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Fully filled skutterudites RFe4Sb12 (R ¼ Ca, Sr, Ba, La, Ce, Pr, Nd, Eu, and Yb) have been
prepared and the high-temperature electrical and thermal transport properties are investigated
systematically. Lattice constants of RFe4Sb12 increase almost linearly with increasing the ionic
radii of the fillers, while the lattice expansion in filled structure is weakly influenced by the filler
valence charge states. Using simple charge counting, the hole concentration in RFe4Sb12 with
divalent fillers (R ¼ Ca, Sr, Ba, Eu, and Yb) is much higher than that in RFe4Sb12 with trivalent
fillers (R ¼ La, Ce, Pr, and Nd), resulting in relatively high electrical conductivity and low Seebeck
coefficient. It is also found that RFe4Sb12 filled skutterudites having similar filler valence charge
states exhibit comparable electrical conductivity and Seebeck coefficient, and the behavior of the
temperature dependence, thereby leading to comparable power factor values in the temperature
range from 300 to 800 K. All RFe4Sb12 samples possess low lattice thermal conductivity. The
correlation between the lattice thermal resistivity WL and ionic radii of the fillers is discussed and a
good relationship of WL  (rcagerion)3 is observed in lanthanide metal filled skutterudites.
CeFe4Sb12, PrFe4Sb12, and NdFe4Sb12 show the highest thermoelectric figure of merit around 0.87
C 2011 American Institute of
at 750 K among all the filled skutterudites studied in this work. V
Physics. [doi:10.1063/1.3553842]

I. INTRODUCTION

Filled skutterudites have been known as one of the best
thermoelectric materials due to their excellent electrical performance and low lattice thermal conductivity.1 The general
structure formula of filled skutterudites is RyM4Sb12, where R
can be alkaline, alkaline-earth, lanthanide, or actinide metals,
y is the filling fraction, and M is Fe, Ru, Os, Co, Rh, or Ir.
Investigation on the thermoelectric properties in filled skutterudites has been initially started in 1990s.2–10 Earlier studies
are mainly focused on p-type FexCo4xSb12-based compounds and the values of the dimensionless thermoelectric
figure of merit (ZT) had been reported above unity.5,6,9,11,12
The progress in n-type filled skutterudites was rather slowly
until partially filled skutterudites RyCo4Sb12 with high filling
fraction of the fillers were synthesized and reported with
good thermoelectric performance at elevated temperature.13,14
After that, improving the thermoelectric figure of merit in ntype skutterudites gained keen interest in the next decade.
Various n-type single element filled RyCo4Sb12 skutterudites
with high ZT values were reported,15,16 showing great potentials as thermoelectric power generator used at high temperatures. Moreover, recently, filling two or more types of fillers
into the voids in skutterudite have been shown to be able to
a)
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further reduce lattice thermal conductivity and improve ZT to
1.4 in double-filled and 1.7 in multiple-filled n-type skutterudites.17–20 Although there are a series of recent study reported
with very high ZTs in n-type partially filled skutterudites,
only a few literatures focusing on high temperature thermoelectric properties in p-type skutterudites have been published
in the past decade. Furthermore, the ZT values in p-type filled
skutterudites are confirmed in experiment around 1.0, much
lower than n-type materials.21–23 The stagnation of low ZT
value in p-type skutterudites limits the further development
of thermoelectric modules and devices, since both excellent
n- and p-type materials are required for high efficiency thermoelectric technology. Therefore, searching for p-type skutterudites with comparable ZT values to n-type materials is
urgent for real industry applications.
Recently, didymium-filled Fe-based p-type skutterudites
were reported to exhibit high thermoelectric performance,
indicating a continual interest in p-type skutterudites.24
Because the formation of n-type double- and multiple-filled
skutterudites has shown very effective to reduce lattice thermal conductivity and improve thermoelectric figure of merit,
it might be also suitable for p-type skutterudites to achieve
high ZTs. Therefore, systematic and deep understanding on
the thermoelectric properties of single element filled skutterudites is necessary and urgent for the design and optimization
in p-type double and multiple-filled skutterudites. Fully filled
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skutterudites RFe4Sb12 is one of the most important p-type
skutterudites. The first RFe4Sb12 compound was initially
reported in 1980.25 After that, various RFe4Sb12 ternary compounds with different filler elements were synthesized and
reported with many interesting physical properties.3,4,6,8,10,26–38
However, the thermoelectric properties were only studied in a
few RFe4Sb12 compounds experimentally.3,6,10,22,30,31 Furthermore, high temperature thermoelectric properties, which are
crucial to the thermoelectric power generator, have been rarely
reported in RFe4Sb12.6,10,31 Due to the lack of a broad systematic study, detailed understanding of the electrical and thermal
transport properties in RFe4Sb12 system is still not available,
which hinders the further optimization to achieve high ZT.
Therefore, it is essential to gain a comprehensive understanding
of electrical and thermal transport properties in single element
filled RFe4Sb12 skutterudites.
In this paper, a series of RFe4Sb12 samples with various
fillers (R ¼ Ca, Sr, Ba, La, Ce, Pr, Nd, Eu, and Yb) were synthesized and the thermoelectric properties were measured in
the temperature range from 300 to 800 K. Systematic evaluation and discussion related to the effects of these fillers on
the crystal structure as well as thermoelectric properties
were carried out.
II. EXPERIMENT

High purity elements were weighed out in the atomic ratio of R: Fe: Sb ¼ 1: 4: 12, and then sealed in evacuated
quartz ampoules which were coated with carbon. The sealed
ampoules were heated slowly up to 1350 K for 10 hs, then
quenched into a water bath and annealed at 773–973 K for 7
days. To form dense pellets, the obtained ingots were manually ground into fine powders (<100 um) and then sintered
by Spark Plasma Sintering (SPS) at 733–833 K for 10–15
mins. High-density (>97% of the theoretical density) were
obtained for all samples. X-ray diffraction (XRD) analysis
(Rigaku, Rint2000) and electron probe microanalysis
(EPMA, Shimadzu 8705QH2) were used to examine the purity and chemical composition of the samples. Electrical conductivity (r) and Seebeck coefficient (S) were measured
using the ZEM-3 (ULVAC Co. Ltd.) apparatus under Helium
atmosphere from 300 to 800 K. The thermal diffusivity and
specific heat were measured in argon atmosphere using laser
flash method (NETZSCH LFA 427) and Shimadzu DSC-50,
respectively. The density of the samples was measured using
Archimedes method. Total thermal conductivity (k) was calculated by multiplying the measured values of thermal diffusivity, specific heat, and density. Hall coefficients (RH) at
300 K were measured in a Physical Property Measurement
System (Quantum Design) by sweeping the magnetic field
up to 3 T in both positive and negative directions.
III. RESULTS AND DISCUSSION
A. Phase structure, composition and lattice constant
1. XRD and EPMA results

Figure 1 shows the powder x-ray diffraction (XRD) patterns for all RFe4Sb12 samples. All peaks are identified as
belonging to the LaFe4P12 structure. EPMA analyses show

J. Appl. Phys. 109, 063713 (2011)

FIG. 1. XRD patterns for (a) CaFe4Sb12, (b) SrFe4Sb12, (c) BaFe4Sb12, (d)
LaFe4Sb12, (e) CeFe4Sb12, (f) PrFe4Sb12, (g) NdFe4Sb12, (h) EuFe4Sb12, and
(i) YbFe4Sb12.

that all samples contain trace amount of RSb2 and Sb (less
than 3%), which is not detected by XRD. Figure 2 shows the
microstructure and element distribution of CeFe4Sb12. The
energy dispersive spectroscopy (EDS) results indicate that
all elements are distributed homogeneously in the matrix.
The actual chemical compositions for all RFe4Sb12 samples
determined by EPMA are shown in Table I. The final filling
fraction of the fillers in all samples are less than 100%, being
consistent with the published literatures.32,36,38 Although
metastable Fe4Sb12-based filled skutterudites with the entire
sequence of lanthanides have been prepared using multilayer
precursor approach,8 our attempt to synthesize lanthanides
from Gd to Tm filled skutterudites using normal melting–
quenching–annealing method was unsuccessful. The possible
reason could be that the chemical bonds between the fillers
and [Fe4Sb12] framework are too weak to form thermodynamically stable materials under equilibrium conditions
because of their very small ionic radius.28
2. Lattice constant

Tang et al. reported that FexCo4xSb12 is stable in the
composition range of x ¼ 0  0.7,39 and the lattice constant
(a) of this system obeys Vegard’s law. The lattice constant
of a “Fe4Sb12” unit (a0) could be extrapolated to be 9.125 Å
under Vegard’s law based on the reported data.1,39 Table I
shows a of all RFe4Sb12 samples determined by an analytical
extrapolation function of (cos2h/sinh þ cos2h/h)/2 using
high-angle XRD data. Obviously, the increased a values in
RFe4Sb12 are due to the extra lattice expansion by filling
guest atoms into the voids in skutterudites. In order to identify the relationship, ionic radii of the fillers (rion) dependence of a for all RFe4Sb12 samples is shown in Fig. 3. Here,
we use the rion values of the fillers with a coordinate number
of 12 for alkaline earths (Ca2þ, Sr2þ and Ba2þ) and lanthanides (La3þ, Ce3þ and Nd3þ).40 There are no 12-coordinated
rion values for Pr3þ, Eu2þ and Yb2þ, and the data used here
are the extrapolated results using the relationship between
the coordination number and effective rion in Ref. 40.
Although the oxidation states could be þ3 for both Eu and
Yb, it had been reported and confirmed that the valence
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FIG. 2. (Color online) Microstructure
and element distribution in sample
CeFe4Sb12: (a) backscattered electron
image (BSE); corresponding x-ray maps
for Ce (b), Fe (c) and Sb (d) by energy
dispersive spectroscopy (EDS).

charge states for Eu and Yb in skutterudites are close to þ2
in filled skutterudites.28,31,41,42 These relatively large rion
values of divalent Eu and Yb ion may enable Eu and Yb to
form stable filled skutterudites.43 For comparison, the
reported a values for NaFe4Sb12, KFe4Sb12 and SmFe4Sb12
in literatures36,38 are also included in Fig. 3. A reasonably
good correlation between expanded lattice constant and ion
radius in RFe4Sb12 samples was observed. The lattice constant of the filled materials increases monotonously with
increasing rion because larger fillers could expand lattice
structure more significantly. The lattice constant of
SmFe4Sb12 is around 9.1298 Å, close to the calculated value
of “Fe4Sb12.” If the ionic radii of the filler is less than Sm,
the lattice constant of the filled structure might be compara-

ble or smaller than “Fe4Sb12”, leading the filled structure
thermodynamically unstable. This is further confirmed by
our data that the synthesis of filled skutterudites with the fillers from Gd to Tm is unsuccessful. In addition, our data
shows that the lattice constant in RFe4Sb12 is mainly determined by the ionic radius of the fillers, but not sensitive to
the filler valence state (see Fig. 3).
Figure 3 also shows the relative increment of lattice constant (Da ¼ (a – a0)/a0) as a function of ionic radii of the fillers. Da is less than 1% among all the fully filled
skutterudites studied here. The slight deviation of lattice constant might scarcely affect the symmetry of the crystal structure, and thus exert little influence on the electrical transport
properties. This provides a platform to discuss the effect of

TABLE I. Nominal and actual chemical composition, lattice constant, calculated chemical carrier concentration, and room temperature Hall carrier concentration, Seebeck coefficient, electrical conductivity, and lattice thermal conductivity for all RFe4Sb12 samples.
Nominal
composition

EMPA
composition

Lattice
constant (Å)

Chemical carrier
concentration (1021  cm3)

1/RHe
(1021  cm3)

S (lV/K)

r (  105Sm1)

KL (Wm1K1)

LaFe4Sb12
CeFe4Sb12
PrFe4Sb12
NdFe4Sb12
EuFe4Sb12
YbFe4Sb12
CaFe4Sb12
SrFe4Sb12
BaFe4Sb12

La0.89Fe4Sb12.02
Ce0.91Fe4Sb11.97
Pr0.90Fe4Sb12.00
Nd0.85Fe4Sb12.00
Eu0.96Fe4Sb11.94
Yb0.94Fe4Sb12.07
Ca0.98Fe4Sb12.08
Sr0.94Fe4Sb12.08
Ba0.92Fe4Sb12.04

9.148
9.140
9.138
9.136
9.170
9.159
9.159
9.181
9.201

3.53
3.25
3.41
3.47
5.24
5.70
5.52
5.68
5.64

1.38
3.86
7.19
4.66
3.43
2.54
1.34
3.36
1.61

78.3
79.4
81.5
83.7
70.8
77.9
73.9
72.5
69.4

2.44
2.23
2.40
2.37
2.97
3.36
3.14
3.05
3.08

1.63
1.28
1.09
0.96
1.79
1.18
1.61
2.07
2.15
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FIG. 3. Lattice constant and the relative increment of lattice constant Da
(Da ¼ (a – a0)/a0) as a function of ionic radii (12-coordinated) of the fillers
in RFe4Sb12 (R ¼ Ca, Sr, Ba, La, Ce, Pr, Nd, Eu, and Yb). Dashed line is
guide to the eyes.

different fillers on the electrical transport properties in the
following part.
B. Electrical transport properties

The temperature dependence of electrical conductivity
(r) and Seebeck coefficient (S) are shown in Fig. 4. Large r
values, with the magnitude of 105 S/m, are observed in all
samples. In the whole temperature range investigated here, r
for all samples decreases monotonously with increasing temperature, which is typical heavily doped semiconducting
behavior. All samples exhibit positive S values, showing that
the majority of charge carriers are holes. Since Fe atom has
one electron less than Co atom, a “Fe4Sb12” unit is 4-electron

FIG. 4. Temperature dependence of electrical conductivity and Seebeck
coefficient for all RFe4Sb12 samples (R ¼ Ca, Sr, Ba, La, Ce, Pr, Nd, Eu, and
Yb).
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deficiency as compared with the binary semiconducting skutterudite Co4Sb12. Though the fillers in the voids donate their
almost all valence electrons to the skutterudite framework, it
is still insufficient to compensate the holes in fully filled
skutterudites RFe4Sb12 because the oxidation states of the
fillers are usually around þ2 or þ3. Hence, RFe4Sb12 system
is expected to possess high hole density and positive S value.
Table I shows the measured Hall carrier concentration pH
(pH ¼ 1/RHe, where e is the elementary charge) at room temperature for all samples. Here, the Hall number is assumed to
be 1 in the single carrier model. All samples are hole dominated with the carrier concentration on the order of 1021
cm3. The measured hole concentrations obviously deviate
from the calculated values by simple charge counting based
on the measured chemical compositions. Similar phenomenon has been also reported by Schnelle et al.36 One possible
reason might be related to the multiple bands near the Fermi
level in RFe4Sb12 materials.36 In this case, the understanding
of the measured Hall coefficient is very complicated (there is
no simple relationship between free carrier concentration p
and RH) and would require further systematic and detailed
study. In addition, strong magnetic effects in RFe4Sb12 compounds may also contribute certainly to the anomalous Hall
effect.34 Therefore, in the following part, the calculated
chemical carrier concentration (Table I) using simple electron counting are used for further discussion.
As shown in Fig. 4, RFe4Sb12 with divalent fillers
(R ¼ Ca, Sr, Ba, Eu, and Yb) exhibit higher r and lower S
than those in the trivalent lanthanide (R ¼ La, Ce, Pr, and
Nd) filled skutterudites. Because the divalent fillers in the
voids donate one electron less than the trivalent fillers, the
filled skutterudites (RFe4Sb12) with divalent fillers will possess higher hole densities and r, and lower S values. The
maximum S values at high temperature in RFe4Sb12 with
divalent fillers are still higher than 100 lV/K. These high S
values in Fe4Sb12-based skutterudites might be related to the
large effective mass of the holes due to the localized flat features of Fe-3d states near the Fermi level.4,44
The electronic structure calculation by L. Nordstrŏm et
al. suggested that CeFe4Sb12 is an intrinsic semiconductor
where the 4f electron of Ce is completely donated into
[Fe4Sb12] framework.4,44 Simple electron counting also
shows CeFe4Sb12 should be a semiconductor and the effective charge state of Ce is þ4 if Ce-4f electron is completely
transferred into [Fe4Sb12] framework. However, our data
indicate that CeFe4Sb12 exhibits metallic behavior with very
high electrical conductivity, i.e., r decreases with increasing
temperature. This is consistent with other experimental
results reported previously.3,21 Therefore, experimental data
indicate that the effective charge state of Ce is not þ4 in
fully filled skutterudites, inconsistent with the theoretical calculations in Ref. 4. Hall measurement for Ce filled skutterudites by Chen et al. also demonstrated that the effective
charge state of Ce is about þ3,7 similar to the value in ntype filled skutterudites.45 The difference between the
experiment and theoretical calculations might be due to the
difficulty of dealing with the strong-correlated 4f electron of
Ce in the local density approximation. This problem may
also exist in other p-type lanthanides filled skutterudites.

Downloaded 22 Apr 2011 to 131.215.220.185. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

063713-5

Qiu et al.

Interestingly, as shown in Fig. 4, RFe4Sb12 with trivalent
fillers (R ¼ La, Ce, Pr, and Nd) exhibit very similar r and S
values in the whole temperature range. In addition, RFe4Sb12
with divalent fillers (R ¼ Ca, Sr, Ba, Eu, and Yb) also show
similar r and S values although the deviations are large. In
general, r and S are predominantly determined by the hole
concentration and band structure near the Fermi level. Our
data likely indicate that the fillers, particularly lanthanides La,
Ce, Pr, and Nd, show similar effect on the band edge near the
Fermi level. Then, the similar electronic structure of these
several lanthanides filled RFe4Sb12 would lead to small difference in the observed r and S. The band structures of
CeFe4Sb12 and LaFe4Sb12 were calculated by K. Nouneh et
al.44 It was shown that the primary valence band of both
CeFe4Sb12 and LaFe4Sb12 are the hybridized Sb-5p orbital
and Fe-3d orbital. The 4f and 5d orbitals of Ce only contribute
to the conduction band. Optical reflectivity measurement and
electronic structure calculation in RFe4Sb12 (R ¼ Ca, Ba, and
Yb) Ref. 35 also suggested that they possess similar valence
band structure. All these results seem to be consistent with our
arguments mentioned above. Systematic study on the band
structures in RFe4Sb12 is needed to get a fully comprehensive
understanding of the observed experimental results.
Figure 5 shows the power factor (PF ¼ S2r) as a function of temperature for all samples. Due to the comparable
electrical transport properties, RFe4Sb12 with the trivalent
fillers possess similar PF values in the whole temperature
range. Except YbFe4Sb12, PF values of RFe4Sb12 with divalent fillers are lower than those with trivalent fillers because
of their smaller S values. The maximum value around 34
lW/cmK2 is obtained in CeFe4Sb12, PrFe4Sb12, and
YbFe4Sb12 at 750 K.
C. Thermal transport properties
1. Thermal conductivity and lattice thermal
conductivity

Figure 6(a) shows the temperature dependence of thermal conductivity (j) for all RFe4Sb12 samples. Here, the
measured specific heat (Cp) of CeFe4Sb12 is used for calcu-

FIG. 5. Temperature dependence of power factor for all RFe4Sb12 samples
(R ¼ Ca, Sr, Ba, La, Ce, Pr, Nd, Eu, and Yb).
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FIG. 6. Temperature dependence of (a) thermal conductivity and (b) lattice
thermal conductivity for all RFe4Sb12 samples (R ¼ Ca: h, Sr: *, Ba: ,
La:h, Ce:!, Pr:3, Nd: ", Eu:h, and Yb: h). The inset shows the specific
heat for sample CeFe4Sb12 above room temperature.

lating j for all samples because of their almost identical Cp
values above room temperature. As shown in the insert of
Fig. 6, Cp of sample CeFe4Sb12 increases with increasing
temperature. It reaches 26.2 J/g/mol at 800 K, about 15%
higher than that at 300 K. In the whole temperature range
investigated here, all the j values increase with increasing
temperature. The total j is a sum of two contributions: lattice
thermal conductivity (jL) and carrier thermal conductivity
(jc). According to the Wiedemann–Franz law, jc can be estimated by jc ¼ L0Tr under single carrier approximation
(where the Lorenz number L0 has an empirical value of
2.0  108 V2K2 for skutterudite compounds9,11). Consequently, jL can be obtained by subtracting the carrier part
from the measured j. This assessment of jL is only an
approximation due to the lack of precise L0 value and its
uncertain temperature dependence for this degenerate semiconducting system. However, this method can provide a
mechanism for comparing the existing jL values for all
RFe4Sb12 samples. Figure 6(b) shows the temperature dependence of jL for all samples. The lowest jL value in
RFe4Sb12 is around 1.0 W/mK at room temperature and 0.6
W/mK at 700 K, comparable to or lower than a-SiO2. One
possible mechanism for such low jL in filled skutterudites is
the “rattling” effect of the loosely bonded guest fillers in the
skutterudite voids. These guest fillers interact strongly with
the low-frequency acoustic phonons, leading to partial
energy of the phonons being trapped in the excited rattling
state. This part of phonons would later decay into phonons
incoherent with those of the absorbed phonons, and thus contribute to the lowed jL.17,46,47
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As shown in Fig. 6(b), below 700 K, jL for all samples
decreases with increasing temperature, indicating that phonon transport is hindered by the dynamical process of
Umklapp scattering. jL for RFe4Sb12 with trivalent fillers
(R ¼ La, Ce, Pr, and Nd) reach the minimum values around
700 K, then slightly increase with increasing temperature.
This is due to the additional heat carried by the electron-hole
pair generated from intrinsic excitation at high temperatures
(bipolar diffusion). In fact, bipolar diffusion is an inherent
feature in p-type filled skutterudites because of its narrow
bandgap. In order to improve ZT in p-type filled skutterudites, one would like to reduce the bipolar diffusion effect to
make jL continually decreasing at high temperature. One
possible method is to increase the hole concentration to shift
the turning point of jL to higher temperature. As shown in
Fig. 6(b), jL for RFe4Sb12 (R ¼ Ca, Sr, Ba, and Eu)
decreases monotonously in the entire temperature range due
to their larger hole concentration. However, the enhanced
carrier concentration definitely increases jc and deteriorates
S simultaneously, which could lower the overall thermoelectric performance. Therefore, other approaches (e.g., enlarging bandgap) are recommended to reduce the effect of
bipolar diffusion to achieve higher ZT values.
2. Correlation between lattice thermal conductivity
and ionic radii of the trivalent fillers

Since all the samples have similar filling fraction (y) (as
shown in Table I), it is possible to evaluate the effect of different fillers on the jL reduction systematically. In filled skutterudites, based on the assumption that the effect of the additional
jL reduction by the fillers is a localized behavior,48 total lattice
thermal resistivity WL ( ¼ 1/jL) could be written as
WL ¼ Wmatrix þ WPD þ WR, where Wmatrix is the thermal resistivity of the [Fe4Sb12] framework, WPD is the thermal resistivity
contributed by point defect, and WR is the thermal resistivity
contributed by resonant scattering due to the local rattling of
guest fillers, respectively. In principle, WPD includes the effect
of structure strain (WS) and mass fluctuation (WM) between the
void and filler.49 Here, the data are compared among these
nearly fully filled skutterudites in an attempt to get a systematic
understanding on the jL reduction. The additional effect of
strain fluctuation on the jL reduction might be neglected
because of the small deviation (less than 1%) of lattice constant
among all the fully filled skutterudites mentioned above. Since
the atomic weight (M) for the rare earth atoms La, Ce, Pr, Nd,
and Eu are very close, WM for RFe4Sb12 (R ¼ La, Ce, Pr, Nd
and Eu) are also similar to each other. Therefore, in these fully
filled skutterudites, phonon resonant scattering might be the
only mechanism to make jL values in RFe4Sb12 (R ¼ La, Ce,
Pr, Nd, and Eu) different with each other. As we know, the
chemical bonds between the filler and skutterudite framework
are mainly ionic,45 thus the bond energy is approximately in
proportion to 1/Dr.50 Thus, for a resonant scattering, WR is
almost in proportion to 1/(Dr),3 where Dr is the distance
between the positive charge of filler ion and the negative
charge of its nearest Sb anion, and thus equal to (rcage  rion).
Here, rcage is the Sb-icosahedron void radius in RFe4Sb12 and
an average value of 1.94 Å is used in this paper.1 Figure 7
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FIG. 7. Room temperature WL as a function of (rcage  rion) for RFe4Sb12
(R ¼ La, Ce, Pr, Nd, and Eu). Dashed line represents the relationship of WL
 (rcage  rion) (Ref. 3).

shows WL at 300 K as a function of (rcage  rion) for RFe4Sb12
(R ¼ La, Ce, Pr, Nd, and Eu) samples. A good relationship of
WL  (rcage  rion) (Ref. 3) is observed in these fully filled
skutterudites. Larger (rcage  rion) value indicates that the fillers are more loosely bonded with [Fe4Sb12] framework. The
stronger “rattling” effect can greatly scatter heat carrying
phonons, thereby enhancing WL. For example, NdFe4Sb12 has
the largest (rcage  rion) value investigated here. At the same
time, it has the highest WL among all the samples.
D. Dimensionless thermoelectric figure of merit ZT

Figure 8 shows the dimensionless figure of merit (ZT)
calculated based on the measured r, S and j. As a result of
larger S and lower j, RFe4Sb12 with trivalent fillers (R ¼ La,
Ce, Pr, and Nd) exhibit higher ZT values than those with
divalent fillers (R ¼ Ca, Sr, Ba, Eu, and Yb). CeFe4Sb12,
PrFe4Sb12, and NdFe4Sb12 exhibit the maximum ZT value,
about 0.87 at 750 K.
Figure 9 plots the ZT values as a function of the filler
ionic radii for all RFe4Sb12 samples at 300 K and 800 K,

FIG. 8. Temperature dependence of ZT for all RFe4Sb12 compounds
(R ¼ Ca, Sr, Ba, La, Ce, Pr, Nd, Eu, and Yb).
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much useful information for further design and optimization
in Fe4Sb12-based skutterudites.
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FIG. 9. ZT as a function of rion for all RFe4Sb12 compounds (R ¼ Ca, Sr,
Ba, La, Ce, Pr, Nd, Eu, and Yb) at 300 K and 800 K. The dashed lines are
guide to the eyes.

respectively. A general trend, i.e., small rion corresponds
with higher ZT, can be observed. This result might provide a
straightforward image to design or search novel compositions to realize high ZT values in filled skutterudites.

IV. CONCLUSION

In summary, a systematic study has been carried out on
RFe4Sb12 skutterudites filled with alkaline earth (Ca, Sr, and
Ba) and lanthanides metals (La, Ce, Pr, Nd, Eu, and Yb). For
all RFe4Sb12 samples, lattice constant a increases with
increasing rion. r, S and j for all samples are measured in the
temperature range from 300 to 800 K. Since divalent fillers
donate two electrons and trivalent fillers donate three electrons to compensate the holes in [Fe4Sb12] framework,
RFe4Sb12 (R ¼ Ca, Sr, Ba, Eu, and Yb) show large r and
small S values as compared with those in RFe4Sb12 with trivalent fillers (R ¼ La, Ce, Pr, and Nd). RFe4Sb12 skutterudites with similar filler valence charge state exhibit very
close r and S values. The maximum power factor value
around 34 lW/cmK2 is obtained for CeFe4Sb12, PrFe4Sb12,
and YbFe4Sb12 at 750 K. All samples possess low jL due to
the “rattling” effect of the fillers, which could scatter lowfrequency heat carrying phonons. For RFe4Sb12 with trivalent fillers (R ¼ La, Ce, Pr, and Nd), the slight increase of jL
above 700 K can be explained by the bipolar diffusion
caused by the intrinsic excitation, which is not observed in
RFe4Sb12 with divalent fillers (R ¼ Ca, Sr, Ba, Eu, and Yb).
The effect of the ionic radii of the fillers on thermal transport
properties is discussed. It is found that jL decreases with
increasing rion for samples RFe4Sb12 (R ¼ La, Ce, Pr, Nd,
and Eu). A maximum ZT value of 0.87 is obtained in
CeFe4Sb12, PrFe4Sb12 and NdFe4Sb12. In addition, an empirical trend between the ionic radii of the fillers and the thermoelectric figure of merit is proposed. Fillers with small rion
correspond to higher ZT values. This provides a straightforward trend to choose fillers to realize high ZT values in skutterudites. Our work offers a systematic understanding on the
thermoelectric transport properties in RFe4Sb12 and presents
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