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The magnetic susceptibility, field-dependent heat capacity, and electrical transport properties �resistivity and
Hall effect� are investigated for filled skutterudites MFe4Sb12 with M =Na, K, Ca, Sr, Ba, Yb, and La. The
specific heat cp�T� reveals linear terms � ranging from 100 to 200 mJ mol−1 K−2. An Einstein term contributing
to cp�T� is analyzed and discussed in connection with thermal vibrations of the cations M. The Einstein
temperatures �E=70–105 K are compared with values derived from atomic displacement parameters obtained
by x-ray diffraction and other methods. Deviations of the amplitude and frequency of the Einstein term from
the expected values are discussed. The paramagnetic susceptibility and the magnetic ground state varies
systematically with the cation charge. While NaFe4Sb12 and KFe4Sb12 are nearly half-metallic weak itinerant
ferromagnets with TC�80 K, CaFe4Sb12, SrFe4Sb12, BaFe4Sb12, and YbFe4Sb12 are nearly ferromagnetic
metals with a high Sommerfeld-Wilson ratio and strong ferromagnetic spin fluctuations. LaFe4Sb12 is para-
magnetic with predominantly antiferromagnetic fluctuations. The decrease of the low-temperature specific heat
with magnetic field is investigated. A large positive magnetoresistance is observed for both ferromagnetic and
nearly ferromagnetic compounds, while that of the La compound is small. Size and temperature dependence of
the Hall coefficient points to a compensation of hole and electron carriers. The temperature dependence of the
resistivity displays different characteristic power laws and an anomaly around 80 K. These observations can be
explained by details of the electronic structure. A systematic variation of the properties with charge transfer
from the cation M to the �Fe4Sb12� polyanion is recognized.
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I. INTRODUCTION

The filled skutterudites exhibit a wealth of topical behav-
iors, which are the source and motivation of increasing inter-
est and efforts to study and understand the underlying phys-
ics. All these materials derive from the mineral skutterudite
�Co,Fe,Ni�As2–3. Binary skutterudites having the general
chemical formula TX3 are formed by the members of the
ninth group of the periodic system �T=Co,Rh, Ir� with
pnicogens �X=P,As,Sb�. No binary compounds with iron,
ruthenium, and osmium could be synthesized under equilib-
rium conditions. In order to stabilize such compounds it is
necessary to include electropositive elements as a third com-
ponent leading to the total formula MyT4X12.

1 Here, M can
be an alkali, alkaline-earth, rare-earth, actinide metal, or thal-
lium. Different degrees of filling y can be realized up to y
=1; however, the real limits for y depend strongly on the
“filler” M and the “host” �T4X12� and are not yet well ex-
plored. The compounds MyT4X12 are also called “filled skut-
terudites” since the stabilizing atoms reside in large voids
already present in the transition-metal pnicogen framework.1

A variety of properties has been observed for rare-earth
filled skutterudites ranging from metal-insulator transitions
to magnetic and quadrupole orderings, conventional and
unconventional superconductivities, heavy fermion and/or
non-Fermi liquid behavior, and fluctuating and/or mixed
valency.2–5 Furthermore, interest in these compounds is fu-
eled by their possible use in thermoelectric applications.6,7

For exhaustive reviews on the skutterudites physics and
chemistry we refer to Refs. 2 and 7. All these studies suggest
that the physics of filled skutterudites is governed by a subtle
interplay of the filler ions and their transition-metal-pnicogen
host structure.

In this paper, we present a comprehensive study of the
structural, thermal, electronic, and transport properties of
filled skutterudites, where the fillers are nonmagnetic metals.
The recently synthesized skutterudites NaFe4Sb12 and
KFe4Sb12, and newly discovered isostructural TlFe4Sb12 ex-
hibit ferromagnetic order below TC�80 K with weak itiner-
ant magnetic moments and strong spin fluctuations �SFs�.8–10

These compounds are nearly half-metallic ferromagnets,
which are promising materials for spin-electronic devices
�spintronics�.11 A large spin polarization was predicted from
band structure calculations9,10 and, actually, a large charge
carrier spin polarization �up to 67%� was found experimen-
tally by point contact spectroscopy.12

The alkaline-earth metal compounds �M =Ca,Sr,Ba� pre-
viously studied by Danebrock et al.13 stay paramagnetic
down to 2 K. However, our electronic structure calculations
indicate that the ground state should be also ferromagnetic
within the local density approximation.14 The ytterbium-
filled skutterudite YbyFe4Sb12 is a special case. Recently,15 it
was shown that Yb in this compound is stable divalent and
its properties are not due to the formation of a heavy-electron
state at low temperatures by the Kondo effect. Consequently,
the previous classification of YbFe4Sb12 as a heavy-fermion
system is not justified. Interestingly, the electronic properties
of YbyFe4Sb12, CaFe4Sb12, and BaFe4Sb12 are found to be
almost identical. All three compounds have a huge
Sommerfeld-Wilson ratio and display large ferromagnetic
spin fluctuations, demonstrating that they are close to the
ferromagnetic quantum critical point.9,16–18 The nearly ferro-
magnetic compounds exhibit a pseudogap in the infrared op-
tical conductivity which appears at temperatures below
�100 K.19 This common phenomenon could be traced back
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to certain sharp structures in the band structure closely above
EF; thus, the occurrence of such a pseudogap does not re-
quire the presence of strong electronic correlations.19

Data for the compound LayFe4Sb12 �y=0.79, y=0.92�
complete our study. Lanthanum is stable trivalent and the
occupancy of the skutterudite’s icosahedral void with this ion
seems to be variable �y�1�.

With this set of cations possessing charges 1+, 2+, and
3+, an electron input to the �Fe4Sb12� host between 1.00 and
max. 2.76 could be realized. This charge transfer leads to
systematic modifications of the electronic states. This, to-
gether with the widely varying masses and radii of these
cations, leads to a systematic change of the phononic spec-
trum of the crystal. Therefore also the elastic properties, as,
e.g., expressed in the Debye temperature, are altered and an
influence on the thermal transport properties could be ex-
pected.

Section II will describe the synthesis of the compounds
and our experimental techniques. In Sec. III A we show re-
sults for the site occupancy, the lattice size, and the atomic
displacement parameters of the individual cations. A short
review of the magnetic properties of the compounds �Sec.
III B� is supplemented by new magnetization data on
LayFe4Sb12 single crystals and a SrFe4Sb12 sintered sample.
Specific heat capacity, its contributions, and its magnetic
field dependence will be analyzed in detail in Secs.
III C–III E. Electrical �magneto�resistivity and Hall effect
data are discussed in Secs. III F and III G. In Sec. IV the
results on MyFe4Sb12 with the differently charged cations M
are summarized.

II. EXPERIMENT

A. Synthesis

The synthesis of the polycrystalline samples of MFe4Sb12
�M =Na,K,Ca,Ba� was already described in Ref. 9, that of
the Yb compound single crystals in Ref. 15. Polycrystalline
material of the Sr compound was made similarly. Crystals of
LayFe4Sb12 with 3–5 mm size were synthesized in antimony
flux. Crystals of SrFe4Sb12 �typical size of 0.5 mm� and
BaFe4Sb12 �typical size of 1 mm� with large �100� and
smaller �110� faces were grown by the same method. In ad-
dition, polycrystalline pellets and several single crystals of
YbyFe4Sb12 �y near unity� were investigated in order to find
a sample with minimum content of Yb2O3. This magnetically
ordering Yb3+-containing impurity shows up clearly only in
the low-temperature specific heat as a lambda peak �or
broadened maximum� at 2.3 K.20,21 Photoemission and x-ray
absorption spectroscopic measurements prove that the oxide
is located predominantly on the surface of the grains.22

LayFe4Sb12 crystals with different filling levels y were inves-
tigated since these materials showed different behaviors in
the electronic heat capacity and its magnetic field depen-
dence. It is not clear why theses crystals had different La
contents since the preparation always aimed to obtain y=1.
Similar problems were encountered in the YbyFe4Sb12
system.15,21

All products are—in contrast to the educts—not at all
sensitive to air or moisture. The results presented in the cur-

rent work were obtained on samples of the same batches
used in the previous publications.9,15 Powder samples were
washed in hydrochloric acid in order to remove elemental
iron which otherwise would negatively affect magnetization
measurements.9 Due to the different preparation route this
procedure is not necessary for LayFe4Sb12 crystals. Physical
measurements were performed on single crystals or poly-
crystalline specimens cut from spark-plasma sintered �SPS�
material �92% compaction� as described previously.9 Metal-
lographic microstructure photographs and electron-probe mi-
croanalysis �wavelength dispersive analysis, Cameca SX100�
were done on polished surfaces. The analyses were carried
out with elemental Fe and Sb standards together with BaGe4
for barium, LaPt2 for lanthanum, and andradite for Ca, re-
spectively. Energy dispersive analysis of the samples was
carried out in a Philips XL30 scanning electron microscope.
In the SPS samples these investigations revealed only el-
ementary antimony as an impurity phase �about 2 vol %�.9

B. Crystal structure investigations

Powder x-ray diffraction �XRD� measurements were
made using Cu K�1 radiation ��=1.540 60 Å� applying
Guinier technique with LaB6 as an internal standard �a
=4.156 92 Å�. Low-temperature powder XRD was per-
formed on a Huber Guinier camera with a sample holder
incorporated in a closed-cycle helium cryostat. For correct
lattice parameter determination, the measurements were per-
formed with silicon powder �a=5.431 194 6 Å� used as an
internal standard.23 Powder neutron diffraction data were
taken at the Hahn-Meitner-Institut, Berlin, with instrument
E9.

Low-temperature powder synchrotron data of CaFe4Sb12
were collected at beamline B2, Hasylab at DESY, Hamburg,
in a specially designed cryostat24 between 50 and 300 K. The
powder with grain size �25 �m was placed in a quartz cap-
illary with diameter 0.3 mm and mounted inside the cryostat.
Radiation with wavelength of 0.493 49 Å was used.
Temperature-dependent single-crystal XRD data were col-
lected between 110 and 295 K on a Stoe IPDS system
�Ag K� radiation; �=0.560 86 Å� and at room temperature
on a Rigaku R-axis RAPID diffractometer �Mo K� radiation
0.710 73 Å�. Crystallographic calculations were made with
the WINCSD �Ref. 25� and the SHELXL-97 �Ref. 26� program
packages.

C. Physical properties

Magnetic properties were measured on a superconducting
quantum interference device magnetometer �MPMS XL-7,
Quantum Design�. Zero-field cooling �measured in warming�
and field-cooling runs, and isothermal magnetization loops
were performed up to �0H=7 T. Additional isothermal mag-
netization curves up to �0H=14 T were measured by an ex-
traction technique �PPMS, Quantum Design�. No demagne-
tization or diamagnetic core corrections were applied. The
pressure dependence of the magnetization was checked in a
miniature Cu-Be pressure cell. The superconducting transi-
tion temperature of a piece of Pb in the sample space was
used to determine the pressure.
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Heat capacity was determined by a relaxation method in
PPMS instruments with fields up to �0H=14 T. The esti-
mated inaccuracy of cp�T� below 100 K is about 1%, above
100 K it increases with T to 2%–4% of cp�T�, depending on
the sample’s thermal diffusivity and mass.

Electrical resistance was measured with ac �f =13.73 Hz,
I=32 mA� on bar-shaped polycrystalline SPS samples or on
cut and polished single crystals in a PPMS. When necessary,
nominal zero-field data of ��T� were measured in �0H
=10 mT in order to suppress the instrumental artifact of
MPMS ac-transport data around T=30 K. Transversal mag-
netoresistance was determined by sweeping the temperature
at constant magnetic fields and by isothermal magnetic field
sweeps �0 T→ +9 T→0 T→−9 T→0 T� at selected tem-
peratures. For single-crystal samples, the current flow was
approximately along a �100� direction, the field along a per-
pendicular direction. The Hall effect was derived from simi-
lar isothermal magnetic field sweeps on the same samples in
a five-contact arrangement in a PPMS. The curves �xy�H� are
in many cases nonlinear and the adjustment for zero �xy at
H=0 �compensation for the misalignment of the Hall con-
tacts� at room temperature was not stable at lower tempera-
tures, even in paramagnetic samples. The transverse magne-
toresistance was found to be small in low fields and hence its
contribution to �xy at low fields can be neglected. Thus, the
Hall coefficient RH�T� was determined from the slope at low
fields for several temperatures. In measurements on ferro-
magnetically ordered phases the skew scattering strongly in-
fluences the results �anomalous Hall effect� so that only the
data of RH�T� above TC will be considered.

D. Band structure calculations

The electronic structure of MFe4Sb12 �M =K,Ca,La� has
been calculated using the full-potential nonorthogonal local-
orbital calculation scheme �FPLO, version 5.00-19�27 within
the local �spin� density approximation �L�S�DA�. In the
scalar-relativistic calculations the exchange and correlation
potentials of Perdew and Wang28 were used. As the
basis set, K �3s ,3p ,4s ,4p ,3d�, Ca �3s ,3p ,4s ,4p ,3d�,
La �4s ,4p ,5s ,5p ,5d�, Fe �3s ,3p ,4s ,4p ,3d�, and Sb
�4s ,4p ,4d ,5s ,5p ,5d� states were employed. The lower ly-
ing states were treated fully relativistically as core states. The
K or Ca 3d states as well as the Sb 5d states were taken into
account as polarization states to increase the completeness of
the basis set. The treatment of the K or Ca �3s ,3p�, La
�4s ,4p�, Fe �3s ,3p�, and Sb �4s ,4p ,4d� semicorelike states
as valence states was necessary to account for non-negligible
core-core overlaps. The spatial extension of the basis orbit-
als, controlled by a confining potential �r /r0�,4 was opti-
mized to minimize the total energy.29 In the self-consistent
cycle, a k mesh of 396 points in the irreducible part of the
Brillouin zone �8000 in the full zone� was used to ensure
accurate density of states and band structure information,
especially in the region close to the Fermi level. The Fermi
surfaces were calculated on a 60	60	60 grid.

III. RESULTS AND DISCUSSION

A. Crystal structure

In Table I we summarize the relevant crystallographic
data and the chemical composition of the compounds inves-

tigated. All compounds crystallize with the LaFe4P12 type1

with a body-centered cubic unit cell. Where single crystals
were available XRD analyses of MFe4Sb12 yielded also oc-
cupancy data for the 2a position of the cation and refined
positional parameters of the Sb atoms on the 24g site. The
cation resides inside a large distorted icosahedral cage in the
antimony-iron framework. Iron atoms are located on an 8c
position and are octahedrally coordinated by six Sb atoms.

With the values in Table I the obtained atomic displace-
ment parameters �ADPs� �Uiso� can be compared with the
relevant static parameter of the structure, namely, the radius
of the icosahedral voids formed by the Sb atoms. These radii
were calculated in the same way as previously outlined by
Nolas et al.33 The distance from the center of the void to any
of the 12 surrounding Sb atoms minus the radius of the Sb
atom rSb is regarded as the void radius. rSb is defined as half
of the average Sb-Sb separation in the individual skutteru-
dite. For the cations ionic radii compiled by Shannon34 were
used. Theoretical chemical bonding studies9,35 indicate a
complete charge transfer from the cation to the polyanionic
host. Therefore, we can use the ionic model as a first ap-
proximation.

Comparing the void radii with the cation radii it can be
easily seen that the latter are considerably smaller. This
structural peculiarity can be observed in all skutterudite com-
pounds with a transition-metal-antimony-based framework
structure and, thus, allows significantly larger vibrations of
the cations as compared to the vibrations of the atoms con-
stituting the host. These vibrations are visible in the mean
square displacement of the cation about its equilibrium posi-
tion which is experimentally available in diffraction experi-
ments from the ADPs. Indeed the ADPs of the cations are
significantly larger and strongly temperature dependent com-
pared to the atoms of the polyanion �Fig. 1, cf. reviews in
Refs. 2 and 7�.

These observations have been paraphrased in literature as
a “rattling” motion of an atom in an oversized cage which is
only loosely bonded to the cage-forming atoms. While the
term “rattling” illustrates the large ADPs in a general meta-
phorical sense rather well, it can also suggest an anharmonic
atomic potential well which evidence can hardly be provided
from room-temperature ADPs only. Sales et al.32,36 recently
discussed these implications in detail and showed that the
rather high room-temperature ADPs of filler atoms observed
in compounds adopting clathrate and skutterudite structures
can be correlated with their low lattice thermal conductivity
and with the temperature dependence of their heat capacity at
low temperatures, provided the “rattler” can be treated as an
Einstein oscillator. This structure-property relationship is
limited by the liability of ADPs to shortcomings in the actual
diffraction measurements �absorption problems applying x
rays and static disorder�. Moreover, ADPs provide no infor-
mation about correlations with the motions of other atoms.36

It is therefore necessary for this model to consider the sur-
rounding cage of Sb atoms as rather rigid and not signifi-
cantly responding to the vibrations of the cations.

Assuming independent vibrations of the fillers, harmonic
potential wells, and rigid cage walls, Einstein temperatures
�E

ADP can be calculated from ADPs applying formula �2�
from Ref. 37. The �E

ADP �including some literature data�
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might now be compared with values �E
C derived from spe-

cific heat data �see Sec. III C and Table I�.
Regarding heavy cations, �E

ADP values match �E
C values

amazingly well. There is, however, some discrepancy con-
cerning BaFe4Sb12, where �E

ADP significantly deviates from
the value derived from cp data. Calculation of �E

ADP based on
ADP values derived by Stetson et al.31 gives a better agree-
ment despite the fact that their crystals were significantly off-
stoichiometric. A more puzzling phenomenon is revealed
comparing the values of the Ba-containing compound with
LayFe4Sb12, where the masses of the cations are the same
within less than 2 amu but the �E

ADP as well as �E
C signifi-

cantly are at variance. Larger values for LayFe4Sb12 can be
understood taking into account the larger rcage /rion value, i.e.,
the La ion has more freedom in �thermal� motion. Discrep-
ancies increase if we compare the �E found for skutterudites
with lighter cations. For CaFe4Sb12 and SrFe4Sb12 single-

crystal data from literature reveal similar behavior like the
analysis of our crystals, namely, significantly higher �E

ADP

values compared with �E
C. On the other hand, �E

C for
KFe4Sb12 and CaFe4Sb12 with very similar cation masses are
more or less the same. Due to the lack of KFe4Sb12 single
crystals no ADP values are available.

Another observation can be made comparing data of
CaFe4Sb12 and YbFe4Sb12 which, according to recent
band structure calculations and physical properties
measurements,15,19 have very similar electronic properties
and unit cell dimensions. Here, for a first approximation,
scaling of the Einstein temperatures with filler mass �Yb be-
ing about four times heavier than Ca� is expected. Within the
harmonic oscillator model the force constant k can be ex-
pressed by k=m�kB�E /
�.2 A ratio kCa /kYb�0.46 is found
which would indicate a significant difference of the potential
wells for the cation vibrations. If we follow the same line of

TABLE I. Cubic lattice parameters a and atomic displacement parameters �ADPs� �Uiso� for MFe4Sb12

filled skutterudites at temperature T. Structure type: LaFe4P12. Space group: Im3̄, Z=2. rcage radii of the
icosahedral void; �E

ADP Einstein temperature derived from the ADPs; �E
C Einstein temperature from specific

heat data; RT�293 K.

M Composition a �Å� rcage �Å� rcage /rionic Uiso �Å2� T �K� �E
ADP �K� �E

C �K�

Na8 Na0.95�1�Fe4.08�1�Sb11.92�1� 9.1767�5� 1.9401 1.40 0.0220�3� RT 170 81

9.1759�8�a 0.041�5� 300 125

Na0.97�3�Fe4Sb12
b 0.0221�3� 170

NaFe4Sb12 0.0242�1� 162

Cac Ca0.91�1�Fe4.02�2�Sb12.05�3� 9.1631�4� 1.9344 1.44 0.0233�6� RT 125 88

Ca0.87�1�Fe4Sb12
b 0.0212�1� 130

CaFe4Sb12 0.0274�3� 114

Ca1.0�1�Fe4Sb12
d 9.162�1� 0.0258�2� 118

Src SrFe4Sb12 9.1810�3� 1.9548 1.36 0.0191�6� RT 93 93

Sr0.83�1�Fe4Sb12
b 0.0112�9� 121

Sr0.93�1�Fe4Sb12
d 9.1812�6� 0.0128�3� 113

Bac Ba0.96�2�Fe4.03�2�Sb12.03�3� 9.2058�2� 1.9880 1.23 0.0053�3� RT 140 104

0.0064�1� 128

BaFe4Sb12 0.0066�3� 126

Ba0.84�1�Fe4Sb12
e 0.0103�3� 100

La La0.87�1�Fe4.08�1�Sb12.1�1� 9.1454�5� 1.9329 1.42 0.0167�5� RT 79 77

La0.91�1�Fe4Sb12
b 0.0184�6� 75

LaFe4Sb12 0.0220�6� 68

LaFe4Sb12
f 0.013�1� 88

Yb15 Yb0.97�1�Fe3.98�2�Sb12.1�2� 9.1586�5� 1.9288 0.0215�2� RT 61 62

YbFe4Sb12 0.0252�4� 57

YbFe4Sb12
f 0.0196�9� 65

aFrom neutron powder diffraction.
bOccupancies refined from single crystal XRD.
cRefined Sb �0,y ,z� positions at RT: CaFe4Sb12 �0, 0.15958�2�, 0.33667�2��; SrFe4Sb12 �0, 0.16003�5�,
0.33797�5��; BaFe4Sb12 �0, 0.16134�4�, 0.34021�4��.
dReference 30.
eReference 31.
fReference 32.
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arguments for Ba and La filled skutterudites we have to con-
clude that the force constant kBa is about 1.8 times larger
than kLa indicating a deeper potential. Also the slopes
dUiso /dT for the two compounds �fits in Fig. 1: Ba
2.6�4� Å2 /K, La 6.0�2� Å2 /K� differ by roughly this factor.

On the other hand, the significant increase of �E
C from Ca

to Sr and Ba cannot be understood at all by the simple as-
sumptions of a harmonic oscillator model �decreasing vibra-
tion frequencies with increasing atomic masses�. There, the
trend should be exactly the other way round. Only if in the
sequence kBa�kSr�kCa the values of k increase stronger
than the atomic masses, the Einstein temperatures will in-
crease. We, however, observe a decrease in the ratio
rcage /rionic when moving from Ca to Ba, thus tightening the
confinement of the cations. This is in qualitative agreement
with the observation of a larger slope dUiso /dT for the Ca
compound compared with the Ba homolog �see Fig. 1�.

For NaFe4Sb12, the skutterudite compound with the light-
est cation to date, the disagreement of the �E

ADP and �E
C

values is maximal. Much higher ADPs should be observed.
From this analysis it can be concluded that �E

ADP values
match �E

C values only for heavy fillers, e.g., the rare-earth
metals, in line with previous investigations of Sales et al.32,36

Severe discrepancies are immediately encountered for skut-
terudites with lighter fillers. These findings thus suggest sig-
nificant differences in the cation potentials as well as hybrid-
ization effects which cannot be treated by the simplistic
harmonic oscillator model.

B. Paramagnetic moment of the [Fe4Sb12] polyanion

The magnetic properties of MFe4Sb12 skutterudites de-
pend on the nonmagnetic filler ion M. Figure 2 summarizes
the inverse magnetic susceptibility data ��T� for the investi-
gated purified MFe4Sb12 samples. It can be seen that for high
temperatures �T�100–150 K� ��T� is well described by a
Curie–Weiss law. To obtain this picture it is imperative to use
samples with very low levels of ferromagnetic �i.e., metallic
iron� impurities in measurements at high external magnetic

fields �see discussion in Ref. 9�. NaFe4Sb12 and KFe4Sb12
order ferromagnetically at �80 K while the other com-
pounds stay paramagnetic down to 1.8 K. The paramagnetic
effective moments �eff /Fe atom are 1.5–1.7�B with �P�
+85 K�TC for the compounds with monovalent M =Na,K
ions and smaller positive �P for compounds with divalent M
ions �Ca: +45 K, Sr: +41 K, Ba: +20 K, Yb0.95: +45 K�.9,15

For the weaker paramagnetic LayFe4Sb12 a negative
temperature-independent contribution �0 becomes visible at
high temperatures. While fits with a modified Curie–Weiss
model result in �0�−500	10−6 emu mol−1 for both compo-
sitions we preferred to fix �0 to the sum of the diamagnetic
core contributions ��dia=−240	10−6 emu mol−1�.38 Fits
yield smaller values of �eff /Fe atom=1.23�B �y=0.79 and
y=0.92� and clearly negative �P=−56 K �y=0.79� and
−44 K �y=0.92�. These parameters depend significantly on
the choice of �0 and of the temperature range of the fit. The
parameters are in fair agreement with those of Viennois
et al.:39 �eff /Fe atom=1.13 or 1.18�B, �P=−42 or −55 K,
albeit with �0=0. The LayFe4Sb12 crystals as well as poly-
crystalline materials do not show ferromagnetic impurities.

Obviously, the values of �eff cannot be explained by as-
suming Fe2+ and Fe3+ ions with localized moments. The oc-
currence of ferromagnetic order with small moments of
0.25–0.28�B /Fe atom �remanence� proves that the Na, K,
and Tl �Ref. 10� compounds are itinerant magnetic systems.
The Curie–Weiss law observed for all seven compounds, the
saturation of M /H for �0H1 T at low temperatures, and
the hump around T=�P in the paramagnetic compounds15

thus can be understood as fingerprints of strong spin fluctua-
tions. According to Moriya,40 in the nonordering compounds
the Weiss temperature should be taken as the typical energy
scale of the spin fluctuations.

When increasing the cation charge from 1+ to 2+, �eff
decreases only slightly �by �0.1�B� but �P reduces to half
the value of the compounds which order magnetically. Also,
there is a trend of decreasing �P in the series Ca /Yb, Sr, Ba.
The most influential factor is presumably the lattice volume,
which increases in this sequence of cations. This is fully
consistent with the ordered moment values obtained from

FIG. 1. �Color online� Temperature dependence of isotropic dis-
placement parameters of the cations in MFe4Sb12 �M
=Ca,Ba,La0.87 ,Yb0.97�. The lines are linear fits to the data.

FIG. 2. �Color online� Inverse magnetic susceptibility H /M of
filled skutterudites MFe4Sb12 �M =Na,K,Ca,Sr,Ba,La0.79 ,Yb0.97�
for high external fields and corrected for ferromagnetic impurities.

MAGNETIC, THERMAL, AND ELECTRONIC PROPERTIES… PHYSICAL REVIEW B 77, 094421 �2008�

094421-5



fixed spin moment calculations:14 The calculated gain in en-
ergy and the ordered moment for the ferromagnetic solution
decrease in the same sequence Yb, Ca �very little less than
for Yb�, Sr, Ba.

Even for La a tiny energy gain is calculated for the ferro-
magnetic state; however, since the experimental value of the
Weiss temperature �P is clearly negative a more favorable
antiferromagnetic solution might be found. In a recent NMR
investigation by Gippius et al.41 it was concluded from a
typical T−1/2 dependence of the spin relaxation time 1 /T1 that
in LayFe4Sb12 antiferromagnetic spin fluctuations are domi-
nating. There are, however, also indications for the presence
of ferromagnetic spin fluctuations.39,42,43

The Curie temperature of polycrystalline NaFe4Sb12 in-
creases approximately linearly with pressure �at 1.42 GPa by
+4.2 K� with a rate of �3 K /GPa, i.e., by +3.7% /GPa.
Also, an increase of the coercive field at 1.8 K by �20% and
upturn of M�H� for temperatures below �15 K was ob-
served at low temperatures and maximum applied pressure
�1.42 GPa�. In electronic structure calculations within the
LSDA the magnetic moment is suppressed with decreasing
lattice parameter �i.e., applying pressure�. As a consequence
TC should decrease with pressure. A positive dTC /dp indi-
cates that the damping of the spin fluctuations by application
of pressure is more effective than the reduction of the mean-
field moment. One may speculate that application of pressure
might drive the paramagnetic compounds with divalent cat-
ions toward ferromagnetic ordering. Actually, in CaFe4Sb12 a
similar increase of M�H� for temperatures below that of the
hump �i.e., below ��P� could be found. However, for small
pressures up to 1.2 GPa and various fields no ferromag-
netism could be induced in CaFe4Sb12.

C. Specific heat capacity

The molar heat capacity cp�T� of all seven compounds is
displayed in Fig. 3. For temperatures well above 100 K the
values of cp�T� for M =Na, K, Ca, and La0.92 are identical
within the estimated accuracy of the measurements, only for
M =Ba cp�T� is significantly larger. For this Ba sample �a
conventional sinter with low compaction� the significantly
higher cp �+2% –3% � above 200 K is probably due to the
low thermal diffusivity of the pellet and the connected ther-
mal radiation losses. The data for the compounds with M
=Na,K display a small second-order anomaly at 81 K �tran-
sition midpoint for the Na sample� and 80 K �K�, respec-
tively, with widths less than 1% of TC, in good agreement
with the Curie temperatures determined by magnetization
measurements.9

Figure 4 displays the specific heat below 14 K in the cp /T
vs T2 representation. It is already obvious that the electronic
term �T for the compounds with Na, K, Ca, Sr, and Ba is of
the same size �100–120 mJ mol−1 K−1�. Only LayFe4Sb12
samples show clearly a large value ��200 mJ mol−1 K−2�. In
order to make the differences in the specific heats visible one
has to subtract cp�T� of a suitable reference compound. Since
the nonfilled FeSb3 skutterudite does not exist in bulk form
we have chosen the specific heat of CaFe4Sb12 as the refer-
ence.

Figure 5 shows the differences �cp�T� /T for all investi-
gated compounds to cp�T� of the Ca compound �actually, to a
spline fitted to the CaFe4Sb12 data�. As already established
above, the electronic terms of the Na, K, Ca, Sr, and Ba
compounds are almost identical, viz., �cp /T→0 for T→0.
For the Yb compound an upturn of �cp�T� and a small
lambda peak are visible which is due to �0.5 mol % of
Yb2O3, which orders antiferromagnetically around 2.3 K.20

For a comprehensive discussion of this problem we refer
to Refs. 15 and 22 and the recent paper by Ikeno et al.21

The value of � of YbFe4Sb12 seems to be only slightly larger
than that of CaFe4Sb12, consistent with band structure

FIG. 3. �Color online� Specific heat of filled skutterudites
MFe4Sb12 �M =Na,K,Ca,Sr,Ba,La0.92 ,Yb0.97� �main panel�.
Curves have been shifted by 20 units each. The inset shows the
field dependence of the specific heat of KFe4Sb12 near the ferro-
magnetic transition.

FIG. 4. �Color online� Specific heat capacity of filled skutteru-
dites MFe4Sb12 �M =Na,K,Ca,Sr,Ba,La0.79 ,Yb0.95� below 14 K
in a c /T vs T2 representation.
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calculations.15 For the compounds with divalent cations �Ca,
Sr, Ba, Yb� the Sommerfeld-Wilson ratio RW=�2kB

2� /3�B
2�

�with the low-temperature susceptibility �� is very large
��24 for YbyFe4Sb12 and CaFe4Sb12�,15 indicating that they

are close to ferromagnetic ordering. Actually, Yoshii et al.44

reported that for T�50 K Ca, Sr, and even BaFe4Sb12 ex-
hibit itinerant electron metamagnetism and display broad
metamagnetic transitions to a ferromagnetically ordered state
�for CaFe4Sb12 above �0H=13 T�.

Values of � obtained from fits of a simple model cp�T�
=�T+�T3+�T5 for T�7 K including the electronic term
and the Debye T3 and T5 terms47–49 are given in Table II. For
LayFe4Sb12 an additional field-dependent SF contribution to
cp�T� at low temperatures is observed. An analysis of cp�T�
from zero-field data only leads to unrealistic results. A de-
convolution of cp�T ,H� data of LayFe4Sb12 into its contribu-
tions is presented in Sec. III E.

D. Low-lying phonon term

The large differences in cp�T� of the filled skutterudites at
medium temperatures cannot be explained by electronic or
magnetic contributions but are of phononic origin. In a sim-
plistic model, the thermal excitations of the cation in its rela-
tively large icosahedral Sb environment lead to a low-lying
phonon mode. In a first approximation the phonon can be
described by an Einstein term �characteristic temperature

TABLE II. Parameters resulting from fits of the zero-field specific heat cp�T� to a simple �T�7 K;
Debye+electronic term� model �first line for each compound� and to Eq. �1� including an additional Einstein
term �T2�200 K2, second and third lines for each compound�. R=8.314 472 J mol−1 is the molar gas con-
stant. �D was calculated from � with 16 atoms of the �Fe4Sb12� polyanion, but for 17 atoms for the simple
model. Numerical-only inaccuracy of the last digits is given in parentheses. For La compounds see Sec. III E.

Compound

Electronic term
�

�mJ mol−1 K−2�

T3 and T5 Debye terms Einstein term

�
�mJ mol−1 K−4�

�D

�K�
�

��J mol−1 K−6� � /3R
�E

�K�

NaFe4Sb12 �simple� 122.0�0.4� 1.625�36� 273 10.7�7�
Na�Fe4Sb12� 116.4�0.6� 2.172�18� 243 0.12�5� 1.00 81.6�0.4�

116.2�0.6� 2.182�18� 243 1.02�1� 81.8�0.4�

KFe4Sb12 �simple� 116.3�0.5� 1.655�43� 271 5.5�8�
K�Fe4Sb12� 113.1�0.4� 1.949�11� 252 ª0 1.00 86.4�0.3�

113.2�0.4� 1.944�12� 252 0.99�1� 86.1�0.5�

CaFe4Sb12 �simple� 112.4�0.4� 1.325�30� 292 5.5�5�
Ca�Fe4Sb12� 109.1�0.4� 1.614�10� 268 0.53�5� 1.00 87.8�0.4�

108.5�0.5� 1.651�13� 266 1.15�2� 88.8�0.5�

SrFe4Sb12 �simple� 115.7�0.3� 1.229�23� 300 4.5�4�
Sr�Fe4Sb12�a 111.8�0.3� 1.491�07� 275 0.59�5� 1.00 92.6�0.4�

111.2�0.4� 1.535�10� 273 1.19�2� 93.6�0.6�

BaFe4Sb12 �simple� 102.4�0.3� 1.418�25� 286 5.2�4�
Ba�Fe4Sb12� 98.1�0.4� 1.733�11� 262 0.78�19� 1.00 104.2�2.0�

97.8�0.6� 1.773�14� 260 1.18�8� 101.4�1.6�

YbFe4Sb12 �simple� 141.2�4.2� 0.647�226� 364 37.0�30�
Yby�Fe4Sb12�b 138.1�1.1� 1.808�25� 258 ª0 0.95 63.0�0.3�

116.7�1.3� 2.388�34� 235 0.70�2� 61.8�1.2�
aRange of fit �3 K,14.1 K�.
bCation filling level y=0.95; range of fit �5 K,14.1 K�.

FIG. 5. �Color online� Difference of the specific heats �cp /T of
filled skutterudites MFe4Sb12 �M =Na,K,Ca,Sr,Ba,La0.79 ,Yb0.95�
to a smooth fit of cp�T� of CaFe4Sb12.
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�E=
�E /kB� centering the mode in the phonon density of
states. It has to be mentioned that the Einstein model applies
equally well to an optical phonon mode �with low disper-
sion� as to an ensemble of independent localized �rattling�
oscillators.

A model for the specific heat involving an Einstein mode
has previously been applied to rare-earth15,45 or thallium46

ions in skutterudites. Similar to these previous studies we
interpret here the specific heat as a combination of an Ein-
stein mode with a Debye model �Debye temperature �D� for
the remaining 16 atoms of the polyanion �Fe4Sb12�. cp�T� at
low T is fitted by

cp�T� = �T + �T3 + �T5 + �E�T/�E� , �1�

where � contains the Debye temperature �D and E is the
Einstein function.47,48 This model is not expected to work at
higher temperatures where optical �Einstein� terms of the
host need to be taken into account and the Debye approxi-
mation fails.

There are two kind of reasonable fits: Firstly, as in Ref.
15, the coefficient � of the Einstein term can be fixed to the
value 3Ry �R=kBNA� with the filling level y as determined by
chemical analysis. Secondly, � can be allowed to vary. An
interval 1.8–14.1 K was chosen for fits to cp�T� at zero field,
except for YbyFe4Sb12 where the Yb2O3 impurity hampers
the analysis for T�5 K.

It is observed that the fits where both � and � are allowed
to vary result in too large � and very small � with a large
nonsystematic scatter of these parameters. Obviously, a
strong numerical anticorrelation of � with � exists and, thus,
the results of these fits are not reliable. Therefore the extra
Debye T5 term ��ª0� was neglected when � was varied,
which should be a reasonable approximation for T /�D
�0.05.47–49

Results of the fits are given in Table II. For the first kind
of fits it is observed that � is indeed much smaller than the
Einstein contribution ���1 �J mol−1 K−6�, proving that it
can be neglected for fits in the chosen temperature range. As
a typical example, the various contributions are shown for
the CaFe4Sb12 data in Fig. 6. The second kind of fits with
variable � �and �=0� result in parameters which are close to

those from the first kind. Except for the fits on the Yb com-
pound data, the fitted parameters � deviate only by �19%
from the value 3Ry expected in this simple model. For the
light cations M =Na,K the agreement is excellent while for
M =Ca, Sr, and Ba somewhat larger values of � are found.
Only for M =Yb is a significantly smaller � obtained. The
impurity hampers a more precise determination of �, �D,
and �E for YbyFe4Sb12.

15,21

The zero-field electronic terms for the Na, K, Ca, Sr, and
Ba compounds range from 98 to 116 mJ mol−1 K−1 and also
YbyFe4Sb12 shows a value only slightly larger. The � values
for the compounds with monovalent cations are in excellent
agreement with the “bare” �0 derived from the electronic
density of states �DOS� �cf. Fig. 10� at EF
�Na:107 mJ mol−1 K−1, K:112 mJ mol−1 K−1�.9,14 For
CaFe4Sb12 and YbFe4Sb12 lower values of �0 are calculated
�Ca and Yb: �75 mJ mol−1 K−1� indicating only a small
renormalization, consistent with the observation of ferromag-
netic spin fluctuations.15 The homolog with the heavier group
8 elements Ru and Os �M =Ca,Sr,Ba,La� display lower
values of � ��45 mJ mol−1 K−2� suggesting that only in the
Fe compounds the large DOS at EF leads to such large �
values.18

The Debye temperature �D �value for T→0� increases
with the charge of the cation from 243 K �Na� to 267 K �Ca�
indicating that the covalent bonding within the �Fe4Sb12�
polyanion structure is getting stronger with increased charge
transferred to it from the cation. A slight decrease of �D with
increasing atomic mass of the cation is observed for the di-
valent cations Ca, Sr, Ba, and Yb. This might indicate a weak
coupling of the filler vibrations to the host lattice acoustic
phonon modes, i.e., the two phonon systems cannot be
treated as totally independent, even at low temperatures. As
concluded from fits with fixed � the Debye T5 coefficient � is
typically below 1 �J mol−1 K−6 �less than 0.1% of the value
of ��. With the simple fits this Debye T5 contribution is
strongly overestimated due to the presence of the Einstein
term.

The obtained Einstein temperatures �E are between 62
and 104 K. The heavy Yb ion has the lowest �E among the
investigated compounds and only the very heavy Tl1+ ion in
TlyCo4−xFexSb12 �y�0.8�46 and in the very recently reported
skutterudite compound TlFe4Sb12 �Ref. 10� displays a lower-
lying mode ��E�53 K�. The values of �E can be compared
with those derived from ADPs from diffraction investiga-
tions �see Table I and discussion in Sec. III A�, inelastic neu-
tron scattering, extended x-ray absorption fine structure �EX-
AFS�, or nuclear inelastic scattering investigations. For M
=Na,K,Ca,Sr,Ba ADP values are available. For M =Yb the
values of Cao et al.50 from EXAFS are 72 and 79 K, respec-
tively, in fair agreement with our results �62 K�.

A remarkable result is the fact that the fitted � is signifi-
cantly lower than 3Ry for the heavier cations La �see below�,
Yb, and especially Tl10 and somewhat larger than this value
for Ca, Sr, and Ba. The significantly lower � for YbyFe4Sb12
�TlFe4Sb12� �Ref. 10� suggests that only 70% �64%�10 of the
spectral weight of the cation vibrations are concentrated in
the lowest-lying peak of the phonon density of states and that
the remaining weight is dispersed over a wider energy range
or contained in peaks at higher energies. Values of � larger

FIG. 6. �Color online� Specific heat of CaFe4Sb12 below 14 K.
The lines give the contributions of the individual terms of the fit in
Eq. �1�.
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than 3Ry cannot be understood within the simple model ei-
ther. They may hint to a contribution of antimony cage atom
vibrations to the low-energy phonon mode in the compounds
with light cations. The presence of such contributions is rea-
sonable since these cations are lighter or of similar mass than
antimony. On the other hand, for heavy cations as Yb or Tl a
much weaker coupling between the cation and cage atom
vibrations is expected.

For EuyFe4Sb12 the partial phonon DOS for Eu and Fe
atoms was determined by Long et al.51 by nuclear inelastic
scattering. For the �Mössbauer-active� cation Eu2+ in total
three peaks were observed at 7.3�1�, 12.0�4�, and
17.8�5� meV with areas of 3.4�2�, 1.1�2�, and 0.5�1�, in
agreement with previous calculations of the partial La pho-
non DOS in LaFe4Sb12.

52,53 The two higher-energy peaks are
in the DOS region of the Sb vibrations while the major peaks
of the Fe vibrations are found between 25 and 35 meV. The
relative spectral weight of the lowest-lying cation vibration
peak is only 68% of the total. A similar splitting of cation
phonon DOS can be expected for skutterudites with other
heavy cations. Thus, the spectral weight ��� of the Einstein
term in the specific heat should be lower than 3Ry. There is
actually good agreement of the spectroscopic results on
EuyFe4Sb12 �Ref. 51� �spectral weight 68%� with our findings
from specific heat �70% or 64% of 3R�. Fits to specific heat
data of EuyFe4Sb12 crystals with the model in Eq. �1� fail to
give reliable values of � and �E.54 This is due to the mag-
netic contribution of the ordered Eu2+ sublattice.55 For the
skutterudite compounds covered by the present work, data
from inelastic neutron scattering investigations and ab initio
phonon DOS calculations corroborate the above picture.56

Recently, also direct indications for a significant coupling
of the Sb vibrations to those of the cation have been ob-
served in 121Sb nuclear inelastic scattering data.57 All these
facts imply a hybridization of the cation vibrations to the
host vibrations, namely, to the Sb atoms forming the cavity,
even for heavy cations. For heavy cations this coupling has
already been discussed for TlFe4Sb12.

10 For light cations the
hybridization is expected to be much stronger. Thus, the fact
that the fits to cp�T� for compounds with light cations yield
values of � close to or slightly larger than 3Ry might be just
accidental.

E. Field dependence of specific heat: LayFe4Sb12

Figure 7 shows the field dependence of cp�T� for four of
the investigated skutterudites. While there is a small decrease
of � detectable for the ferromagnetically ordered phases, no
change of � with H is resolved for the nearly ferromagnetic
compounds. For paramagnetic compounds with SFs a sizable
field dependence of the nonphononic contributions to cp�T�
was frequently observed which is due to a damping of the SF
�for a review see, e.g., Refs. 58 and 48�. In a first approxi-
mation the electronic term �T is suppressed with increasing
field. For our compounds, it has to be concluded that SFs
either do not contribute much to the electronic specific heat
or that the SFs are not measurably sensitive to fields.

The typical energy scale of the SF is given by �P which
varies between 80 K �M =Na,K,Tl� and 20 K �M =Ba�.

Thus, especially for BaFe4Sb12 a significant SF contribution
to � might be expected. On the other hand, there is
only a vague trend in � �a decrease from �120 to
�100 mJ mol−1 K−1�. Assuming similar values for � �due to
the similar DOS values at EF�,14 this would leave room only
for a small contribution from SF �of order 10 mJ mol−1 K−1�
to � of these compounds. Interestingly, only the ferromag-
netic compounds with the slightly larger � values actually
display the small decrease of � with increasing field. Thus,
the effect is probably due to a damping of a ferromagnetic
spin wave contribution �cSW�T3/2� in the ordered state.

In contrast, for the La compound samples �y=0.79 and
0.92�, � is almost twice that of the other compounds. In a
cp /T vs T2 plot �Figs. 8 and 9� and also in the �cp�T� plot in
Fig. 5 a gradual upturn is visible below 50 K2 indicating an

FIG. 7. �Color online� Magnetic field dependence of the specific
heat �cp�T� /T vs T2 representation� of filled skutterudites MFe4Sb12

�from top to bottom: M =Na,K,Ca,Ba� below 10 K �see text�.

FIG. 8. �Color online� Magnetic field dependence of the specific
heat �cp�T� /T vs T2 representation� of LayFe4Sb12 �y=0.79� below
10 K. The inset shows ��H� �symbols� and a linear fit �line�. The
anomalies below �9 K2 are due to an insufficiently calibrated field
dependence of the temperature sensor.
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additional contribution to cp�T�. This contribution and the
linear term decrease strongly with increasing field. The data
for the La0.79Fe4Sb12 crystal �Fig. 8� were fitted for fields of
0, 2, 3, 4, 6, and 9 T with two different models. A simple
model cp�T ,H�=��H�T3+��H�T5+��H�T could be applied
to describe the data only in the limited temperature range of
3–7 K. The linear term � of 195�3� mJ mol−1 K−2 at
H=0 decreases with field approximately linearly by
−3.2�5� mJ mol−1 K−2 T−1, i.e., 1.6�2�	10−2 /T �see inset of
Fig. 8�. Both values, ��0� and the slope, are in agreement
with the findings of Viennois et al.39

More successfully the data can be fitted with a model
including additionally an Einstein term and a SF contribution
�T3 ln�T /TSF� �Refs. 48 and 58� for the upturn of �cp�T�
�clearly visible in Fig. 5 below 8 K�. A SF contribution of
this temperature dependence has been observed, e.g., in
Ni3Al and UAl2.48,58 With the Einstein term the range of the
fits could be extended to higher temperatures �here, 10 K�.
The reduced least-squares deviation of the fit for H=0 de-
creased to half the value when adding the SF term, underlin-
ing its significance. In order to obtain more reliable param-
eters ��, �, and ��, the Einstein term for �0H=9 T was
determined from the fit, and the optimal parameters �
=17.2�1.1� J mol−1 K−1 and �E=76.4�1.6� K were then fixed
for all fits of data at lower fields. The resulting ��H� is—
within error bars—identical to the one from fits with the
simple model ���H=0�=198�2� mJ mol−1 K−2, slope
−3.6�4� mJ mol−1 K−2 T−1�.

In fits including both the �T3 and a �T3 ln�T /TSF� contri-
bution the coefficients � and � are anticorrelated. Since we
do not know the lattice Debye temperature and thus �lat we
have to extract it from the fit parameter �. Plotting the fitted
� as function of � results in a good linear relationship
����=��0�−� ln TSF. From ��0� a Debye temperature �D
=264�2� K is calculated while for the SF temperature TSF
=13�1� K is found.

For the second single-crystal sample �y=0.92� measure-
ments up to �0H=14 T were performed. The dependence of
� on H was slightly different. For this crystal, there is almost
no decrease of � for fields up to 4 T, a phenomenon

mentioned for several spin fluctuation compounds.48,58

Then a linear decrease of � with a rate of
−2.3�1� mJ mol−1 K−2 T−1, i.e., 1.2�1�	10−2 /T with
��H=0�=196�1� mJ mol−1 K−2 T−1 is observed. While
��H=0� is identical for both crystals the decrease of � with
H is weaker for the crystal with the larger occupancy of the
La site. Again, the Einstein term for �0H=14 T was deter-
mined from the fit and these parameters �=15.1�7� and �E
=68.7�6� K were used for the fits at lower fields. � as func-
tion of � again shows a good linear relation. A higher Debye
temperature �D=298�1� K is calculated and the energy scale
for SF is also higher for the La0.92Fe4Sb12 sample �TSF
=17�1� K� than for the La0.79Fe4Sb12 sample, consistent with
the smaller field dependence of � for the La-rich sample.

The relatively low SF temperatures compared with the
larger positive Weiss temperatures �P of the skutterudites
with mono- and divalent cations motivate the presence of the
large SF contribution in the specific heat of LayFe4Sb12. The
meaning of the sizable negative �P from the susceptibility is,
however, unclear in this respect. While from NMR measure-
ments it was concluded that the SFs in LayFe4Sb12 are pre-
dominantly antiferromagnetic in character,41 a small energy
reduction is still found for a ferromagnetic state in fixed spin
moment calculations.14 From other NMR and NQR study
Magishi et al.42 concluded that the SFs are ferromagnetic in
La0.88Fe4Sb12. Viennois et al.39 also concluded from the low-
temperature susceptibility that the SFs are of ferromagnetic
character.

Since � decreases linearly up to our maximum field it is
impossible to derive an electronic � from our experiments.
The bare �0 derived from the DOS at EF for LaFe4Sb12 is
only 55 mJ mol−1 K−1 �see Fig. 10 and inset�. Assuming a
further increase of the enhancement of �, as observed when
going from the alkali to the alkaline-earth skutterudites, a
value of �0�100 mJ mol−1 K−2 T−1 might be estimated,14 in
agreement with the value of 110 mJ mol−1 K−2 derived in a
similar way in Refs. 39 and 43.

The resulting value of �D for the sample with the lower
La occupancy is very similar to that of the skutterudites with

FIG. 9. �Color online� Magnetic field dependence of the heat
capacity of LayFe4Sb12 �y=0.92� below 7 K.
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FIG. 10. �Color online� Comparison of the paramagnetic elec-
tronic DOS for KFe4Sb12, CaFe4Sb12, and LaFe4Sb12. The inset
shows a magnification around EF.
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divalent fillers, e.g., BaFe4Sb12. This might be understood
from the fact that the maximum charge transferred from
the 0.79 La3+ ions to the polyanion is only 2.37e−, i.e., only
little more than two electrons. Thus, the polyanion of
La0.79Fe4Sb12 is only a little “harder” than that of the skut-
terudites with Ca, Sr, Ba, or Yb. The significantly larger �D
for the La0.92Fe4Sb12 crystal demonstrates that the chemical
bond strength in the polyanion increases with increasing La
occupancy and charge transfer.

For M =La the Einstein temperature �E is available—
besides from ADPs �see Table I�—from several methods: ab
initio phonon calculations by Feldman et al.52 give 7.1 meV
�82 K� and inelastic neutron scattering measurements by
Viennois et al.59 and Feldman et al.53 consistently yield
�7 meV �81 K� for La0.90-0.95Fe4Sb12,

60 all in fair agreement
with our values �77 and 69 K, respectively, for two different
La contents�. Again, the coefficient � of the Einstein term is
less than 3Ry �for a discussion see Sec. III D�.

F. Electrical resistivity and magnetoresistance

The electrical resistivity ��T� of differently prepared com-
pact samples of the seven skutterudites is given in the upper
panel of Fig. 11. Here, the bulk density of the samples has
a very strong influence on the absolute resistivity and the
residual resistivity. Conventionally pressed and sintered
samples with bulk densities well below theoretical density
�as here the BaFe4Sb12 sample� have much higher room tem-
perature and residual resistivities than our current SPS mate-
rials �at 0.6 GPa and 200–350 °C for 2 h�. The SPS samples
of KFe4Sb12 and NaFe4Sb12 have bulk densities of 92% and
93% of the density determined from the x-ray lattice param-
eters, respectively. They have resistivities well below that of
previous less-dense material8 and near that of the two single-
crystal samples. Subtracting the residual resistivity �0 and
normalizing at 300 K yield the curves in the lower panel of
Fig. 11. The common feature of the normalized curves is the
clear shoulder around 70–100 K. The shoulder is most pro-
nounced for MFe4Sb12 with divalent cations M and for M
=Ba it is at a higher temperature compared to M =Ca,Yb.
The shoulder has vanished for LayFe4Sb12. In the ferromag-
netic Na and K compounds the shoulder is overlaid by the
small ordering anomaly at—most remarkably—the same
temperature of TC�80K.

A shoulder in ��T� at elevated temperature is often due to
s-d scattering, where light charge carriers are scattered off
more heavy electrons forming a narrow band near EF. In
order to check for the possible presence of different s-d scat-
tering in the compounds, the partial DOS for s and d elec-
trons at EF were calculated.14 There is, however, no signifi-
cant difference in the ratio of s and d DOS for the
skutterudites with differently charged cations; thus, we have
to abandon this explanation.

For the investigated compounds with divalent filler ions
M an infrared pseudogap �with minimum at 12 meV for M
=Ca,Sr,Yb and 15 meV for M =Ba� was reported to appear
at temperatures below �100 K. Such gap is not present in
Na and K filled skutterudites19,61 and also does not exist for
LayFe4Sb12 �see Fig. 10 inset�. A closer inspection of the

spectral weight shift with temperature shows that the pres-
ence and the closing of the gap �by thermal smearing� lead to
an increase of the dc resistivity below �100 K compared to
compounds where no such pseudogap is present. The very
pronounced shoulder of ��T� of the skutterudites with diva-
lent cations may thus be rationalized. Indeed, for BaFe4Sb12
the shoulder in ��T� occurs at a higher temperature than for
Ca, Yb, and Sr compounds, in agreement with the infrared
spectroscopic data and detailed band structure calculations.19

The pseudogap can be explained by the fine details of the
electronic structure which are well reproduced by calcula-
tions �see Fig. 10 inset�. For more details we refer to Ref. 14.

The inset of Fig. 11 shows the low-temperature depen-
dence of the normalized resistivity in zero field. It is evident
that again a clear distinction can be made between the skut-
terudites with monovalent, divalent, and trivalent cations.
��T ,H� was fitted with power laws �plus �0�H�� in tempera-
ture intervals with upper boundaries of 7 and 10 K. The re-
sulting exponents ��H� are given in Table III. The surpris-
ingly stable power law behavior is the T1.9 dependence found
for the ferromagnetically ordered Na and K compounds. � is
even stable up to 20 K and increases from 1.9 in zero field to
2.0 in �0H=9 T. This exponent is very close to the common
T2 dependence for a Fermi liquid.

FIG. 11. �Color online� Electrical resistivity �upper� and normal-
ized resistivity �lower panel� vs temperature of different filled skut-
terudites MFe4Sb12 �M =Na,K,Sr,Ca,Ba,La0.79 ,Yb0.95�. X assigns
single crystal samples. The remaining samples were spark-plasma
sintered �SPS�. The inset shows normalized resistivity data ��−�0�
between 1 and 7 K.
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In contrast, for the nearly ferromagnetic compounds with
divalent cations �Ca, Yb�, the T2 dependence is only found
for rather low temperatures. Fits with a higher upper limit of
temperature display significantly larger exponents �. For M
=Yb there is a decrease of � from 2.59 to 2.30 when lower-
ing the high-temperature limit. Most interestingly, for Ca a
high exponent ��3 is essentially stable for intervals with
high limits from 7 K up to 20 K. The low-T data for the Ba
compound are of less good quality and start only at 3.9 K but
show almost the same exponents as the Yb compound.
��T ,H� of all three compounds, however, displays a strong
decrease of � with increasing magnetic field and recover the
usual T2 dependence in a wide temperature interval.

The observation of a temperature dependence stronger
than T2 in ��T� for the skutterudites with divalent cations can
be explained by an additional scattering mechanism which
gets stronger with increasing temperature. This scattering
manifests itself at elevated temperature as the pronounced
shoulder in ��T� and the unexpected exponents are thus a
hallmark of the pseudogap at low temperatures. The gradual
recovery of the T2 behavior with increasing magnetic field
can be understood by a closing or smearing of the
pseudogap. Such a field behavior of the gap has actually
been observed for the filled skutterudite CeRu4Sb12 by infra-
red reflectivity measurements.62

The LayFe4Sb12 sample displays strongly different expo-
nents � of 1.61–1.68 �in zero field� and no shoulder at higher
temperatures. With increasing field � tends to slightly higher
values but the T2 law is clearly not achieved for the maxi-
mum field. The exponent is rather close to 5 /3 which is
typical for antiferromagnetic spin fluctuations.40 This is in
agreement with the negative sign of the Weiss parameter of
the high-temperature susceptibility.

The ratio A /�2 �where A is the coefficient of the T2 term
in ��T�=�0+AT2� can only be calculated for Na and
KFe4Sb12 in zero field and, eventually, for compounds
with divalent M in high magnetic fields �where we observe
such a law�. The resulting values for T�7 K are given in

Table IV. The values are between 0.13 and 0.37
	10−7 � m �mol K /J�2; thus, they are significantly smaller
than the free-electron Kadowaki-Woods value of �1
	10−7 � m �mol K /J�2. Since just the lower resistivity and
therefore the A values seem to be intrinsic it can be con-
cluded that the ratio A /�2 of all MFe4Sb12 is about 10−8 � m
�mol K /J�2.

Typical examples for the transverse magnetoresistance of
a M�Fe4Sb12� skutterudite are given in Fig. 12. For a plot of
the quite similar behavior of the Ca and Yb compounds we
refer to Fig. 4 of Ref. 15. The magnetoresistance �MR� is
large and positive below �40 K and increases quadratically
for low field and then changes over to a linear increase. For
�0H=9 T it reaches +37% in BaFe4Sb12 sinter and up to
+73% for NaFe4Sb12. Similarly high values of MR were ob-
tained for the other compounds, depending on the residual
resistivity �0 of the sample. This large MR is probably due to
the low net charge carrier concentration �i.e., a strong com-
pensation of hole- and electron-type charge carriers� in these
filled skutterudites with mono- and divalent cations. In con-
trast, the MR of LayFe4Sb12 samples is low �maximal +1.4%
at T=2 K and −0.7% at T=30 K in �0H=9 T�, confirming
again that the La compound is electronically very different
from the skutterudites with mono- and divalent cations.

G. Hall effect and band structure

Typical Hall resistivity �H isotherms plotted against the
field H are displayed for CaFe4Sb12 in Fig. 13. A correction
for a residual component from transverse magnetoresistivity
was taken into account. It can be seen that Hall resistivity
behaves strongly nonlinear in field �below about 100 K�, in
spite of there being no magnetic order in CaFe4Sb12. Similar
strong nonlinearity is observed in SrFe4Sb12 below �50 K,
for YbyFe4Sb12 below �80 K, and for the alkali-metal filled
compounds in the whole temperature range. This is in con-
trast to isotherms measured on LayFe4Sb12 samples where �H
is indeed linear in field. Thus, the nonlinearity might be due

TABLE III. Exponents � resulting from power-law fits of the resistivity ��T�=�0+AT� in magnetic fields
H for the temperature interval 1.8–7 K. For M =Ba the curve ��T� shows a change of slope for fields of 2 and
4 T. The sample with M =Sr show at the lowest temperatures an upturn of ��T� in �0H=9 T. Values of �
determined from these data are given in parentheses.

�0H �T� Na K Ca Sr Ba Yb La

0 1.88 1.93 3.11 2.49 1.97 2.30 1.68

2 1.92 1.89 2.45 2.52 �1.52� 2.04 1.68

4 1.93 1.92 2.28 2.52 �1.32� 1.98 1.72

9 2.04 1.96 2.31 �2.75� 2.26 1.91 1.80

TABLE IV. Ratio A /�2 �in 10−8 � m �mol K /J�2�. A was obtained from fits of the resistivity ��T� with
�0+AT2 in zero and 9 T magnetic field for the temperature interval 1.8–7 K.

�0H �T� Na K Ca Sr Ba Yb La

0 0.368 0.175 0.288

9 0.367 0.130 0.238 0.294 0.088
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to the nearly ferromagnetic nature of the compounds. In or-
der to get reliable values for the Hall coefficient only data at
low fields �in the linear region� were used.

The low-field Hall coefficient RH�T� for the investigated
skutterudite samples is given in Fig. 14. For the Na and K
compounds strong anomalies around and below the ferro-
magnetic ordering temperature are visible which are due to
skew scattering and which will not be discussed here further.
A recent publication by Sales et al.63 addresses in detail this
anomalous Hall effect for the ferrimagnetic skutterudite
compound EuyFe4Sb12 �with ferromagnetic order of both the
Eu and Fe sublattices�.55

All Hall resistivities RH are positive; thus, holes are the
majority charge carriers. Our band structure calculations14

indicate that the DOS at EF is dominated by only two bands:

one with overall hole and the other with overall electron
character. From the Hall data it is evident that the skutteru-
dites with monovalent cations have the smallest effective
charge carrier density and the compensation of hole and
electron bands is nearly perfect �N=3.4 and 3.9
	1020 holes /cm3 at 300 K for Na and KFe4Sb12 within a
one-band model, respectively�. Similar values for RH are
found at the lowest temperatures, in spite of the anomalous
Hall effect which is prominent for temperatures around TC.
The interpretation of the data is corroborated by the details
of the band structure of KFe4Sb12. Figure 15 shows the
Fermi surfaces of the bands relevant at the Fermi level. The
contributions of these bands to the DOS are given in Fig. 16.
In KFe4Sb12 the hole-type band �No. 174� and the electron-
type band �No. 176� contribute the same DOS at EF while
band No. 175 has a mixed character. This leads to a strong
compensation of charge carriers in this compound.

The compounds with divalent cations also show a similar
Hall effect. RH�2 K� is between 1.0 and 1.3
	10−8 � cm T−1 corresponding to 5.6 �Ca�, 5.9 �Ba, sinter�,
7.3 �Ba-SPS�, and 5.1	1020 /cm3 �Yb, crystal� uncompen-
sated holes. With increasing temperature—after going
through a small maximum—the curves RH for Ba and
YbyFe4Sb12 decrease strongly and at 300 K values corre-
sponding to N=4.0 �Ba-sinter�, 2.0 �Ba-SPS�, and 6.8 �Yb,
crystal� 	1021 holes /cm3 are attained. LayFe4Sb12 shows
only weakly temperature-dependent RH with values corre-
sponding to 6.8 and 5.2	1021 holes /cm3 at 2 and 300 K,
respectively. The observations are compatible with the de-
tails of the band structure at EF �see Figs. 15 and 16�. For
CaFe4Sb12 there are more holes from band No. 175 than
electrons from band No. 176. A significant compensation of
holes by electrons is therefore found for CaFe4Sb12 �and the
other skutterudites with divalent M�. Finally, for LaFe4Sb12,
with even more electrons transferred to the �Fe4Sb12� poly-
anion, the hole-type band No. 176 almost exclusively forms
the Fermi surface. No charge carrier compensation is thus
present and the Hall coefficient is relatively low for
LayFe4Sb12 in comparison to the compounds with divalent
cations.

FIG. 12. �Color online� Left: transverse magnetoresistance 100
	 ���H� /��0�−1� vs �0H for a SPS sample of BaFe4Sb12. Iso-
therms at 80, 100, and 120 K are almost coinciding �marked by ��.
Right: temperature dependence of the magnetoresistance 100
	 �� /�0−1� for the ferromagnetically ordering KFe4Sb12 �full sym-
bols� and for paramagnetic BaFe4Sb12 �open symbols� for �0H=9
and 4 T.

FIG. 13. �Color online� Selected isotherms �T�100 K� of the
Hall resistivity of polycrystalline CaFe4Sb12 vs field �0H.

FIG. 14. �Color online� Hall coefficient of filled skutterudites
MFe4Sb12. The anomalies of the Na and K compound data in wide
temperature range around 80 K are due the ferromagnetic ordering.
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Interestingly, CaFe4Sb12 displays a weaker decrease of RH
with increasing temperature �N=9.6	1020 holes /cm3� and a
local minimum of RH around 35 K. This temperature is simi-
lar to that of the hump observed in ��T� �see Figs. 2 and 1 in
Ref. 15� of the nearly ferromagnetic skutterudites and is also
probably due to spin fluctuations.

IV. CONCLUSIONS

The seven differently charged nonmagnetic cations �M
=Na,K,Ca,Sr,Ba,La,Yb� used in this study on MyFe4Sb12
feature a wide range of atomic mass and size. All these cat-
ions �and also thallium� are compatible with the icosahedral
cage in the �Fe4Sb12� polyanion. With increasing charge of
the cation more charge is transferred to the polyanion, chang-
ing its electronic ground state. While we did not succeed in
preparing samples with an incomplete occupation of the cat-

ion site by monovalent ions the compounds with trivalent
ions are prone to have defects on this position. The maxi-
mum charge transfer from the cation to the �Fe4Sb12� unit
seems to be close to three.

Electronic properties vary systematically with the charge
transferred to the host. While the host with one additional
electron is generally �weakly itinerant� ferromagnetic with a
TC�80 K, the compounds with divalent cations are nearly
ferromagnetic with strong spin fluctuations. It is possible to
quench these spin fluctuations and to drive these materials
toward ordering. One way is the itinerant electron metamag-
netic transition, i.e., application of high magnetic fields,44

another is the incorporation of �divalent� ions with strong
local magnetic moments such as europium �Eu2+ with S
=7 /2�.55 In the latter case a ferrimagnetic arrangement of the
Eu and Fe spins is achieved with TC�86 K, i.e., at a tem-
perature slightly higher than in the compounds with monova-
lent cations. The induced fields �0Hind as observed by Möss-
bauer spectroscopy in NaFe4Sb12 ��0Hind=1.64 T�9 and in
TlFe4Sb12 ��0Hind=0.7 T �majority component� and 1.8 T
�minority component��10 are small. For Eu0.88Fe4Sb12 simi-
larly small �0Hind values with opposite sign were observed,64

indicating that the Fe magnetism in the Eu compound and in
M1+Fe4Sb12 �M1+=Na,K,Tl� is based on the same physics.

Finally, for more than two transferred electrons, the ten-
dency toward ferromagnetic ordering almost completely
ceases �in case of LaFe4Sb12 fixed-spin moment calculations
still indicate a tiny energy gain for a ferromagnetic moment
of �0.24�B�.14 While the density of states at EF decreases in
the sequence of the ions K1+-Ca2+-La3+ the enhancement
�from a comparison with the electronic specific heat coeffi-
cient �� increases. While strong electronic correlations play
no role in Na /K /TlFe4Sb12 the La compound is a metal with
enhanced electronic correlations and � raised by about a fac-
tor of 2 over the value derived from the calculated DOS. This
large electronic specific heat coefficient is significantly low-
ered by magnetic fields, highlighting the large influence of
spin fluctuations in LayFe4Sb12. For high fields � is sup-
pressed linearly with field and spin fluctuation temperatures
TSF of 13�1� and 17�1� K are obtained, depending on the

FIG. 15. �Color online� Fermi surfaces for band Nos. 174, 175,
and 176 of KFe4Sb12 �left� and of CaFe4Sb12 �right�. Color encodes
the Fermi velocity �in 10−6 m /s� for the electron-type carriers;
golden color indicates the outside of �electron-filled� Fermi sur-
faces. Thus, outer surfaces with the golden color indicate an elec-
tronlike character of the band for these k vectors.

0

10

20

30

40

0

10

20

30

D
O

S
(s

ta
te

s
/(

eV
f.

u
.b

an
d

))

-0.2 0 0.2
Energy (eV)

0

10

20

KFe4Sb12

CaFe4Sb12

LaFe4Sb12

#174

#175

#176

#174

#175

#176

#175
#176

FIG. 16. �Color online� Band resolved density of states �DOS�
for KFe4Sb12, CaFe4Sb12, and LaFe4Sb12 for energies around the
Fermi level. The numbering of the bands corresponds to the Fermi
surfaces shown in Fig. 15. Their character is indicated by the line
styles: full—holelike, dotted—electronlike, and dot dashed—mixed
character.

SCHNELLE et al. PHYSICAL REVIEW B 77, 094421 �2008�

094421-14



filling level y. The character of the spin fluctuations is, how-
ever, not yet fully clarified.

Equally as the electronic ground state the phononic prop-
erties could be systematically evaluated for compounds with
�isoelectronic� cations of strongly different masses. The stiff-
ness of the host structure increases with the number of trans-
ferred electrons as demonstrated by the increasing Debye
temperatures. The physics of the vibrations of the cation in
its large cavity is more complicated and cannot be captured
by a simple �localized� Einstein oscillator picture. From the
spectral weight contained in the Einstein mode observed in
specific heat data of the compounds with heavier cations
�M =Yb,Tl� it can be concluded that higher-energy contribu-
tions exist which indicate a significant hybridization with
antimony modes of the cage. This hybridization of the vibra-
tions of the cation and of the host is expected to be much
stronger in skutterudites with cations of mass comparable or
lighter than antimony.

The electronic transport properties of the compounds of
this series also mirror their �calculated� electronic structure.
The large Hall coefficients of the skutterudites with mono-
and divalent cations are due to strong compensation of hole
and electron carriers from up to three bands. This is a con-
sequence of the different characters of these bands as could
be shown by detailed Fermi surface calculations. The calcu-
lated Fermi surface sheets of KFe4Sb12 and CaFe4Sb12 show
very different characters with respect to the relevant charge
carriers �holes versus electrons� and strong anisotropies in
the corresponding Fermi velocity. This explains at least

qualitatively the observed large Hall coefficients due to the
resulting strong compensation. In contrast, for LaFe4Sb12 a
single Fermi surface sheet with hole character is dominating
the transport properties, resulting in a much smaller Hall
coefficient.

The hump in the temperature dependence of the resistivity
of MFe4Sb12 �M =Ca,Sr,Ba,Yb� at �80 K and the nonqua-
dratic variation of ��T� at low temperatures are connected to
a pseudogap which vanishes at �100 K. This pseudogap has
been observed in the optical conductivity and is due to a
common characteristic feature in the band structure of these
compounds.19 The attribution of the pseudogap on a band
structure effect proves that compounds such as YbyFe4Sb12
are not at all governed by strong electronic correlations.

The electronic and phononic properties of the new com-
pound TlFe4Sb12 with monovalent Tl1+ ions10 perfectly fit
into this systematics. We also expect that this picture of the
electronic state of the �Fe4Sb12� polyanion holds when incor-
porating magnetic ions, e.g., rare-earth ions. In this case the
subtle magnetic properties of the d-electron system will be
modified and obscured by the rare-earth magnetism.
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