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Hybridization-driven strong anharmonicity in Yb-filled skutterudites
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A high-pressure study of the structural and thermal transport properties is carried out on one of the most
efficient filled skutterudites, Yb0.3Co4Sb12, to understand the relatively low thermal conductivity behavior in
this family. By combining x-ray diffraction and Raman scattering measurements, we detect a phase transition
at around 12.4 GPa. The mode Grüneisen parameters of the observed phonon modes are obtained from the
determined bulk modulus and the phonon frequency shifts with pressure. The strong anharmonicity in this
material is demonstrated by the obtained large average Grüneisen parameter. We also find the depressed group
velocity within the low-frequency range, the flat guest mode avoided crossing with the acoustic-phonon mode,
and the significant contribution of optical phonons. The hybridization of the guest atom and host lattice and
the related enhanced anharmonicity are suggested to account for the low lattice thermal conductivity in the
studied system. These findings provide new insight into how phonon-phonon interactions lower lattice thermal
conductivity in this important thermoelectric family.
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I. INTRODUCTION

Thermoelectric materials are of great interest for sustain-
able energy applications due to their ability to convert waste
heat into electricity. The high thermoelectric performance
requires high power factor and low thermal conductivity.
Finding materials with relatively low thermal conductivities
or developing techniques to further lower the lattice thermal
conductivities have been drawn a lot of attention in the past
decades [1–4]. Filled skutterudite is one of the most promi-
nent thermoelectric materials with a very low lattice thermal
conductivity, as well as a large Seebeck coefficient and a good
electrical conductivity [5]. Filling the parent skutterudites
with guest atoms can significantly reduce the lattice thermal
conductivity without deteriorating the electrical properties
[6–9]. Much efforts have been concentrated on revealing the
mechanism behind the low lattice thermal conductivity. The
“phonon-glass-electron-crystal” concept has been employed
to interpret the mechanism [10]. Within this picture, the guest
atoms are loosely bound and act as “rattlers.” These rattlers vi-
brate locally and incoherently, providing an additional phonon
scattering channel to reduce the phonon mean free path. In
such a way, the suppression of the thermal conductivity is
attributed to the rattling of the guest atoms [11]. Meanwhile,
a quasi-harmonic coupling between the guest atoms and the
host lattice [12] was suggested from the neutron spectroscopy
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measurements along with the ab initio calculations on (La,
Ce)Fe4Sb12. Interestingly, an independent vibration mode of
Yb in Yb0.2Co4Sb12 was observed by time-of-flight inelas-
tic neutron scattering measurements (INS) [13]. The large
effect of avoided crossing modes of Yb atoms to lowering
the thermal conductivity has been reported in YbFe4Sb12

from first-principles calculations [14]. The avoided cross-
ing between the acoustic modes and low-frequency optical
modes has also been found in the phonon dispersion curve
of LaFe4Sb12 through INS and density functional theory
(DFT) calculations [15]. Additionally, the low lattice ther-
mal conductivities in filled skutterudite compounds were also
proposed to be related to the large anharmonicity [16,17].
Therefore no agreement has been reached on the mechanisms
behind the low lattice thermal conductivity.

Phonon dispersion and lattice anharmonicity can provide
crucial information to understand the lattice thermal con-
ductivity. Phonon vibrational properties are usually studied
by using INS, inelastic x-ray scattering, and Raman scatter-
ing techniques. For example, the neutron technique has been
widely used to obtain the phonon density of states (DOS) in
filled skutterudites [12,13,15,16,18]. The Raman technique
has been proven to be powerful in providing equivalent
phonon vibrational information with the others [19–21] but
has many advantages such as high resolution and small sample
size. It is a unique technique to detect the phonon vibrational
information of thermoelectric materials at a wide temperature
range [22,23] or at high pressures [24–26]. The effects of
the lattice anharmonicity on the lattice thermal conductivity
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in thermoelectric materials through the experimentally de-
termined mode Grüneisen parameters have been established
from recent high-pressure studies [24–27]. The importance of
the Raman scattering technique in providing phonon infor-
mation has been emphasized recently on filled skutterudites
[28–30]. Since the number of atoms in the primitive cell of
filled skutterudites is relatively large, the assignments of the
relevant phonon modes as well as the measurements down
to the frequency as low as possible are not an easy task.
Therefore the contribution of the optical modes to the lattice
thermal conductivity in filled skutterudites needs to be exam-
ined in detail. Notably, Raman scattering is not sensitive to
the filling atom because filling atom to the parent skutteru-
dite adds an infrared-active mode. At present, the accurate
mode Grüneisen parameters for filled skutterudites are not
available yet. The effects of the anharmonicity on the lattice
thermal conductivity wait for the evaluation. Therefore the
efforts from both the experiments and calculations along this
direction are highly desired.

In this work, we report x-ray diffraction (XRD) and
Raman scattering measurements as well as first-principles
calculations of phonons in a prominent filled skutterudite
Yb0.3Co4Sb12 at high pressures to settle down the issues
mentioned above. The crystal structure and its evolution
with pressure are determined by the XRD measurements
with the help of the observed phonon modes obtained from
Raman spectroscopy. The structural and phonon vibrational
properties are further used to obtain the bulk modulus and
mode Grüneisen parameters of the filled skutterudite. First-
principles calculations are carried out to obtain the phonon
dispersion and lattice thermal conductivity. The experiments
and calculations provide a thoughtful understanding of the
thermal transport properties in this filled skutterudite.

II. EXPERIMENTAL AND CALCULATION DETAILS

The sample was synthesized by a melt spinning and
spark plasma sintering process. The detailed process can
be found elsewhere [31]. The actual composition of the
sample was determined by an energy dispersive spectrome-
ter (EDS, OXFORD). The ambient-pressure structure of the
sample was characterized using a RigakuD/MAX-2550PC
diffractometer under Cu Kα radiation with a wavelength of
1.5406 Å.

For the high-pressure structural study, the in situ syn-
chrotron XRD patterns were collected at the Advanced
Phonon Source (APS), Argonne National Laboratory (ANL),
the U.S.A. with a wavelength of 0.3344 Å and a focused beam
of less than 2 micrometers. A symmetric diamond anvil cell
(DAC) with a culet size of 300 μm in diameter was used to
load the sample. The sample was ground into fine powder
grains before being placed into the DAC. Neon was loaded as
the pressure transmitting medium to generate the hydrostatic
pressure environment. The pressure was calibrated by the ruby
fluorescent shift method [32]. The raw images were integrated
into XRD patterns using FIT2D software [33]. The intensity
versus 2θ diffraction patterns were refined by the Rietveld
method using GSAS software [34,35].

For the high-pressure Raman scattering measurements, the
pressure was applied by the same DAC as that used in the

high-pressure XRD measurements. The Raman spectra were
collected with an excitation laser wavelength of 488 nm
emitted by a sapphire laser (Coherent). The scattered light
was focused on an 1800 g/mm grating and recorded by
a Princeton Instrument spectrometer coupled to a Charge-
Coupled-Device. The Raman notch filters have a very narrow
bandpass, allowing the measurements of Raman spectroscopy
to be as low as 10 cm−1. The laser power was kept below
2.5 mW before a ×20 objective to avoid possible damage to
the sample. Neon was also loaded as the pressure transmitting
medium. The pressure was measured by the ruby fluorescent
method [32].

All the calculations were performed on the basis of DFT.
Vienna ab initio simulation package (VASP) was used for these
calculations [36,37]. The lattice constant, phonon dispersion,
lattice thermal conductivity, group velocity, and anharmonic
scattering rates were determined from the harmonic and the
third-order interatomic force constants (IFCs). The projector
augmented wave (PAW) method with a Perdew-Burke-
Ernzerbof-type generalized gradient approximation (GGA)
[38] was employed for the calculations. The plane-wave basis
set with a cutoff energy of 520 eV was used for the valance
electrons. The lattice constants and ionic coordinates were re-
laxed to find the most stable states for CoSb3 and YbCo4Sb12.
The geometry optimization of the unit cell was done with
a 5 × 5 × 5 k-point grid. The IFCs were calculated within
real-space supercell approaches using the PHONOPY package
[39] for the harmonic IFCs and the SHENGBTE package [40]
for the third-order IFCs.

III. RESULTS AND DISCUSSION

A quantitative evaluation of the phonon-phonon an-
harmonic interactions requires the Grüneisen parameter.
Generally, a large Grüneisen parameter indicates strong
phonon-phonon anharmonic interactions that result in low
lattice thermal conductivity. Here, we present a direct ex-
perimental measurement of the Grüneisen parameters for
the phonon modes. The Grüneisen parameter (γi) de-
scribes the volume dependence of phonon frequency, defined
as [41]

γi = −d ln ωi

d ln V
= B0

ωi

dωi

dP
, (1)

where V is unit-cell volume, B0 is the bulk modulus at ambient
pressure, ωi is the frequency of the phonon mode, and P is
pressure. By definition, measurement of the mode Grüneisen
parameters requires bulk modulus and phonon mode shifts
with pressure.

A. Structural evolution with pressure

First, we determine the structure of the sample at room
temperature. The sample belongs to the Im3̄ space group. The
lattice parameter at ambient pressure [a = 9.0623(7) Å] agrees
well with the literature [31]. The in situ synchrotron XRD
patterns at high pressure up to 52.2 GPa are shown in Fig. 1(a).
All the diffraction peaks monotonically shift to higher angles
with increasing pressure, indicating the shrinkage of the lat-
tice. We observed no new peaks appear or no peaks merge
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FIG. 1. (a) Synchrotron XRD patterns of Yb0.3Co4Sb12 under pressure. The corresponding pressure is marked next to each curve. (b) The
XRD patterns and Rietveld refinement results at representative pressures of 3.0 and 19.9 GPa. The experimental and fitted data points are
plotted together by the open circles and thin curves. Vertical sticks represent reflection markers at the lower patterns. Thin curves at the bottom
of each panel indicate the differences between the observed and calculated patterns. (c) Pressure dependence of the relative unit cell volume in
Yb0.3Co4Sb12. Solid lines represent the fitting of a BM-EOS to data. (d) The crystal structure of the Im3̄ phase.

and/or split within the studied pressure range. Figure 1(b)
shows the refined results at the selected pressures of 3.0 and
19.9 GPa using the Rietveld method. The structural models
with the initial space group of Im3̄ produce the experimental
data very well. In the studied pressure range, no significant
change in the XRD spectra indicating any deviation from cu-
bic symmetry is observed. The calculated refinement factors
are Rp = 1.22%, Rwp = 1.75%, and χ2 = 4.69 for 3.0 GPa
and Rp = 0.86%, Rwp = 1.19%, and χ2 = 2.26 for 19.9 GPa,
indicating reliable results. Figure 1(d) illustrates the crystal
structure of the sample.

Investigating the mode Grüneisen parameter requires the
bulk modulus. Figure 1(c) demonstrates the pressure depen-
dence of relative unit cell volume. All data points have error
bars smaller than the symbols. The relative volume mono-
tonically decreases with increasing pressure. No anomaly is
observed. The volume evolution with pressure can be de-
scribed by the third-order Birch-Murnaghan equation of state
(BM-EOS) [42]

P = 3

2
B0

[(
V0

V

) 7
3

−
(

V0

V

) 5
3
]

×
⎧⎨
⎩1 + 3

4
(B′

0 − 4)

[(
V0

V

) 2
3

− 1

]⎫⎬
⎭, (2)

where B′
0 is the bulk modulus pressure derivative at ambient

conditions. The fitting yields B0 = 75 ± 2.81 GPa with B′
0= 6.91 ± 0.32. The bulk modulus is smaller than that of

unfilled skutterudite CoSb3 [B0 = 93(6) GPa] at pressures

below 20 GPa [43]. Like a previous study [44], the filled
Yb atoms enlarge the cell parameter, and the expansion of
the structure lowers the bulk modulus of filled skutterudite.
Notably, the bulk modulus of the sample is also much smaller
than those of other filled skutterudites, such as LaFe3CoSb12

[B0 = 87.4(6) GPa] [44], CeFe4Sb12 [B0 = 80(8) GPa] [45],
Ce0.8Fe3CoSb12 [B0 = 83(2) GPa] [45], and Eu0.84Fe4Sb12

[B0 = 100(2) GPa] [46].
The bulk modulus obtained in Yb0.3Co4Sb12 is similar to

the behavior observed in unfilled skutterudite CoSb3 [43]. In
the case of CoSb3, the fitting of the volume evolution with
pressure to the whole data set has no volume discontinuity and
yields a much smaller value [B0 = 50(16) GPa)] than the value
below 20 GPa. This bulk modulus change has been interpreted
as an irreversible isosymmetric phase transition, namely, the
pressure-induced self-insertion reaction of Sb. According to
the case in unfilled skutterudite CoSb3 [43], we fitted the
volume evolution with pressure up to 20 GPa in Yb0.3Co4Sb12.
The yielded bulk modulus [B0 = 84(5) GPa)] is larger than
the value to the full pressure range and comparable to those of
other filled skutterudites. In terms of CoSb3, the difference in
bulk modulus above 20 GPa is attributed to the self-insertion
of Sb atoms [43]. For Yb-filled CoSb3, a Yb atom occupy-
ing the 2a site could hinder the Sb atom from taking the
position. The difference in bulk modulus around 12 GPa has
been observed in Eu0.84Fe4Sb12 [46]. A decoupling and subse-
quent reconstruction of the low-energy Eu mode and acoustic
phonon modes have been suggested to be responsible for the
change in the bulk modulus of Eu0.84Fe4Sb12. Therefore the
change of bulk modulus Yb0.3Co4Sb12 may originate from
lattice distortion, defects, or a decoupling and subsequent re-
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FIG. 2. (a) Raman spectra of Yb0.3Co4Sb12 at ambient pressure and room temperature (bottom). The top panel shows the phonon modes’
assignments. The arrows represent the vibrational directions of the atoms, pink for Co, purple for Sb, and green for Yb. (b) Evolution of Raman
spectra in Yb0.3Co4Sb12 with pressure at room temperature (top). The Raman spectra are plotted with open cycles and fitted by the Lorentz
function. Representative Raman spectra at 3.0 and 19.4 GPa are shown in the lower panel. (c) Pressure-dependent frequencies of the phonon
modes in Yb0.3Co4Sb12. The solid lines are the quadratic fittings to the experimental data points.

construction of the low-energy Yb mode and acoustic phonon
modes by pressure.

B. Evolution of vibrational properties with pressure

Raman scattering measurements are sensitive to subtle
structural changes and facilitate the accurate detection of the
crystal structure transitions through the probe of local vi-
brational modes. The investigation of the mode Grüneisen
parameter also requires the Raman shift for each phonon
mode. We collected the Raman spectra on Yb0.3Co4Sb12 with
a 488 nm excitation source and the resolution is better than
1 cm−1, as shown in the lower panel of Fig. 2(a). According
to group theory, 17 atoms in the primitive cell of YbCo4Sb12

give rise to 51 different vibrational modes, including three
acoustic modes and 48 optical modes. Therefore the contri-
bution of optical modes to the lattice thermal conductivity
is obviously important. According to the irreducible repre-
sentation, the optical phonon modes at the � point can be
denoted as � = 2Ag ⊕ 2Eg ⊕ 4Fg ⊕ 2Au ⊕ 2Eu ⊕
8Fu. The modes with Ag, Eg, and Fg symmetries are Ra-
man active, and consequently, there are eight Raman-active
modes [47]. In accordance with first-principles calculations,
the observed six peaks in the lower panel of Fig. 2(a) are
determined as 3Fg, 1Ag, and 2Eg, respectively [11]. The
phonon peaks of Yb0.3Co4Sb12 are wider and the frequencies
are lower than those of unfilled skutterudite CoSb3 [47,48],
which is consistent with the theoretical calculations [11].
The assignments of the corresponding phonon modes are
demonstrated in the upper panel of Fig. 2(a). The arrows
represent the vibrational directions of the atoms, pink for Co,

purple for Sb, and green for Yb. All the observed modes
are the motions of Sb. These results are in accordance with
the contributions of the atoms to the vibrational density of
states [11].

The evolution of the Raman spectra of Yb0.3Co4Sb12 with
pressure at room temperature is shown in the upper panel
of Fig. 2(b). Most of the Raman peaks monotonically shift
toward higher frequencies with increasing pressure. The sud-
den increase in Rayleigh intensities near 6 GPa is due to the
solidification of the pressure transmitting medium. At higher
pressures, some new peaks can be observed. This means that
some changes may happen to the lattice structure. Considering
that a new mode due to self-inserting Sb atoms would give an
infrared-active Fu mode in the case of an ideal crystal [47],
the origin of the new peaks in the Raman spectra may be due
to the lattice distortion, defects, or a decoupling and subse-
quent reconstruction of the low-energy Yb mode and acoustic
phonon modes by pressure [46]. The phonon frequency of
each phonon mode is fitted by the Lorentz formula. According
to the XRD data, the representative Raman spectra at pressure
of 3.0 and 19.4 GPa are shown in the lower panel of Fig. 2(b).
The pressure-induced changes can be observed from the
two Raman spectra. Fitting the Raman spectra gives the ex-
tracted pressure-dependent frequencies of each phonon mode.
Figure 2(c) demonstrates the pressure-dependent frequencies
of the phonon modes in Yb0.3Co4Sb12. Around 12.4 GPa, new
peaks near the two Fg modes at low frequencies are observed.

Due to the sample’s similar profiles and space groups, it is
difficult to determine the structural phase transition from the
XRD analysis. Raman scattering can detect small variations
in structures that are invisible to XRD. The emergence of new
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TABLE I. Summary of the vibrational mode, frequency
ωi0 (cm−1), pressure derivative dωi/dP (cm−1/GPa), d2ωi/dP2

(× 10−2 cm−1/GPa2), and mode-Grüneisen parameter γi for each
phonon mode of Yb0.3Co4Sb12.

Mode ωi0 dωi/dP d2ωi/dP2 γi

F1
g 81.68 ± 0.06 0.45 ± 0.03 −0.02 ± 0.00 0.50 ± 0.07

F2
g 106.62 ± 0.05 1.64 ± 0.03 −0.03 ± 0.00 1.40 ± 0.12

E1
g 134.02 ± 0.09 2.39 ± 0.03 −0.04 ± 0.00 1.62 ± 0.14

F3
g 149.39 ± 0.06 3.27 ± 0.03 −0.07 ± 0.00 1.99 ± 0.16

Ag 177.07 ± 0.13 2.96 ± 0.04 −0.03 ± 0.0 1.52 ± 0.13

E2
g 182.87 ± 0.12 3.86 ± 0.05 −0.07 ± 0.0 1.92 ± 0.16

averaged γi 1.49 ± 0.13

CoSbcal.
3 1.111 [49]

CoSbexp.

3 0.952 [50]

peaks indicates a phase transition at high pressures. However,
the current structural data are not enough to pin down the
accurate lattice structure. Additionally, the sample demon-
strates excellent thermoelectric performance in the first phase.
Investigating the thermoelectric properties at ambient pressure
is unaffected by the phase change. For those, we concentrate
on the vibrational properties of the sample at pressures below
12.4 GPa. Refitting the volume evolution with pressure below
12.4 GPa yields the bulk modulus B0 = 91.01 ± 6.72 GPa
with B′

0 = 3.46 ± 1.56. The former is slightly larger than those
of other filled skutterudites [44–46].

In addition, the high-frequency phonon modes have more
obvious shifts with increasing pressure, as shown in Fig. 2(c).
The low-frequency phonon mode at about 80 cm−1 increases
more gently. The difference suggests that the high-energy
phonons are more sensitive to pressure than the low-energy
phonons in the sample. The pressure dependence of the
phonon frequencies at pressures below 12.4 GPa are fitted by
a quadratic formula:

ωi(P) = ωi0 + (dωi/dP)P − (d2ωi/dP2)P2, (3)

where ωi0 is the frequency of the phonon mode at ambient
pressure and room temperature. The fitted results are summa-
rized in Table I.

C. Evaluation of the phonon anharmonicity

We obtain the experimental Grüneisen parameters of each
phonon mode by combining the bulk modulus and Raman
shift of phonon modes. The obtained phonon frequencies,
their pressure derivatives, and Grüneisen parameters for each
phonon mode are listed in Table I. These results provide a
new perspective on understanding the phonon anharmonicity
in filled skutterudites. As mentioned above, a large Grüneisen
parameter value means strong lattice anharmonicity. Thus,
due to their relatively large values, the phonon mode F3

g

at 149 cm−1 with γ = 1.99 and the phonon mode E2
g at

182 cm−1 with γ = 1.92 play prominent roles in the proce-
dure of phonon scatterings. The mode Grüneisen parameters
of Yb0.3Co4Sb12 are close to those reported in CoSb3 [47]
and only slightly larger for Yb0.3Co4Sb12. Notably, the low

Grüneisen parameter value for the F1
g mode at about 82 cm−1

(γ = 0.5) is very close to the one predicted for CoSb3 by DFT
calculations (γ = 0.3) [47].

Additionally, we further calculated the average Grüneisen
parameter of the six phonon modes based on γ̄ =

√
(γ 2

i ) =
1.49 ± 0.13. This is the first experimental data available for
efficient filled skutterudites. It should directly measure the
quantitative anharmonicity to investigate the low lattice ther-
mal conductivity in filled skutterudites. The obtained bulk
modulus and Raman shift of phonon modes are on the basis
of the same sample in the same good pressure transmitting
medium. Thus the determined mode Grüneisen parameters are
reliable and should capture the nature of the phonon anhar-
monicity. Notably, we find that the obtained γ̄ is larger than
the values of unfilled skutterudite CoSb3 [49,50]. This means
that the strong anharmonicity contributes to the reduced lattice
thermal conductivity in filled skutterudites.

D. Avoided crossing of the guest mode and acoustic-phonon
branches

To gain a comprehensive understanding of the low lattice
thermal conductivity, we performed the first-principles cal-
culations on YbCo4Sb12. The phonon dispersions and DOS
of YbCo4Sb12 are shown in Fig. 3. The data for CoSb3 are
given for comparison. All the phonon frequencies are positive
and no imaginary frequencies are found, indicating that the
structures are dynamically stable. In YbCo4Sb12, a large gap
at about 200 cm−1 and a smaller gap at about 100 cm−1 are ob-
served. The high-energy above 220 cm−1 and the low-energy
below 200 cm−1 are mainly from the vibrations of the Co and
Sb atoms, respectively. An additional triple-degenerate optical
band at 42 cm−1 is added, which is not present in CoSb3. This
band is flat and close to the acoustic bands. By comparing the
DOS of YbCo4Sb12 and CoSb3, we attribute this band to a
localized vibration of Yb.

The computed phonon dispersions and DOS are in good
agreement with the experimental data and other calculations
[9,13–16,51,52]. Note that the flat guest mode corresponds to
the vibration mode of Yb at about 40 cm−1 in Yb0.2Co4Sb12

by time-of-flight INS measurements and theoretical calcula-
tions [13]. A similar mode at the close frequency (46 cm−1)
has been observed by high-resolution INS and inelastic x-
ray scattering measurements and ab initio powder-averaged
lattice-dynamics calculations on YbFe4Sb12 [16]. However,
the low-frequency of the Yb vibrational mode is significantly
smaller than that of the La mode through three-axis inelastic
neutron spectroscopy on LaFe4Sb12 (54 cm−1) [15] and first-
principles calculations on La0.125Co4Sb12 (66 or 68 cm−1)
[9,52]. The difference may be attributed to the relatively large
Yb mass compared with others.

The phonon modes between 80 cm−1 and 200 cm−1 are
dominated by the vibrations of the Sb atoms. The phonon dis-
persions allow us to assign several Raman features observed
for Yb0.3Co4Sb12. The assignments agree with our results
from Raman scattering measurements.

Compared with CoSb3, the filling of the Yb guest atom
significantly downshifts the vibrational modes, as shown in
Figs. 3(a) and 3(c). This behavior is consistent with the Raman
spectra of Yb0.3Co4Sb12 (Fig. 2). Generally, phonon softening
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FIG. 3. (a) Phonon dispersions in YbCo4Sb12 and CoSb3 from first-principles calculations. (b) Phonon dispersions of acoustic modes and
Yb mode in YbCo4Sb12. (c) Calculated total density of states in YbCo4Sb12 and CoSb3. (d) Calculated projected density of states in YbCo4Sb12.
The dispersions of CoSb3 and YbCo4Sb12 are represented by the blue and red lines, respectively. The acoustic branches of YbCo4Sb12 are
represented by dashed red lines. The projected density of states of Co, Sb, and Yb in YbCo4Sb12 are labeled as orange, magenta, and cyan
blocks, respectively. The projected density of states of Sb in CoSb3 are labeled as green blocks.

is beneficial to yield low thermal conductivity. The acoustic
bands are flatter in YbCo4Sb12. This means lower group ve-
locities for acoustic bands due to the Yb guest atom. All of
these contribute to the low lattice thermal conductivity.

An important finding from Fig. 3 is that the guest mode is
flat and avoided crossing with the acoustic phonon mode. The
details are given in Fig. 3(b). Phonon displacements in cubic
crystals can be decomposed into one longitudinal branch and
two transverse branches. The longitudinal branch is along
the phonon propagation vector and the transverse branches
are perpendicular to the propagation direction. Figure 3(b)
clearly reveals that two transverse (TA) and a longitudinal
(LA) acoustic modes propagate from the zone center and ap-
proach the zone boundary. A flat mode is observed at 42 cm−1

near the zone center. The avoided crossing of the LA mode
mixing with the flat longitudinal guest mode (TO) is clearly
observed. The avoided crossing found here is consistent with
the INS results on YbFe4Sb12 and LaFe4Sb4 and DFT results
on YbFe4Sb12 where avoided crossing was already reported
[14–16]. An experimental proof of the avoided crossing found
in DFT calculations has been provided in LaFe4Sb4 [16].
The avoided crossing is found in harmonic lattice dynamics
calculations. Additionally, the Yb mode possesses the lowest
frequency among the optical modes and is triply degenerated
at the � point. It has the same Fu symmetry as the acoustic
modes. This means that the acoustic modes can interact with
this low optical energy mode (i.e., infrared-active) and the
acoustic modes can hybridize with this low-energy optical
mode and give the avoided crossing observed for many filled
skutterudites [14–16].

To understand the interaction of the guest atom with the
host lattice, we investigate the projected DOS of Sb and Yb

atoms in YbCo4Sb12. As shown in Fig. 3(d), a rather sharp
peak at 42 cm−1 is observed in the projected DOS of the
Yb atom, corresponding to the flat guest mode in the phonon
dispersions. Notice that there is some overlap between the
Yb mode and Sb modes. The overlap region is from 30 to
150 cm−1. Notably, a difference is found in the projected DOS
of Sb atoms of YbCo4Sb12 and CoSb3. This difference means
that the Yb guest atom changes the DOS of the host atoms.
These results suggest that the flat guest mode hybridizes with
the host lattice.

E. Hybridization between the guest atom and host lattice

More evidence to support the hybridization of the guest
atom and host lattice is needed. Figure 4(a) shows the lattice
thermal conductivity for YbCo4Sb12 and CoSb3 at 300 K
from first-principles calculations. The total lattice thermal
conductivity for YbCo4Sb12 and CoSb3 at 300 K are listed in
Table II. The previous experimental data and calculations are
also listed for comparison. The lattice thermal conductivity
for CoSb3 at 300 K is slightly smaller than the experimen-
tal data and previous calculations [50,53–55]. The lattice
thermal conductivity for YbCo4Sb12 at 300 K is compara-
ble to the experimental data for YbxCo4Sb12 and YbFe4Sb12

[7,31,56–58], and slightly smaller than the calculations for
YbFe4Sb12 [14].

For unfilled skutterudite CoSb3, the contributions of the
acoustic and optical modes to the lattice thermal conductivity
are 77.6% and 22.4%, respectively. The lattice thermal con-
ductivity is dominated by the acoustic modes. However, this
is different in the case of YbCo4Sb12. The contributions of the
acoustic modes, Yb mode, and optical modes in YbCo4Sb12

are 39.4%, 22.2%, and 38.4%, respectively. Notably, we find

094115-6



HYBRIDIZATION-DRIVEN STRONG ANHARMONICITY IN … PHYSICAL REVIEW B 105, 094115 (2022)

FIG. 4. Calculated κ (a), group velocities (νm) (b), anharmonic scattering rates (τ−1) (c), weighted phase space (w) (d), and mode-Grüneisen
parameter (γi) (e) for YbCo4Sb12 and CoSb3 at room temperature.

that the contribution of the optical modes is comparable to that
of the acoustic mode and slightly higher than that of the Yb
mode. In addition, the Yb mode also belongs to the optical
modes. These findings imply that optical modes dominate the
lattice thermal conductivity in YbCo4Sb12. Therefore filling
Yb atoms affects the host lattice by increasing the relative
contribution of the optical modes to the thermal conductivity
and accordingly reducing that of the acoustic modes. Thus
we believe that the hybridization occurs between the Yb atom
and host lattice. This finding is also similar to the tight cou-
pling between the guest atoms and the host lattice in (La,
Ce)Fe4Sb12 [12].

Understanding the effect of hybridization on lattice thermal
conductivity requires taking into account group velocity and
phonon lifetime. The lattice thermal conductivity can be esti-
mated by the simple kinetic theory: κl = 1/3 Cνm�, where C
is the lattice specific heat, νm is the mean sound velocity and
� is the mean free path of the phonons. From Dulong-Petit
law, the specific heat increases with increasing temperature
and gradually approaches a constant value above the Debye

TABLE II. Comparison of the lattice thermal conductivity κl

(W K−1 m−1) of CoSb3, YbxCo4Sb12, and YbFe4Sb12.

κl cal. κl exp.

CoSb3 8.55 (this work) 11.50 [54]
11.67 [53] 10.00 [50]

9.06 [55]
YbCo4Sb12 1.49 (this work)
YbxCo4Sb12 1.60–2.00 (x = 0.25–0.40) [31]

1.57–1.90 (x = 0.30–0.50) [56]
1.68–2.27 (x = 0.30–0.40) [57]
1.70–2.40 (x = 0.20–0.60) [7]

YbFe4Sb12 0.33 [14] 1.18 [58]

temperature which is here less than 300 K. Therefore the
heat capacity does not influence the lattice thermal conduc-
tivity. According to the theory, the factors that might affect
the lattice thermal conductivity are group velocity (νm) and
phonon lifetime (τ ). Figure 4(b) shows the group velocities
of YbCo4Sb12 and CoSb3. For the acoustic modes and Yb
mode, the group velocities of YbCo4Sb12 are much lower than
those of CoSb3. For the optical modes, the group velocities of
YbCo4Sb12 and CoSb3 are not much different. This means that
the reduced group velocities within a narrow low-frequency
range contribute to the suppressed lattice thermal conductivity
in YbCo4Sb12.

The phonon lifetime (τ ) should be critical for the low
lattice thermal conductivity in YbCo4Sb12. The scattering rate
is the reverse of τ , defined by τ−1 = νm/ι. To look into the
effect of anharmonic interactions, we show the anharmonic
scattering rates for YbCo4Sb12 and CoSb3 in Fig. 4(c). The
scattering rates of the optical modes are much larger than
those of the acoustic modes. This means that the optical
phonons also contribute significantly to the lattice thermal
conductivity. The frequencies of the two peaks correspond to
the phonon modes (F3

g at 149 cm−1 and E2
g at 182 cm−1) as

observed from the Raman spectra. The two phonon modes
possess large Grüneisen parameters. Compared with CoSb3,
the anharmonic scattering rates of YbCo4Sb12 are apparently
larger. These results imply that the large anharmonic scatter-
ing rates should be the main factor for the reduced lattice
thermal conductivity in YbCo4Sb12.

The weighted phase space is a direct measure of the num-
ber of scattering processes available to each phonon [14]. The
increased anharmonic scattering rates in filled skutterudites
are related to the increased weighted phase space. As shown in
Fig. 4(d), the weighted phase spaces of YbCo4Sb12 and CoSb3

are similar in shape. These values for YbCo4Sb12 are much
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TABLE III. Eigenfrequencies (in cm−1) and mode-Grüneisen pa-
rameters of the �-point modes of CoSb3 and Yb0.3Co4Sb12 from the
DFT calculations.

YbCo4Sb12 CoSb3

symmetry ωi (cm−1) γi ωi (cm−1) γi

Ag 145.70 2.38 142.84 1.71
167.75 1.75 170.36 1.68

Eg 124.03 2.66 127.35 1.67
172.29 1.91 175.85 1.72

Fg 81.94 0.29 80.30 0.28
98.79 1.03 103.79 0.94

141.99 1.96 145.21 1.70
171.03 1.53 174.32 1.47

Au 102.60 0.34 108.52 0.21
230.21 1.26 236.56 1.79

Eu 121.27 0.23 126.65 0.60
247.59 1.52 249.59 1.97

Fu 42.50 2.74
84.37 1.23 75.74 0.02

113.46 1.42 114.49 1.11
135.52 2.24 137.56 1.52
158.56 1.39 167.15 1.50
216.04 1.81 231.08 1.68
232.01 1.70 241.41 1.58
249.29 1.82 256.99 1.77

larger than those of CoSb3, indicating strong anharmonic
scattering in YbCo4Sb12 due to the intercalation of Yb guest
atoms.

F. Comparison of Grüneisen parameters between the
experiments and calculations

To make the anharmonicity more quantitative, it would
be valuable to gain the mode Grüneisen parameters of
YbCo4Sb12 from first-principles calculations. For compari-
son, the data for CoSb3 are also presented. As shown in the
upper panel of Fig. 4(e), a strong peak for frequencies near
the Yb mode can be found. The two peaks in the optical modes
correspond to the two large mode Grüneisen parameters from
our experiments. The Grüneisen parameters of the optical
modes make a prominent contribution to the total Grüneisen
parameter of YbCo4Sb12.

Compared with CoSb3, the Grüneisen parameter of
YbCo4Sb12 increases dramatically. The average Grüneisen
parameters for YbCo4Sb12 and CoSb3 are 1.48 and 1.19,
respectively. The relatively large average Grüneisen param-
eter in YbCo4Sb12 indicates strong anharmonicity. This result
agrees with our Raman scattering data.

The mode Grüneisen parameters of YbCo4Sb12 and CoSb3

obtained from DFT calculations are given in Table III. No-
tably, the mode Grüneisen parameter of the Yb mode at
42 cm−1 is 2.74, which is the largest value among those
of the other vibrational modes. Koza and coworkers [16]
have reported the rather significant anharmonicity of the low-
energy Yb mode compared to other MFe4Sb12 (M = Ca,
Sr, Ba) skutterudites through INS measurements and DFT
calculations. Therefore YbCo4Sb12 has the proximity with
YbFe4Sb12 and the anharmonicity of Yb mode is important.
The mode Grüneisen parameter of the Yb mode at 42 cm−1

is also slightly larger than that of Eu mode at 56 cm−1 (γ =

2.5) in Eu0.84Fe4Sb12 found from x-ray powder diffraction and
nuclear inelastic scattering experiments under pressure [46].
The strong anharmonicity accounts for the low lattice thermal
conductivity in YbCo4Sb12.

The above observations also reveal the importance of the
optical phonon modes in the lattice thermal conductivity of
filled skutterudites. Unlike CoSb3, the optical phonon modes
in YbCo4Sb12 play a dominant role in both the lattice thermal
conductivity and Grüneisen parameters. Therefore investigat-
ing the optical phonon modes is very important. The phonon
modes observed in the Raman spectra should be particu-
larly important. The frequencies corresponding to large mode
Grüneisen parameters for Yb0.3Co4Sb12 are observed in our
Raman scattering measurements. The values of the Grüneisen
parameters of Yb0.3Co4Sb12 are slightly larger than those of
CoSb3. The low Grüneisen parameter value for the F1

g mode
at about 82 cm−1 is very close to the one predicted for CoSb3

by DFT calculations [47].
Combining the results from experiments and calculations,

we provide an understanding of the low lattice thermal
conductivity for Yb0.3Co4Sb12. We find that the strong
anharmonicity reduces the lattice thermal conductivity
in the sample. The depressed group velocity within the
low-frequency range and the flat guest mode avoided crossing
with the acoustic-phonon mode also contributes to the
suppression of the lattice thermal conductivity. The optical
phonons are important for lowering the lattice thermal
conductivity. Our results suggest that the reduction effect of
the guest atom on the lattice thermal conductivity is not the
same as the PGEC theory or the case in filled Fe4Sb12-type
skutterudites [10,12]. The guest atom hybridizes with the
host lattice rather than acting as scattering centers. This gives
unequivocal evidence that the second Einstein mode observed
in Yb0.3Co4Sb12 [13] is due to the hybridization of the guest
atom and cage lattice. The DFT calculations indicate that
both the hybridization of acoustic and optical modes seen in
the harmonic calculations and the enhanced anharmonicity
linked to that and observed in the anharmonic calculations
can explain the reduction of the thermal conductivity in filled
skutterudites compared with CoSb3.

IV. CONCLUSIONS

In summary, by combining high-pressure x-ray diffraction
and Raman scattering measurements as well as first-principles
calculations, we have investigated the structural and thermal
transport properties of Yb0.3Co4Sb12. The phase transition in
the sample is found to occur at pressure of around 12.4 GPa.
The bulk modulus at ambient pressure has been determined
through the volume evolution with pressure. Based on the bulk
modulus and the phonon frequency shifts, we have obtained
the mode Grüneisen parameter for each observed phonon
mode. Compared with the unfilled parent, the obtained rel-
atively large Grüneisen parameters in the studied material
indicate that the low lattice thermal conductivity is attributed
to the strong anharmonicity. In addition, the depressed group
velocity within the low-frequency range and the flat guest
mode avoided crossing with the acoustic-phonon mode also
contribute to the lattice thermal conductivity reduction. Op-
tical phonon modes were found to be important for lowing
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the lattice thermal conductivity of Yb0.3Co4Sb12. Compared
with CoSb3, the low lattice thermal conductivity for filled
skutterudites is mainly due to the hybridization between the
guest atom and host lattice and the associated enhanced
anharmonicity. These findings provide novel insights for un-
derstanding the mechanism behind the low lattice thermal
conductivity in filled skutterudites.
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