the polycrystalline material. Strongthese universal featurés.

anisotropy between thél00) and (111) directions has al- Figure 1@b) shows the temperature-dependent thermal

ready been reported for single-crystalline Pjge.® conductivityA(T) of Pry,d€,Sh, and Lg gFe,Sb,. N(T)
Pressure applied to ¥d€,Sh;, causes a reduction of the of Pr,,4€,Sh;, reaches a value of about 40 mW/cmK at

absolute resistivity values well aboVg,,q (see Fig. 9. In-  room temperature, which is of the very same magnitude

dependent of the magnetic state of the rare earth ion in as A of LalrShGe;.** The well-characterized series
certain skutterudite, such a distinct feature is observed iCg (Fe,Co)Shb;, points at\(T) values ranging at room tem-
systems where holes dominate the electronic transport. In thgerature from 30 to 120 mW/cm¥. Note that\(T) as
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small as possible, with a magnitude in the proximity of thevanishes. Moreover, a significant band broadening of the lat-
theoretical lower limit of the thermal conductivity, is consid- ter due to a substantially smaller lattice parameter makes an
ered a prerequisite for a successful use as thermoelectricon moment more unlikely.
material®® Comparing\(T) of Pr;4e,Sh;, with that of Ground-state properties of &€, Sh,, are primarily de-
Lay g€, Shy, reveals significantly larger values for the latter. termined by crystal field splitting of the=4 total angular
The observed differences are associated with the additionahomentum. Analyses of the temperature-dependent mag-
scattering processes of conduction electrons owing to thaetic susceptibility and electrical resistivity reveal the triplet
magnetic moments of the Pr ions. According to Matthies-I's as ground state, resulting in a magnetic momenjuof
sen’s rule, the thermal resistivity increases upon this mag=2ug. Overall CEF splitting is found to be about 215 K.
netic interaction and, thus, the overall thermal conductivityBoth specific heat and magnetization data also agree with the
reduces. set of CEF parametersBf=0.04 K andB2=0.001 33 K)
Taking into account the Wiedemann-Franz law, the totakvaluated. On the contrary, already studied skutterudites
thermal conductivityA (T) can be separated in a standardbased on Pr, e.g., Prig, or PrOsSh;,, are characterized
manner into the electronic pax, and the lattice parh,. by nonmagnetic ground states, i.Eg or I';.
Results are shown in Fig. Uf) as small solid and open  Most remarkably, Rr,§e,Sh, exhibits extraordinary
symbols forke and\;, respectively. This estimate reveals large values ofC,/T at low temperatures, synonymous with
that the Iattlce thermal conductivity is of about the same SIZ¢arge effective masses of the charge carriers. Invoking the
in the La- and Pr-based compound. Significant differencesesonance level model, usually applied to Kondo systems,
however, are obvious for the electronic contribution As  revealed a characteristic temperature for fluctuations of about
concluded in the previous paragraph, the lowgralues can 25 K. A somewhat smaller value was deduced for
be associated with the presence of scattering processes of the, . fe,P;, (Tc~9 K).® For the latter, heavy quasiparticles
charge carriers on the Pr magnetic moments. Consequentlys large as %, were found experimentally from de Haas—
the thermal resistivity rises and henkg diminishes. van Alphen measuremerﬂt%,classifying Ps 4P, as a
The figure of merit of Ry,4-€,Sb;, at room temperature, heavy fermion compound.
based on the displayed measurements of transport coeffi- Strong electror(hole) correlations are also obvious from

cients, amounts to abodtT~0.075. the much larger Seebeck coefficient of, PFe,Sb;, in
comparison with Lg;FeSh,, Ndys4eSb,,* or
IV. SUMMARY Eu s €,Shy,,2 making this material promising for thermo-

electric applications. In order to further enhance the absolute
thermopower values, the number of charge carriers—holes,
A this Pr compound—should be reduced without weakening
correlation effects. Therefore, studies of Fe/Co and Fe/Ni
Substitutions in Ry;4€,Shy, are in progress.

The present study of ternary skutterudite, Fe,Sh,
with respect to magnetic properties and transport phenome
reveals magnetic ordering atf,y~4.6 K, presumably
with some kind of an antiferromagnetic spin arrangemen
of the PF* ions. A value of uesr=4.19ug deduced for
Pry 74€,Shy, may render that the building blocks of the skut-
terudite structuréFe,Shy,] carry an effective magnetic mo-
ment of 2.7ug . The possibility of Fe moments iRFe,Sh, Research was supported by Austrian Grant Nos. FWF-
can be referred to a double-peak structure of the #®®S  P12899 and P13778 as well as by NERIapan as an in-
in the proximity of the Fermi energ. Such a distinct fea- ternational joint research project. We acknowledge helpful
ture is absent, e.g., iRFeP;»,%” and thus the iron moment discussions with Dr. Y. Aok{Tokyo).
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