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Lattice dynamics and anomalous softening in the YbFe4Sb12 skutterudite
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1Jülich Centre for Neutron Science JCNS and Peter Grünberg Institut PGI, JARA-FIT, Forschungszentrum Jülich GmbH,
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The lattice dynamics of the filled skutterudite YbFe4Sb12 was studied by resonant ultrasound spectroscopy
and an anomalous softening in the temperature dependence of the elastic constants at ∼50 K was observed. This
anomaly can not be explained by the dynamics of the filler, in contrast to other filled skutterudites. We have further
investigated the origin of this anomaly using macroscopic and microscopic measurements. A rearrangement of
the spectral weight of the Yb phonon states was observed in the temperature dependence of the density of phonon
states, obtained by inelastic neutron scattering. We suggest that the anomaly is due to a change of the Yb valence
state and that the anomaly and the phonon spectral weight rearrangement have the same origin.
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I. INTRODUCTION

The interest in skutterudites and their lattice dynamics
drastically increased in the last two decades due to their
potential application in thermoelectric devices.1–6 Efficient
thermoelectric materials are required to have both a good
electrical conductivity and a poor thermal conductivity. Filled
and unfilled skutterudites are promising candidates for ther-
moelectric applications at elevated temperatures,1 because
they can simultaneously fulfill these two requirements. The
thermal conductivity of skutterudites can be tuned by filling1,2

their cage structure with heavy elements such as La, Ce,
Eu, or Yb with only a slight influence on their electrical
properties. Macroscopic measurements of filled skutterudites
and their unfilled parent compounds have shown that the
reduction of thermal conductivity is related to the nature of the
filler.3–6 Different models with various degrees of details were
suggested, which aim to explain the low thermal conductivity
in filled cage structures such as skutterudites and clathrates:
(a) the decrease of the thermal conductivity is caused by the
dynamics of the guest atom.3,5,7,8 The phonon modes of these
fillers impede the acoustic phonons and for this reason, the
phonon mean-free path and the lattice thermal conductivity
are reduced with respect to the unfilled compound. (b) An
avoided crossing of cage and filler phonon modes takes place.
This flattens the phonon modes and therefore the velocity
of sound, which is proportional to the thermal conductivity,
is reduced.9,10 (c) Phonon-phonon umklapp scattering takes
place and the heat transport is hindered.9,11,12 However, a
detailed quantitative understanding of the thermal transport
in these systems has not yet been obtained.

For filled skutterudites, it was suggested that the low
thermal conductivity is due to the dynamics of the fillers, also
known as “rattlers.”3 In order to investigate the influence of the
filler atom on the lattice dynamics, the elastic constants of filled

skutterudites, e.g., La0.9Fe3CoSb12, were studied by resonant
ultrasound spectroscopy (RUS).13 An anomaly, attributed to
the localized phonon modes of the fillers, was observed in the
temperature dependence of the elastic constants. The elastic
response of a two-level system accurately models the observed
anomaly.13 The level spacing is in good agreement with the
energy of the localized filler mode observed in the density of
phonon states (DPS) measured by inelastic neutron scattering.

The filled skutterudite YbFe4Sb12 exhibits interesting
magnetic and electrical properties, which were intensively
studied14–22 in the last 13 years. Due to the low thermal
conductivity found in this system,17 it is also an interesting
model system to study the role of the filler atoms on the
lattice dynamics.12 The parent compound FeSb3 of RFe4Sb12,
where R denotes the filler atom, was not available until
recently,23 therefore the isostructural system CoSb3 has often
been taken for comparison of RFe4Sb12 with the unfilled
structure.3,24,25 The unfilled compound CoSb3 exhibits a larger
thermal conductivity compared to the thermal conductivity
in YbFe4Sb12 and it was assumed, as for many other cage
systems, that the low thermal conductivity in YbFe4Sb12 is
solely due to the filler.

The valence state of Yb in YbFe4Sb12 is controversially
discussed in the literature. It was first suggested that the
Yb valence state is intermediate between Yb2+ and Yb3+,
because of the magnetic moment of ∼4 μB per formula
unit, which was obtained by magnetization measurements.
This moment is intermediate between ∼2.5 μB/f.u., which
would correspond to a nonmagnetic Yb2+ state, where the
polyanion [Fe4Sb12] yields the effective moment of 2.5
and ∼6.3 μB/f.u., which would correspond to a magnetic
Yb3+ valence state.14–18 Further, it was observed that the
effective mass of the conduction electrons is enhanced at
low temperatures indicating that YbFe4Sb12 might be a
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heavy-fermion system.14,16–18 Indeed, intermediate valence
states of Yb and a Wilson ratio of ∼2.6 were obtained by
magnetization and heat capacity measurements. A Yb ion
valence fluctuation temperature of ∼70 K was obtained by
infrared spectroscopy measurements.17 In the temperature
dependence of the electrical conductivity, a shoulder was
observed around this fluctuation temperature.14 Photoemission
spectroscopy measurements at 15 K favor26 the existence of
divalent and trivalent Yb ions in YbFe4Sb12. In contrast to
these observations and conclusions, only divalent Yb ions
were found19,27,28 in YbFe4Sb12, measured by x-ray absorption
spectroscopy at room temperature and 100 K. Therefore, it
was suggested that the previously observed trivalent Yb ion
contribution is due to an impurity phase and that after all
YbFe4Sb12 is not a heavy-fermion system.22 No temperature
dependence of the Yb valence state is available so far.

Herein, the temperature dependence of the elastic constants
of YbFe4Sb12, measured by RUS, is reported. An anomaly
is seen at 50 K, which can not be explained by a two-level
system model as was used for La0.9Fe3CoSb12. Different
scenarios that would explain the anomaly are presented. We
examined the temperature dependence of the lattice parameter,
the magnetization, the density of phonon states, and the valence
state of Yb in YbFe4Sb12 in order to identify the origin of this
anomaly. Temperature-dependent x-ray diffraction, magneti-
zation, inelastic neutron scattering, nuclear inelastic scattering,
and electron paramagnetic resonance measurements were
performed. These measurements suggest that a partial valence
change of Yb at ∼50 K is the reason for the anomaly seen in
the elastic constants. Further, a comparison of the density of
phonon states in YbFe4Sb12 with the parent compound FeSb3

is given.

II. EXPERIMENTAL

High-quality polycrystalline YbFe4Sb12 samples were pre-
pared by melting stoichiometric quantities of high-purity
elements in carbon-coated, sealed, and evacuated silica tubes.3

The density of these samples is 93% of the theoretical value.
Resonant ultrasound spectroscopy29 measurements have been
performed as a function of temperature between 5 and 300 K
using a homemade probe that fits in a physical-properties
measurement system from Quantum Design (QD-PPMS). For
the RUS measurements, the sample was cut and polished into
a rectangular parallelepiped.

Temperature-dependent diffraction measurements were
carried out at the 6-ID-D high-energy station at the Advanced
Photon Source between 10 and 300 K, with the sample
cooled in a closed cycle cryostat. The x-ray wavelength was
fixed at 0.124269 Å. An area detector was used and the
sample-detector distance was 1601.1(1) mm, as determined
by a NIST SRM640c Si standard. Silicon powder (Chempur,
99.999%) was mixed with the sample and used as an internal
standard. The data were reduced to diffraction patterns using
FIT2D,30 and were refined with FULLPROF.31

Magnetization measurements were carried out using a QD-
PPMS with the vibrating sample magnetometer option, VSM,
between 9 and 300 K with two different applied magnetic fields
of 0.1 and 3 T. A hysteresis measurement was performed at
300 K between −1 and +1 T.

Measurements of 57Fe Mössbauer spectra have been carried
out between 4.2 and 295 K on a constant-acceleration
spectrometer with a 295-K rhodium matrix 57Co source. The
spectrometer was calibrated at 295 K with α-Fe powder. In
order to guarantee reproducibility, measurements between
4.2 and 70 K have been carried out in three independent
experimental runs that gave consistently the same results.

The temperature dependence of the density of phonon
states, DPS, was measured between 10 and 300 K by inelastic
neutron scattering, INS, at the time-of-flight spectrometer
ARCS at the Spallation Neutron Source, with an incident
neutron energy of 59.5 meV. The data were evaluated at the
phonon creation side of the spectrum. An annular Al cylinder
was used as a sample holder for ∼10 g YbFe4Sb12 powder.
The sample holder was sealed under He atmosphere for a
better thermal connection between the sample holder and the
sample. An empty sample holder was measured under identical
conditions in order to perform a background subtraction from
the data. The sensitivity of the detectors was normalized to the
scattering from a vanadium standard. The data were reduced
using DANSE32 and visualized using DAVE.33

Nuclear inelastic scattering, NIS, measurements were car-
ried out with the 57Fe and 121Sb resonances at the European
Synchrotron Radiation Facility beamlines ID18 and ID22N,
respectively, on a ∼10 mg YbFe4Sb12 powder sample with nat-
ural abundance of the elements. The experimental technique is
described elsewhere.34–36 The resolution was 0.7 and 1.3 meV
FWHM for the 57Fe and 121Sb measurement, respectively, as
obtained from the nuclear forward scattering (NFS). Due to
a larger multiphonon contribution in the 121Sb measurement
compared to the 57Fe measurement, and a therefore less precise
DPS extraction, all Sb values have larger error bars. The
relative multiphonon contribution increases monotonically
with decreasing Lamb-Mössbauer factor, fLM, qualitatively
as 1 − fLM. Due to the typically much faster decrease of the
Sb fLM with increasing temperature, Sb measurements have to
be carried out at low temperature, therefore the data obtained
using the 121Sb resonance were measured at 30 and 100 K. The
Fe fLM of these materials only slightly decreases with increas-
ing temperature. The Fe measurement was performed at 300 K
and the multiphonon contribution was still small compared to
the multiphonon contribution in the Sb measurement at 25 K.

Electron paramagnetic resonance measurements (EPR)
were done on a powder sample in an applied field between
0 and 400 mT between 11 and 100 K, at a frequency of
9.5 GHz. The EPR measurements were performed with an
x-band BRUKER EMX spectrometer equipped with an Oxford
Instruments helium flow cryostat. In order to avoid a signal
distortion due to skin effects, the samples were ground, and
the powder was suspended in epoxy.

III. RESULTS AND DISCUSSION

A. Resonant ultrasound spectroscopy

An isotropic polycrystalline solid has two independent
elastic constants, a shear modulus c44 governing transverse
waves, and a compressional modulus c11 governing longitudi-
nal waves. The quality factor, q, is inversely proportional to
the damping, i.e., the energy dissipation in the sample, and
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FIG. 1. (Color online) (a) The temperature dependence of the
elastic constants c11, left axis, and c44, right axis, of YbFe4Sb12

measured by resonant ultrasound spectroscopy. The dashed-dotted
line indicates a Varshni behavior for c11, which would indicate a
normal temperature dependence and the dashed line indicates the fit
to the data of a two-level system model with a variation of the level
spacing with temperature. (b) The temperature dependence of the
filler mode energy, i.e., the level spacing of the two-level system,
used for the fit. (c) The temperature dependence of the inverse of the
quality factor, 1/q, as described in the text.

was obtained from the line width, �f , of a resonance peak:
1/q = �f/f .

The temperature dependence of the elastic constants and
1/q in YbFe4Sb12 measured by RUS are shown in Fig. 1. In
the absence of thermodynamic irregularities, the temperature
dependence of the elastic constants can be described by the
empirical Varshni function,37 which gradually increases with
decreasing temperature and approaches a constant at the lowest
temperature, as shown by the dashed-dotted line in Fig. 1
for c11. Our data show two clear deviations from the Varshni
function at ∼50 and ∼190 K, reflected also in the temperature
dependence of 1/q. In this manuscript, we will investigate the
origin of the anomaly visible as a rapid drop of the elastic
constants at ∼50 K.

Previous studies of other filled skutterudites have revealed
similar anomalies in the elastic constants at low temperatures.
The drop in the temperature dependence of the elastic constants
of these systems was explained adequately by the presence of
localized vibrational modes of the filler atoms.13 These modes
have a two-level character, with a spacing between the two
levels determined by the frequency of the vibrational modes.13

By taking into account the elastic response of a two-level
system with the filler mode frequency as the level spacing,
it was possible to model the temperature dependence of the
elastic constants in these systems.

The drop in the temperature dependence of the elastic
constants in YbFe4Sb12 could be due to various mechanisms:
(a) if a structural phase transition takes place, the atom
positions change and likewise the atomic bondings, which
are related to the elastic constants. (b) A magnetic phase
transition, e.g., from ferromagnetism to paramagnetism, could
also produce a step in the temperature dependence of the
elastic constants at the Curie temperature, if magnetoelastic

interactions are present. (c) A change of the frequency of
the filler phonon modes would explain such an anomaly: in
YbFe4Sb12 the two-level system model can only explain the
temperature dependence of the elastic constants, if the spacing
between the two levels and hence the frequency of the filler
mode changes with temperature, see inset in Fig. 1 for c11.
A change in the frequency of the filler mode as a function of
temperature could be observed in the temperature dependence
of the density of phonon states. (d) A change of the valence
state of Yb would also affect the interatomic force constants
and the elastic constants.

In order to investigate if one of the scenarios (a)–(d) is
the origin of this anomaly, the temperature dependence of the
lattice parameter, the magnetic susceptibility, the density of
phonon states, and the Yb valence state have been investigated
by different methods and the findings are reported below.

B. Structure and magnetism

First, we investigate the presence of a possible structural
or magnetic phase transition. YbFe4Sb12 exhibits14 a cubic
structure with the space group Im3. The Yb filler is located in
a dodecahedral cage of Sb atoms, also shown in Fig. 2. In the
diffraction pattern, not shown, no reflections from a secondary
phase were observed. With the assumption that the Sb site
is fully occupied, the composition of Yb0.95(1)Fe3.72(3)Sb12

has been obtained from the refinement. The temperature
dependence of the lattice parameter and the thermal expansion
coefficient, α, are shown in Fig. 3. The lattice parameter
obtained by x-ray diffraction refinement, with a Bragg RB

factor and a RF factor of ∼3 and ∼2.5%, respectively, are in
good agreement with published x-ray and neutron diffraction
data.10,17,19 In order to reduce noise in the thermal expansion
coefficient, especially at low temperatures, the temperature
dependence of the lattice parameter, a, was fitted with a third-
order polynomial function, am(T ), see fit in Fig. 3. The differ-

FIG. 2. (Color online) The crystal structure of YbFe4Sb12. Blue,
red, and yellow spheres indicate Sb, Fe, and Yb, respectively. Yb is
located in a Sb dodecahedron (blue shaded) and Fe is located in a Sb
octahedron (red shaded).
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FIG. 3. (Color online) The temperature dependence of the lattice
parameter, a, and the thermal expansion, α, of YbFe4Sb12. For
comparison, the thermal expansion of FeSb3 is also shown.23 The
dotted black line indicates the model for the temperature dependence
of the lattice parameter a and the dashed lines are extrapolated
guides for the eye. The yellow points indicate the lattice parameter
determined from the diffraction patterns obtained by integrating over
the elastic line in the INS data, see Sec. III D.

ence between the modeled am(T ) and the experimental lattice
parameter a(T ) is less than 0.0002 Å. The thermal expansion
coefficient is then given by α(T ) = [dam(T )/dT ]/am(300 K).
Within the accuracy of this method, neither a phase transition
nor an anomalous temperature behavior is observed. The
anomaly seen in the elastic constants thus seems not related to
an anomalous thermal expansion. For comparison, the thermal
expansion of the unfilled compound,23 FeSb3, is shown in
Fig. 3.

The mean-square displacements, 〈u2
eq〉, are indicative for

the movement of an atom. The displacement of Yb is
about five times larger than for Sb and shows a different
temperature dependence, see Fig. 4. Reliable refinement of
the mean-square displacement of Fe was not possible due to
the small scattering length compared to Sb and Yb, but the
Fe mean-square displacement was obtained from the Fe NIS
measurement, see Sec. III E. The filler atom Yb exhibits a
localized vibrational mode, see below, and can be assumed to
be an Einstein oscillator. From the temperature dependence of
the Yb 〈u2

eq〉, the Einstein temperature, θE, can be obtained38

by d〈u2
eq〉/dT = h̄2/(mkBθ2

E), where m is the mass of the
atom. The Einstein temperature of 70(5) K was determined
in the high-temperature approximation from a fit of the Yb
〈u2

eq〉 between 100 and 300 K, see Fig. 4. The collective
modes of the Sb cage can be considered with a Debye
model. The Debye temperature, θD, can be obtained38,39 by
d〈u2

eq〉/dT = 3h̄2/(mkBθ2
D) and the Debye temperature of

240(10) K for Sb has been determined by fitting 〈u2
eq〉(T )

of Sb in the temperature region between 100 and 300 K, see
Fig. 4. The value for Sb is in good agreement with the value
obtained by the DPS as described below. No anomaly, which
could explain the drop in the elastic constants, is observed in
the temperature dependence of the 〈u2

eq〉.
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FIG. 4. (Color online) The temperature dependence of the mean-
square displacements of Yb and Sb obtained by x-ray diffraction
and the fits between 100 and 300 K for extraction of the Debye
and Einstein temperatures, see text. The red line indicates the Fe
mean-square displacement obtained from the NIS measurement, see
Sec. III E.

In order to determine whether a magnetic transition could
explain the anomalous softening, the temperature dependence
of the magnetic susceptibility χ = M/H with the magnetic
moment M and the applied magnetic field μ0H of 0.1
and 3 T was measured. The molar magnetic susceptibility,
χm, is shown in Fig. 5, after correction of the ferro- and
diamagnetic contribution obtained by the hysteresis loop at
300 K, not shown. The data are in good agreement with
the data in Ref. 21. The large increase of the susceptibility
below 25 K is a deviation from the paramagnetic behavior
and was also observed in other YbFe4Sb12 samples.20,21 It
was suggested that this is due to a magnetic impurity.20 The
inverse susceptibility, see inset to Fig. 5, shows a Curie-Weiss
behavior above 100 K. The effective paramagnetic moment of
4.6(2) μB per formula unit, obtained by μeff = 797.8

√
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FIG. 5. (Color online) Magnetic susceptibility of YbFe4Sb12

measured with an applied magnetic field of 0.1 and 3 T. The inset
shows the inverse susceptibility, and the dashed line represents a
linear fit between 100 and 300 K.
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is nearly temperature independent above 100 K and is in fair
agreement with literature values,14,15,21 which range from 2.92
to 4.49 μB/f.u. It was discussed19,21 that the effective magnetic
moment is mainly related to the [Fe4Sb12] polyanion and it is
from impurities in the sample and not from an intrinsic Yb3+
contribution.

In order to further assess a possible magnetic origin of the
observed anomalous temperature dependence of the elastic
constants, RUS measurements were also carried out in an
applied field of 0.01 and 3 T, and no differences with respect
to the measurements without applied field were observed. A
magnetic phase transition seems thus unlikely to be the origin
of the anomaly seen in the elastic constants.

C. Mössbauer spectroscopy

Temperature-dependent Mössbauer spectral measurements
were carried out in order to assess both the presence of possible
impurities in the sample and whether a visible signature of
the step observed in RUS could be detected in the temperature
dependence of the isomer shift or quadrupole splitting. The
room-temperature isomer shift and quadrupole splitting, �EQ,
values of 0.380(2) and 0.356(2) mm/s, respectively, are in
good agreement with the literature.40 The line width at all
temperatures was 0.26–0.28 mm/s, and no attempt to separate
contributions attributed to binomial distribution related to
partial Yb filling40 was done. A small impurity of 2.8(1)%
of FeSb2 was observed, see inset to Fig. 6, an impurity easily
identified by the large �EQ = 1.57 mm/s at 4.2 K.41 As this
impurity is not seen in x-ray diffraction it likely consists of
small amorphous inclusions. No other impurities are observed.
The temperature evolution of the isomer shift, not shown, and
the quadrupole splitting, see Fig. 6, are normal without any
measurable anomaly around 50 K, in agreement with Tamura
et al..40 It thus appears that the local environment of Fe is
not measurably affected by the anomalous softening observed
in RUS.
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FIG. 6. (Color online) The quadrupole splitting, �EQ, obtained
from the 57Fe Mössbauer spectra. For comparison, the data from
Ref. 40 are given as red triangles and blue points. The inset shows the
Mössbauer spectra at 4.2 K. The blue line indicates the contribution
from the FeSb2 impurity.

D. Inelastic neutron scattering

The temperature dependence of the density of phonon states
was obtained by inelastic neutron scattering measurements, in
order to assess whether there is an energy shift of the phonon
modes associated with the filler. The scattering vector, Q, and
energy, E, dependent scattering function, S(Q,E), at 10 K
is shown in Fig. 7. The scattering intensity exhibits a Q2

dependence as expected from the inelastic neutron scattering
cross section for phonon scattering.42 Neutron diffraction
patterns were obtained by integrating over the elastic line
in the INS measurements and as an example the diffraction
patterns at 10, 100, and 300 K are shown in Fig. 8. A simulated
neutron diffraction pattern calculated by FULLPROF using the
10-K lattice parameter determined by x-ray diffraction, and
the Al sample holder scattering are also given for comparison
in Fig. 8. The lattice parameters were obtained from these
diffraction patterns with a Le Bail fit using FULLPROF, and the
values are in good agreement with the values obtained by x-ray
diffraction, see Fig. 3.

The temperature dependence of the total neutron cross
section weighted DPS was extracted from the inelastic neu-
tron scattering measurements by subtraction of the elastic
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FIG. 7. (Color online) (a) The temperature dependence of the
neutron cross section weighted DPS in YbFe4Sb12. The upper panels
show the change of the peak area with temperature (b) for the peak
at 5.5 meV and (c) for the peak at 11 meV. (d) The inelastic structure
factor S(Q,E) of YbFe4Sb12 measured at 10 K. The color box
indicates the S(Q,E) intensity.
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scattering and the empty-can background measurement and
by taking into account the thermal population of the phonon
states with the Bose factor,42 see Fig. 7. The DPS area was
normalized to one for all temperatures. The multiphonon
contribution has been estimated and found to be negligible.

The DPS at 300 K is in good agreement with the
published10,12 DPS measured by INS at 300 K. The peak at
5 meV shifts to higher energies by less than 0.4 meV with in-
creasing temperature. The energy of this peak (approximately
6 meV) is in good agreement with the Einstein temperature of
70 K, determined from the temperature dependence of the Yb
mean-square displacements and can thus be attributed to the
dynamics of Yb, see also below. The small shift of this peak
can not explain the temperature dependence of the Yb phonon
mode frequency used for the two-level model. Therefore a
change in energy of the filler mode energy is not a fitting
explanation for the anomaly seen in the elastic constants.
The small downshift of the high-energy phonon modes above
∼25 meV, which are mainly related to Fe, see below, is due to
the thermal expansion.

Closer inspection reveals a decrease of the peak height at
5 meV in the DPS with increasing temperature, accompanied
by an increase of the density of the states between 7 and
12 meV. As discussed below, the states between 7 and 12 meV
are mainly related to the dynamics of Sb, see below in the
nuclear inelastic scattering data, but also in part to the filler.10,43

The temperature dependence of the peak areas is shown in
the upper panels of Fig. 7. Above ∼50 K, the area of the

5 meV peak increases and then decreases at ∼100 K, while
an increase in intensity is observed around ∼11 meV. The
origin of the temperature dependence of the DPS is not clear,
but a rearrangement of the spectral weight of the Yb states
obviously takes place. This rearrangement and the drop in the
elastic constants likely have the same origin.

E. Nuclear inelastic scattering

In order to attribute the phonon modes to specific elements,
the partial element specific DPS can be obtained from nuclear
inelastic scattering measurements, as this technique is isotope
specific. The measurements on YbFe4Sb12 were done in order
to get the full partial DPS by combining NIS and INS mea-
surement results. The NIS spectra measured with the 57Fe and
121Sb resonance at 300 and 30 K, respectively, in YbFe4Sb12

are shown in Fig. 9, together with the instrumental resolution
function measured by the nuclear forward scattering. The
extraction procedure of the DPS from the NIS measurement
is explained in Ref. 44 and the comparison of the partial
57Fe and 121Sb DPS, g(E), of FeSb3 from Ref. 23 is shown
in Fig. 10. The main Fe modes are two sharp peaks above
∼25 meV. The splitting of the peaks was also seen by inelastic
neutron scattering measurements25 in the filled compounds,
whereas in the parent compounds FeSb3 and CoSb3 the peaks
are not clearly separated.23,25 The states are slightly shifted to
lower energies in the filled compound compared to the parent
compound, which is indicative of a lower mean force constant
for Fe in YbFe4Sb12. There is also a small contribution in the
Fe DPS between 5 and 20 meV, which corresponds to hybrid
Fe and Sb vibrational modes. Similar small contributions are
seen in the Sb DPS above ∼25 meV, but the Sb modes are
mainly observed below ∼25 meV. In FeSb3, the Sb phonon
modes are broader than in YbFe4Sb12.

From the partial DPS, g(E), several lattice dynamics
and thermodynamic properties can be directly obtained. For
comparison, the values for the unfilled compound FeSb3 from
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FIG. 10. (Color online) The partial DPS of YbFe4Sb12 of 57Fe,
top, and 121Sb, bottom, in comparison to the partial DPS of FeSb3

from Ref. 23. The insets show the reduced DPS, g(E)/E2, and the
Debye levels, black lines in the same line style, obtained at low
energies.

Ref. 23 are given. From the low-energy limit of the reduced
DPS, g(E)/E2, the velocity of sound, vs , can be obtained by
limE→0[g(E)/E2] = mR/(2π2ρh̄3v3

s ), with the mass of the
resonant nucleus, mR, and the density ρ. The Debye level
is indicated in the insets to Fig. 10. From the Fe Debye
level of YbFe4Sb12, a velocity of sound of 2600(20) m/s was
obtained. For FeSb3, a vs of 2390(10) m/s was found.23 These
values are in reasonable agreement with the values obtained
from the Sb Debye levels, see Table I. The element-specific
mean force constant, Fm, can be determined34 by Fm =
mR/h̄

∫ ∞
0 g(E)E2dE. The Sb F m is larger in YbFe4Sb12

than in FeSb3, 120(5) and 105(5) N/m, respectively, whereas
the Fe Fm is slightly smaller in YbFe4Sb12 than in FeSb3,
182(1) and 186(1) N/m, respectively. The Debye temperature,
θD , can be obtained by θ2

D = 3/[kB
2
∫ ∞

0 g(E)dE/E2] in the
high-temperature limit, see Ref. 34, with kB the Boltzman
constant. For YbFe4Sb12, Debye temperatures of 230(10) and
285(5) K were found for Sb and Fe, respectively, whereas for
FeSb3, 210(10) and 370(5) K were obtained for the Sb and
Fe Debye temperature, respectively. The atomic mean-square
displacement can be calculated from the Lamb-Mössbauer
factor, fLM, obtained from the NIS measurement, by

TABLE I. Summary of the thermodynamic properties obtained
by the partial DPS for YbFe4Sb12 and FeSb3.

YbFe4Sb12 FeSb3 from Ref. 23

Sb Fe Sb Fe

vs (m/s) 2400(100) 2600(20) 2400(100) 2390(10)
F m (N/m) 120(5) 182(1) 105(5) 186(1)
θD (K) 230(10) 385(5) 210(10) 370(5)

〈u2
eq〉 = − ln(fLM)/k2, where k is the incident wave vector.34

The mean-square displacement of Fe at 300 K is shown
in Fig. 4 as a dot. The temperature dependence of the Fe
mean-square displacement was calculated in the harmonic
approximation34 and is indicated by a line.

A summary of the thermodynamic properties is given in
Table I. Summarizing, the binding of Fe is slightly decreased,
whereas the Sb binding is increased by filling the structure.
FeSb3 is thus slightly softer than YbFe4Sb12, which is evidence
that the lowering of the thermal conductivity in filled RFe4Sb12

skutterudites compared to CoSb3 is partly due to the softer
[Fe4Sb12] framework and the influence of the filler on the
thermal conductivity should be revisited, see Ref. 45.

Combining the NIS and INS measurement, the full partial
DPS can be evaluated, see Fig. 11. The Sb and Fe partial DPS
are weighted by the neutron cross sections and YbFe4Sb12

stoichiometry. From this comparison, it is clear that the phonon
modes below 7 meV are related to Yb. NIS measurements
were also done at 100 K with the 121Sb resonance, see inset to
Fig. 11. Due to the even higher multiphonon contribution, the
DPS can not be extracted as accurately as at low temperatures.
There is a small energy shift toward lower values in the
antimony DPS with increasing temperature. This indicates a
normal temperature-dependent behavior due to the thermal
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FIG. 11. (Color online) Comparison between the DPS of
YbFe4Sb12 obtained by INS at 65 K, black line, and the DPS obtained
by NIS with the 121Sb resonance, blue, and with the 57Fe resonance,
red. The NIS data are normalized to the neutron scattering cross
section and the stoichiometry of the sample. The orange area indicates
the Yb DPS obtained by subtraction of the Sb and Fe DPS from
the total DPS obtained by INS. The brown area indicates the added
normalized DPS from Sb and Fe obtained by NIS. The inset shows
the temperature dependence of the Sb DPS obtained by NIS.
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expansion and elastic softening. Except for this energy shift,
there is no other temperature dependence of the DPS. In
summary, from inelastic scattering, we have to conclude that
the rearrangement of the spectral weight in the DPS at low
energies is mainly due to a change in the dynamics of Yb and
does not measurably affect Sb or Fe.

F. Valence state

In order to obtain information about the Yb valence state,
temperature-dependent EPR measurements were performed
and are shown in Fig. 12. A broad signal in low magnetic
fields can be ascribed to ferromagnetic impurities based
on the temperature dependence of the signal intensity. The
presence of ferromagnetic impurities was also confirmed by
magnetization measurements, see Sec. III B. Below 50 K,
another signal with the g factor g ≈ 4.17 appears in the EPR
spectra and its intensity increases with decreasing temperature
as can be seen in Fig. 12. Since Yb2+ ions have fully occupied
4f states, they can not provide an EPR signal, and from
Mössbauer measurements, we obtained that the Fe valence
state is not changing with temperature. Therefore we assume
that this signal is due to Yb3+ ions. This would indicate a
change of the valence state of a part of the Yb2+ ions to Yb3+
ions below 50 K. As Yb is only a second nearest neighbor of
Fe, it is not surprising that a partial valence change of Yb would
not measurably affect the Fe Mössbauer spectra as discussed
above. Obviously, a valence change will modify the bonding
of Yb with its nearest neighbors and therefore influence the
lattice dynamics. We conclude that the partial valence change
is the most likely origin of the anomaly seen in the temperature
dependence of the elastic constants and the DPS. A suitable
model for the temperature dependence of the elastic constants,
which takes a partial valence change into account, could not
be derived so far.

The valence state of Yb could also be directly obtained by
x-ray photoemission and x-ray absorption spectroscopy. With
these methods, different YbFe4Sb12 samples were studied in
Refs. 19, 26, and 28 at various temperatures, but we could
not find studies reporting both room-temperature and low-
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FIG. 12. (Color online) Temperature-dependent EPR measure-
ments on YbFe4Sb12 with an applied frequency of 9.5 GHz. The
signal arising below 50 K is most likely due to Yb3+ ions.

temperature measurements. Measurements at room tempera-
ture and 100 K were carried out in Refs. 19 and 28, respectively.
The observed large signal of Yb2+ and the quite weak signal of
Yb3+ were related to impurities in the sample. In Ref. 26, the
measurement was carried out at 10 K and the authors conclude
that the major Yb signal indicates Yb2+, and no indication of
the presence of Yb3+ was found. The contradictory results of
these studies can also be explained by a partial valence change
of Yb with temperature. Both results are in agreement with
our temperature-dependent EPR measurements. In order to
clarify the temperature dependence of the valence state of Yb
as suggested above, the valence state of Yb should be measured
directly by x-ray photoemission or x-ray absorption spec-
troscopy in further experiments, both above and below ∼50 K.

IV. CONCLUSION

An anomalous softening of the elastic constants of
YbFe4Sb12 was observed at ∼50 K. This anomaly can not
be explained by the dynamics of the filler atom, as in the
filled skutterudite13 La0.9Fe3CoSb12. Measurements of the
lattice parameter and the susceptibility do not provide any
evidence for a structural or magnetic phase transition that could
explain the anomaly. X-ray diffraction and magnetization
measurements reveal that the sample is single phase with a
very small amount of magnetic impurities. A rearrangement of
the Yb density of phonon states is observed in the temperature
dependence of the DPS, however, our results do not show
any continuous shift of the Yb phonon modes, which would
be sufficient to explain the anomalous softening. In the EPR
measurements, an additional signal has been observed below
50 K, and we suggest that this signal is due to a change of the
Yb valence state. The anomaly in the temperature dependence
of the elastic constants is thus very likely linked to the
change of the Yb valence state. Furthermore, the comparison
of the partial DPS of YbFe4Sb12 and FeSb3 reveals that the
lattice dynamics of the [Fe4Sb12] framework does only slightly
change upon filling the structure.
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