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1. Introduction

In the past few years, renewed interest was directed to new classes of com-
plex materials feasible with respect to thermoelectric applications. Among
such multinary systems are skutterudites RE, TM4X > with RE = rare earth,
TM = transition metal and X = pnictogen, crystallising in the LaFe P19
structure, a filled ternary derivative of cubic CoAsg [1].

Depending on the particular rare earth element, features like super-
conductivity, long range magnetic order, heavy fermion, non-Fermi-liquid,
intermediate and mixed valence behaviour or hopping conductivity were
found [2].

Significant interest in this family of compounds, however, stems from
the fact that filled skutterudites are potential candidates for thermoelectric
applications. Materials considered for such a purpose should exhibit large
values of the figure of merit ZT (ZT = S*T/(pA), T ...temperature, S
... Seebeck coefficient, p ...electrical resistivity and A ...thermal conduc-
tivity). Depending on the carrier concentration and on particular interac-
tion mechanisms present in a particular sample, Seebeck values well above
100 4V /K are observed. Besides, ternary skutterudites are outstanding with
respect to their low thermal conductivity which, in some cases, can be near
the theoretical lower limit. As a matter of fact, the dramatically diminished
A(T) values refer to an exceptionally large thermal parameter of the loosely
bound rare earth element, corresponding to a “rattling” (i.e., soft phonon
mode) of this atom in an oversized cage [3].

In the present paper we will review a number of physical properties re-
lated to electron correlations and we will show how transport and thus the
thermoelectric performance is modified by interaction processes like Kondo
scattering, intermediate valence or crystal field splitting. The latter phe-
nomena are frequently found in filled skutterudites based on Ce, Pr, Eu and
Yh.

2. Formation of skutterudites

Filled skutterudites crystallise in the cubic LaFe P19 type structure,
which is a filled ternary derivative of cubic CoAss [4]. The transition el-
ements (TM) occupy the 8c position and the pnictogen atoms (X) are found
on the 24h. Together octahedras are formed that are slightly tilted with re-
spect to each other. The octahedra create large voids in the structure, that
are able to accommodate electropositive elements (EP) such as rare earths
or alkali metals. These filler elements, however, are just loosely bound in the
cages, giving rise to low energy optical modes [5]. A systematic investigation
concerning the formation of skutterudites is summarised in Fig. 1, revealing
7 different groups of unfilled skutterudites. The first group contains samples
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Fig. 1. Formation of binary and ternary skutterudites.

formed by Co, Rh and Ir with P, As and Sb allowing all possible combina-
tions. There is a total of 72 compensated electrons, thus the compounds
are diamagnetic semiconductors. Both following groups are obtained by an
exchange of TM with Fe, Ni, Pd. Metastable FeSbs exhibits 4 uncompen-
sated holes as charge carriers while NiP3 and PdP3 possess 4 extra electrons,
behaving therefore metallic. The fourth group contains compounds where
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pnictogen elements are emulated by “synthetic pnictogens”, i.e., an appro-
priate mixture of IVa and VIa elements. Distortions, however, may occur.
A similar approach is possible with respect to 3d substitutions. In group
six and seven, partial substitution on the pnictogen and on the TM site is
observed.

The filled skutterudites can be divided into two different groups: (i)
Compounds are formed by a simple filling of the 2a site of the framework
built by 8¢ and 24h atoms. (ii) Electronically promoted formation of filled
skutterudites. If the polyanion framework has less than 72 electrons, elec-
trons provided by electropositive filler elements can stabilise the structure.

3. Transport, thermodynamic and magnetic properties

Physical properties of filled skutterudites depend in a subtle manner on
the electropositive rare earth ion as filler element of the voids and on the
carrier concentration as well as on the magnetic state of the transition metal—-
pnictogen sublattice. Moreover, the particular filling of a certain compound
is of importance. In the following section we will outline a number of out-
standing features of filled skutterudites where electron correlations may play
a crucial role.

3.1. Heavy electron behaviour in Pr-based skutterudites

Besides the traditional materials explored with respect to strong electron
correlations and heavy fermion behaviour due to Kondo interaction, such
as, e.g., CeFesSbio and YbFe Sbyo, skutterudites based on Pr have recently
been shown to exhibit a number of extraordinary low temperature anoma-
lies. Just to mention a few, superconductivity was found in PrRusAss and
PrRusSbig below 2.4 and 1 K, respectively [6,7], a metal to insulator transi-
tion is obvious in PrRusP19 at Tyyr = 60 K [8]. Very recently, heavy fermion
superconductivity was discovered in PrOsySbis with a transition tempera-
ture of 1.8 K. Specific heat studies suggest that the superconducting ground
state is formed by heavy quasiparticles as concluded from a normal state
Sommerfeld value y of about 500 mJ/molK? [9].

PrFe P19 shows a phase transition at T' = 6.2 K, which according to
recent studies [2,10] is associated with a principal order parameter of, most
likely, quadrupolar origin. Thus, Kondo-like anomalies found in transport
phenomena as well as the huge C,/T(T — 0) value of 1.4 J/molK? [11,12]
may refer to a quadrupolar Kondo effect. Additionally, de Haas van Alphen
measurements evidenced heavy electrons and unusual features of the Fermi
surface topology [13], suggesting strongly correlated electrons in this com-
pound.
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Although Pr moments in skutterudites are almost localised, a signif-
icant hybridisation can originate from strong p—f mixing in conjunction
with a large coordination number. Another possible source for a number
of extraordinary features in such Pr-based skutterudites is that crystalline
electric fields (CEF) cause a splitting of the J = 4 total angular momen-
tum of non-Kramers ion Pr into a I singlet, a I's doublet and in the Iy
and I3 triplets. Both the I singlet and the I's doublet are non-magnetic,
i.e., the projection of the magnetic moment J, onto the Iy state is zero;
however, the electric quadrupolar moment 3.J2 — J(J + 1) does not vanish.
The conduction electrons can then, in principle, interact with the internal
degrees of freedom associated with the quadrupolar moment of the Pr ion
and this interaction can lift the ground state degeneracy. Ternary skutteru-
dite Prg 73Fe4Sbys, however, exhibits the magnetic triplet I5 as CEF ground
state, linked to a moment u = 2 ug. Thus, long range magnetic order occurs
at Trag ~ 5.5 K [14].

The heat capacity of Prgr73FesSbig, shown in Fig. 2 exhibits a pro-
nounced anomaly around 7' = 5 K, indicating the onset of long range mag-
netic order. Increasing fields suppress the anomaly in C,(T), eventually
vanishing for external fields higher than 3 T. At each field value, however,
the low temperature heat capacity is remarkably high, resembling well known
heavy fermion systems based on Ce, Yb or U as well as observations made
for PrFe,Py2 [2].

At very low temperatures Cp,/T of Pry73FesSbyy displays a significant
rise due to the nuclear heat capacity (inset, Fig. 2). This contribution is pri-
marily attributed to the I = 5/2 state of Pr, referring to a strong intra-site
hyperfine coupling between the nuclei and 4f electrons. At temperatures
slightly above (= 1 K), C,/T increases with external magnetic fields. Fluc-
tuations of the order parameter prior to a phase transition or destroying of
the ordered state by the magnetic field may cause such an enhancement. A
similar trend of Cp,/T(H) was derived previously for PrFe P12 [2].

To estimate the characteristic temperature scale of the heavy quasipar-
ticles associated with the large C),/T values of Prj 73Fe;Sbys, the resonance
level model of Schotte and Schotte [15] is adopted. This model assumes a
narrow Lorentzian density of states at the Fermi energy Fg with a width
A ~ Tk, where the Kondo temperature Tk is supposed to represent the ap-
propriate temperature scale which describes thermal excitations in a strongly
renormalised quasiparticle band formed around Er. A least squares fit to
the experimental data is shown in Fig. 2(b) as solid line, yielding Tk =~ 25 K.
Furthermore, this model shows that the jump in the specific heat . at the
transition temperature is much smaller than expected e.g., in a mean-field
like description. Such a reduction, however, is well known in magnetically
ordered Kondo lattices where d. is continuously diminished as Tk increases
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Fig.2. (a) Temperature and field dependent heat capacity C,/T wvs T of
Prg.73FesSbi2. The inset shows low temperature features. (b) left axis: C,/T
vs T of Prg.73Fe Sbio (opens circles) together with a least squares fit (solid line)
according to the model of Schotte and Schotte; right axis: magnetic entropy S of
Pr0,73Fe4Sb12.

with respect to the magnetic interaction strength. Some broadening of the
phase transition anomaly may arise from inhomogeneities and/or the partly
filled cages of the structure.

The magnetic entropy Smag of Prg 73FesSbis is derived by a comparison
with Lag gzFesSbo. Results of Smag(7T") are shown in Fig. 2(b), right scale.
The ground state degeneracy of the Pr ion is lifted either by magnetic order-
ing and/or by Kondo interaction, responsible for the large effective electron
masses. The entropy release is found to be RIn2 at about 7 K and RIn3
around 13 K in line with the I'5 triplet as ground state and the nonmagnetic
singlet I} situated about 30 K above.

3.2. Intermediate and mized valence behaviour in Eu-based skutterudites

Intermediate and mixed valence of the filler elements can provide a pos-
sibility to tune in a subtle manner the carrier concentration of a certain
skutterudite and thus can determine electronic transport to a large extent.
Moreover, valence fluctuations are considered to be an effective mechanism
to reduce the lattice thermal conductivity as phonons are strongly scattered
on differences of valence states [1|. Moreover, intermediate and mixed va-
lence, in particular of the filler elements, also modify magnetic properties of
the system.
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A novel phenomenon is the occurrence of mixed valence in Eu(Fe, Co)4Sbs
although skutterudites possess just one lattice site for Eu. Shown in Fig. 3
are Ly spectra and Méssbauer measurements performed on Eug 42FeCo3Sbys,
in comparison with data of almost divalent magnetic Eug g3Fe4Sb1s. The ab-
sorption edge spectra obtained (Fig. 3(a)) are characterised by a double peak
structure, evidencing non-integer valence of the Eu ion. Spectral weight is
centred around Fq; = 6973 eV and Ey = 6982 eV, with no substantial de-
pendence on the particular compound. While the former peak is associated
with the 2+ state of Eu, the latter corresponds to Eu3*. The magnetic be-
haviour therefore varies between a stable magnetic state and a non-magnetic
ground state, respectively. Results of a standard analysis of the present data
yield an overall valence change from v = 2.25 (Eugg3FesSbis) to v = 2.55
(Eug.49FeCo3Sbys). Significant deviations from the 2+ state are usually
accounted for in terms of intermediate valence, however, (i) the Ly edge
spectra do not evolve versus temperature and (i7) the Fe/Co substitution
on a microscopic scale may be resolved in Fe-rich [TM4Sbys] units with
almost divalent Eu (as in Eugg3FesSbig) and in Co-rich [TM4Sbis] units,
where the effect of Eu vacancies may drive the compound towards the non-
magnetic state. The double random substitution Fe/Co and Eu/vacancy on
the macroscopic scale may thus result in a simple average mix of the two
Eu valence states. No temperature dependent changes of spectral weight
occur for both electronic configurations in the whole series and moreover,
the energy separation AE between both absorption maxima is larger than
8 eV, independent on temperature and almost independent on the concen-
tration. These experimental facts obviously indicate that EuyFes CoxSbio
is characterised by some sort of mixed valence behaviour.
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Fig.3. Ly and Mdassbauer spectra of Eug gzFesShis and Eug 42FeCo3zShis.
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Mossbauer measurements for EuggsFesSbio (Fig. 3(b)) reveal just a
single resonance line in the paramagnetic state [16], indicating an almost
divalent nature of the Eu ion. This Eu?" line splits magnetically at 4.2 K due
to the ordering of the Eu?* moments at low temperatures (Tmag = 84 K). In
the case of Eug 4oFeCo3Sb1s one encounters distinct differences: as shown in
Fig. 3(b) a second line appears at an isomer shift of 0 mm /s (Eu®"), inferring
a mixed valence state with a ratio of Eu?* /Eu®t = 1, in fine agreement with
the above mentioned Lyy; data (v = 2.55). This result excludes any dynamic
valence fluctuations within this series. As expected, the Eu?>* component of
the spectrum of Eug 49FeCo3Sbis is magnetically split due to the ordering
of the Eu?>* moments and results in a Beg = —11 T.

3.3. Kondo effect and hopping conductivity in Yb-based skutterudites

Besides the number of charge carriers, magnetic scattering processes
modify the temperature dependence of transport coefficients. Simple tem-
perature independent spin-disorder scattering, however, is diversified by
crystalline electric field effects and/or by Kondo interaction. The latter
yields at somewhat elevated temperatures a negative logarithmic contribu-
tion to p(T') but can cause at low temperatures a Fermi-liquid behaviour,
evidenced by a T2 behaviour of p(T). To illustrate such features, p(T)
normalised to room temperature is plotted in Fig. 4(a) for a number of
filled skutterudites containing Ce and Yb. For a purpose of comparison,
La.()_gFe4Sb12 is added. Most ObViOllS7 Yb()_QQCG()_gFGgNiSle exhibits a mini-
mum in p(7) and at lower temperature a logarithmic increase. Both features
are typical signs for Kondo interaction of charge carriers with the indepen-
dently behaving magnetic moments of Ce and Yb. p(T) of YbggFesSbio
is characterised by a pronounced curvature around 100 K followed by a
significant decrease of p(T') towards lower temperatures and eventually, a
T? behaviour reflects a Fermi-liquid ground state, whereas for Ceg gFeySbis
hints of pronounced Kondo interactions are absent at low temperatures. It
is interesting to note that even LaggFes4Sbis, with non-magnetic La, does
not render a simple p(7T') behaviour, dominated by phonon scattering.

The temperature dependent resistivity of YbyRhsSbis, ¥y =~ 0.1 and
YbyIrsSbig, y = 0.02 is shown in Fig. 4(b), again in a normalised represen-
tation. Both compounds display a semiconducting-like behaviour where the
resistivity increases over some orders of magnitude from room temperature
to 4 K. Applying an activation-type model to describe p(T) in this case,
i.e., p= poexp(AE/2kpT), allows us to estimate the gap width AFE of the
electronic density of states (DOS) at the Fermi energy Ep. A least squares
fit to the data above about 100 K reveals AE = 368 K for TM = Rh and
AFE =277 K for TM = Ir. A shoulder in p(T) around 50 K, however, marks
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Fig.4. (a) Normalised resistivity p/prr of RE;TM4Sbi2, RE = La, Ce, Yb;
TM = Fe, Ni. (b) Normalised resistivity of Ybg galrsSbis and Ybg 1RhsSbya. (c)
Normalised conductivity o /ot vs. T~'/2 of Ybg g2Ir4Sbia and Ybg 1 RhyShys at
various values of pressure.

the end of the validity of an activation type behaviour (Fig. 4(b)). In order
to account for the temperature range below, we tried to invoke Mott’s model
of variable range hopping [17], i.e.,

& = g exp [_ (%)] , 1)

where 0 = 1/p, 0y is a material constant, Tj is a characteristic temperature
of the system and n = 1/4. Least squares fits of Eqn. 1 to the data yield
reasonable agreement only in a narrow temperature interval. An exponent
n = 1/2, on the contrary, describes the conductivity data over a substantial
larger temperature range as it is obvious from a plot of In(o/ogr) vs. T~ /2
for both Ybg.1RhsSbis and Ybg golrsSbis. The characteristic temperatures
Ty are 35 and 1700 K, respectively. The exponent n = 1/2 is appropriate
for variable range hopping in the presence of a Coulomb gap [18], i.e., when
the single-particle density of states close to the chemical potential is de-
pleted due to the Coulomb interaction between electrons. Pressure applied
to Ybg.1RhsSbis (Fig. 4(c)) leaves the general features of the hopping-
type conductivity unchanged but the characteristic temperature decreases
linearly from 35 K at p = 1 bar to about 28 K at p = 16 kbar.
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4. Thermoelectric performance

4.1. Thermopower

The key parameter for thermoelectric materials is the coefficient of the
thermoelectric power S, which should exceed, at least, values of 100 pV /K.
According to Mott’s formula of diffusion thermopower [19], i.e.,

k3T 1  dN(E)

S =
17 7 8le] N(Er) dE  |p_p,

(2)

the energy derivative dN (E)/dE at the Fermi energy determines both, the
absolute values as well as the sign of thermopower. Since S(7") depends
also on N(FEF), a lower value of charge carriers, at least in a one-band
model, will cause larger values of the Seebeck coefficient. Thus, systems
with § > 100 pV /K are traditionally found at the border between metals
and semiconductors. Highly correlated electron systems, however, have the
ability to generate large S(7T') values as well. This phenomenon is related to
Kondo interaction, where due to a loss of spin degrees of freedom a narrow
resonance (width I" ~ kpTk) emerges in the vicinity of the Fermi energy,
giving rise to huge values of dN(E)/dE|g-pgy.

In order to trace both sources for enhanced values of the Seebeck coeffi-
cient, Fig. 5 shows S(T) of REFesSbhy9, RE = La, Pr, Nd. As evidenced in
the preceding chapter concerning specific heat, PrFeySbis shows significant
electron correlations, observed from large values of Cy,/T. These correlations
cause substantially larger S(7T') values in PrFe;Sbys compared to LaFe,;Sbio
and NdFe;Sbys (Fig. 5(a)). Driven by substitutions on both the transition
metal and the pnictogen site, changes of the carrier concentration can be
achieved. The reduction of the carrier concentration due to the Fe/Ni sub-
stitution has two different consequences (compare Fig. 5(b)): (i) absolute
S(T) increases, reaching extraordinarily large room temperature values of
190 pV /K (PrgoFes5Nij 5Sbio) and (i) the sign of thermopower changes
from plus to minus, referring to a change of the carrier type from predomi-
nantly hole - to electron dominated transport. It is interesting to note that
electron correlations are lost upon the Fe/Ni substitution. This follows from
the vanishing of the pronounced low temperature structure in S(T').

4.2. Thermal conductivity

In addition to the important contribution of thermopower to the figure
of merit, thermal conductivity should be as low as possible. Filled skutteru-
dites provide almost perfect conditions for the requirement above. (i) Since
skutterudites in general possess just smaller numbers of charge carriers, the
electronic contribution A to the total thermal conductivity A is low. (%)
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Fig.5. (a) Temperature dependent Seebeck coefficient S(T') of RE;FesSbis,
RE = La, Pr, Nd. (b) Temperature dependent Seebeck coefficient S(T") of
PryTM4X;2, TM = Fe, Ni; X = Sb, Sn.

The strong interaction of the heat carrying phonons with the weakly bound
electropositive element dramatically reduces the lattice thermal conductiv-
ity Apn, and the theoretical minimum thermal conductivity, as e.g., found in
glass-like materials, is almost reached.

As an example of an evolution of the thermal conductivity in ternary
skutterudites, A(T') of NdyFe,Sbis is shown in Fig. 6 (a). A(T) of this
series lowers extraordinarily as the degree y of the filler element starts to
increase. Thus, scattering on this filler element can be considered as ori-
gin for such a reduction. In order to quantitatively understand the main
mechanisms responsible, A(T') has to be separated into its constituents, i.e.,
A = Xe + Apn, where A¢ and A, represent the electronic and the lattice
thermal conductivity, respectively. Both individual contributions, however,
are limited by a number of scattering processes. According to Matthiessen’s
rule, the thermal resistivity We(n) = 1/Ae(pn) reads

]./Ae = We — We’o + We,ph + We’mag (3)

where the subscripts (e, 0), (e, ph) and (e, mag) refer to scattering of charge
carriers on static imperfections, phonons and magnetic moments, respec-
tively. For simple metals, the electronic thermal conductivity is related to
the electrical resistivity via the Wiedemann Franz law: A\ &~ LT /p where
Lo = 2.45 x 1078 WQ/K?2. Taking this into account, the total measured
quantity can be separated into the electronic and the lattice part. Results
of such a procedure are shown in Fig. 6(b) for NdyoFesSbyo. This analysis
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Fig.6. (a) Temperature dependent thermal conductivity A(T') of NdyFesSbis. (b)
A(T) of Ndg.2FesSbyo (large open symbols). The electron and the phonon contri-
bution Ae and App, are shown with smaller symbols. The solid line is a least squares
fit according to Eq. (5) and (6).

indicates that the lattice contribution Ay}, is primarily responsible for car-
rying heat in this material. A¢(7') smoothly increases, but is reduced by a
factor of two when proceeding from Ndg sFes4Sbis to NdFeySbyo. This change
is associated with the lower charge carrier concentration of NdFesSbyo with
respect to NdgoFesSbio. While in the former the holes of [FesShyo] are
compensated to a large extent, this does not hold for the latter.

Using Matthiessens rule, Ay reads:

1/>‘ph = th = Z th,i ) (4)

where ) Wpn,i represents the most significant scattering processes present
in filled skutterudites, giving rise to different temperature dependencies.
Within the Debye approximation, Ap, can be expressed as

Op /T
D/ A

Aph = CT? / %dm, (5)

where = hw/kpT, w is the phonon frequency and fp is the Debye temper-
ature. 7. is the total relaxation time given by
ol =mgl gt g ! (6)

TB, TD, TU, Te are the relaxation times for boundary scattering, defect scat-
tering, Umklapp processes and electron scattering, respectively.
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Taking into account these most important relaxation processes and their
temperature dependencies [20] allows us to describe the experimentally de-
rived lattice thermal conductivity. A least squares fit (solid line, Fig. 6(b))
reveals excellent agreement with the data. The evolution from Ndg sFe Sbis
to NdFe Sb1s shows that primarily mp contributes to the observed dramatic
reduction of the thermal conductivity, which nicely agrees with the qual-
itative picture concerning the rattling mode of the rare earth ions in the
oversized cage of the skutterudite structure.

5. Summary

Filled skutterudites can be considered as promising materials for ther-
moelectric applications, behaving as phonon-glass-electron-crystals. This
refers to thermal properties similar to those of glass, and electrical trans-
port similar to that in crystalline materials. Very recently, figure of merit
values above one were reported for skutterudites based on Eu (ZT = 1.1 at
T =700 K) [21] or on Yb ( ZT =~ 1.2 at T = 700 K) [22]. Many of such
materials exhibit strong electron correlations, which may further push the
figure of merit to even larger values.
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as by NEDO (Japan) as an international joint research project.
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