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High-order phonon anharmonicity in Yb-filled skutterudites
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A study of the anharmonic phonon-scattering processes in Yb-filled CoSb; skutterudite with low lattice
thermal conductivity is carried out by combining temperature-dependent Raman-scattering measurements and
first-principles calculations. The softening of the phonon frequency reveals the phonon anharmonicity. The two
selected phonon modes exhibit strong cubic and quartic anharmonicity. The calculated weighted phase space and
scattering rates of three- and four-phonon scattering further support the anharmonicity. At high temperatures,
four-phonon scattering dominates the phonon-scattering processes at low frequencies. Fermi resonances among
low-frequency phonons provide strong four-phonon scattering, leading to low lattice thermal conductivity.
This study provides insight into the nature of anharmonic processes in highly efficient Yb-filled skutterudites
and demonstrates the important role of the high-order phonon-phonon interactions in lowering lattice thermal

conductivity.
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I. INTRODUCTION

Thermoelectric materials have attracted much attention
for sustainable energy applications due to their ability to
convert waste heat into useful electricity. High performance
thermoelectric materials should have low lattice thermal con-
ductivity and a high power factor [1-5]. Currently, the typical
approaches are to optimize the electrical properties by opti-
mizing the carrier concentration and band engineering or to
reduce the lattice thermal conductivity by introducing various
defects to scatter phonons [2]. The concept of “phonon-glass
electron-crystal” (PGEC) proposed by Slack combines the
low thermal conductivity of glass with the good electrical
properties of crystal, which plays a key role in selecting
thermoelectric materials [1]. As a representative of PGEC,
filled skutterudite has a very low lattice thermal conductiv-
ity and a large power factor [6]. Filled skutterudites have a
unique cagelike structure. Filling the vacancies in the cage
with guest atoms can significantly reduce the lattice thermal
conductivity without deteriorating the power factor [7-10].
Many efforts have been concentrated on understanding the
relatively low lattice thermal conductivity in filled skutteru-
dites. However, the mechanism that accurately reveals the
lattice thermal conductivity in filled skutterudites remains
controversial [11-21].

Several mechanisms have been proposed to explain the
low lattice thermal conductivity in filled skutterudites. In the
PGEC picture, the guest atoms are loosely bonded with the
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parent, just like “rattlers.” The local vibrations of these rattlers
provide an additional channel for phonon scattering, reducing
the mean free path of phonons and thus the lattice thermal
conductivity [11,12]. The PGEC picture has been considered
for a long time as a mechanism for the low thermal con-
ductivity in filled skutterudites. Surprisingly, a quasiharmonic
coupling between the guest atoms and the host lattice in (La,
Ce)Fe4Sby, has broken down this paradigm [13]. However,
an independent vibration mode of the guest atom has been
observed in Yb-filled skutterudite by time-of-flight inelastic
neutron scattering measurements (INS) [14,15]. Meanwhile,
the avoided crossing between the acoustic and low-frequency
optic phonons found in YbFe,Sbj, and LaFe,Sby, has also
been proposed as a possible mechanism for the suppression
of acoustic-phonon transport [16—18]. Furthermore, the low
lattice thermal conductivity in filled skutterudite has also
been suggested to be related to the lattice anharmonicity
[19,20]. In our previous study, strong anharmonicity in Yb-
filled skutterudite has been suggested from the large average
Griineisen parameter. And the strong anharmonicity is driven
by the hybridization of the Yb-filled atom and the host frame-
work [21]. Recently, four-phonon Fermi resonance has been
discovered in the calculations of Yb-filled FeSb; skutteru-
dite. Quartic anharmonicity in the phonon-scattering process
significantly suppresses the thermal transport [22,23]. This
motivates a comprehensive study of the phonon anharmonic-
ity in filled skutterudites. Clearly, studies in this direction are
still needed. The origin of the anharmonicity in filled skutteru-
dites and the identification of the specific phonon-scattering
processes remain to be examined. Therefore, investigations
of phonon-scattering processes and phonon anharmonicity in
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filled skutterudites are highly desired, in terms of both exper-
iments and calculations.

Phonon-scattering processes determine the lattice thermal
conductivity [24-30]. Information on phonon-scattering pro-
cesses is crucial for understanding the mechanism of lattice
thermal conductivity. A characteristic of anharmonicity is
that the eigenfrequency varies with temperature [13]. The
neutron scattering technique has been exclusively used to
study the phonon density of states (PDOS) in filled skut-
terudites [11,13,14,18,19]. The Raman-scattering technique
has access to some of the phonon branches at the Bril-
louin zone center [16,31,32]. Moreover, the Raman-scattering
technique has a high resolution and no requirement on the
sample size. It is a unique technique to detect the phonon
vibrational information of thermoelectric materials at a wide
temperature range [21,33-38]. The importance of the Raman-
scattering technique in providing phonon information has
recently been highlighted on filled skutterudites [39-43]. Im-
portantly, the phonon anharmonicity can be investigated by
the frequency shift or the change of the FWHM with tem-
perature [33,34,37,44]. The filling atom induces an infrared
active mode that is insensitive to Raman scattering. There
are eight Raman-active modes in filled skutterudites, which
are relatively large. Therefore it is necessary to study the
anharmonicity and phonon-scattering processes in filled skut-
terudites by Raman scattering.

In this study we choose an efficient Yb-filled CoSb; skut-
terudite by using Raman-scattering measurements and first-
principles calculations over a wide temperature range to reveal
the phonon-scattering mechanism. The frequency shift and
FWHM variation are obtained from temperature-dependent
Raman-scattering measurements. The anharmonicity is eval-
uated by three- and four-phonon scattering processes. The
scattering rates and weighted phase space are calculated to
reveal the origin of the anharmonicity in detail. The combined
experiments and calculations provide a comprehensive under-
standing of phonon-scattering processes and anharmonicity in
filled skutterudites.

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 [45]. The actual composition of the sample was
determined by an energy-dispersive spectrometer (EDS, Ox-
ford). The ambient-pressure structure of the sample was
characterized using a RigakuD /MAX-2550PC diffractometer
under Cu K« radiation with a wavelength of 1.5406 A.

The thermal conductivity at low temperatures (2 K-300 K)
was measured using the thermal transport option (TTO) of
a physical property measurement system (PPMS, Quantum
Design). At high temperatures (300 K-800 K) the thermal
conductivity was estimated using a laser flash method on a
Netzsch LFA457 instrument, with a Pyroceram standard.

The temperature-dependent Raman spectra were acquired
through an excitation laser wavelength of 488 nm emitted
by a sapphire laser (Coherent) [21]. The sample signal was
recorded by a spectrometer (Princeton Instruments) coupled
to a CCD. The laser power was below 2.5 mW to protect
the sample from possible damage. The Raman-scattering

measurements include two steps: low temperature
(10 K-300 K) and high temperature (300 K-720 K).
The low-temperature measurements were performed in a
liquid helium continuous flowing cryostat. The temperature
controller controls the sample temperature through a
heater and a platinum resistance temperature detector
with a typical accuracy of +0.5 K. The high-temperature
measurements were performed in a controlled atmosphere
furnace. The temperature of the sample on the heating
platform is controlled by setting the heating power.
High-laser-transparency quartz windows were integrated
into the furnace to avoid signal interference. A protective gas
containing 97% argon and 3% hydrogen was continuously
purged to avoid oxidation of the sample. Raman spectra were
collected at 10-K intervals.

All the calculations were performed based on density-
functional theory (DFT) with the projector-augmented-wave
(PAW) method and a Perdew-Burke-Ernzerhof-type gener-
alized gradient approximation (GGA) [46]. The geometry
optimization of the unit cell was done witha5 x 5 x 5 k-point
grid in the Vienna ab initio simulation package (VASP) [47,48].
The plane-wave basis was set with a cutoff energy of 520 eV.
The lattice constants and ionic coordinates were relaxed to
find the most stable states for YbCo,4Sb;,. Considering the low
thermal expansion of the Yb-filled skutterudite [49], the effect
of thermal expansion on thermal properties was not taken into
account in the current calculation. The weighted phase space
and scattering rates were determined from the harmonic, third-
and fourth-order interatomic force constants (IFCs). The har-
monic [FCs were calculated using a 2 x 2 x 2 supercell
implemented in the PHONOPY package [50]. The calculations
of the third- and fourth-order IFCs were performed using the
THIRDORDER and FOURTHORDER packages of the SHENGBTE
[29,51], respectively. The 2 x 2 x 2. and 1 x 1 x 1 super-
cells were applied, respectively. This choice was based on the
previous studies and the limitations of resources available to
us [17,21,29]. The weighted phase space and scattering rates
were obtained by employing ShengBTE with a g grid of 6
X 6 x 6 and a scalebroad of 0.1. The convergence of the
results was examined concerning the parameters employed in
the calculations.

II1I. RESULTS AND DISCUSSION
A. Filled skutterudite with low lattice thermal conductivity

Filled skutterudite has a body-centered cubic crystal struc-
ture with space group Im3, as shown in Fig. 1(a). The general
formula for filled skutterudite is RM 4X;,, where M = Co, Rh,
or Ir, X = P, As, or Sb, and R is a rare earth element [1].
The M and X atoms form eight octahedra with shared corners
in a unit cell. The M atoms are located at the center of the
octahedra and the X atoms are at the corners. These octahedra
are tilted so that the X atoms form planar rectangular X rings.
The structural vacancies located at the corners and body center
of the unit cell can be occupied by R atoms. The R atom with a
small radius rattles in oversized cages within the skutterudite
framework, reducing the lattice thermal conductivity of filled
skutterudites.
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FIG. 1. (a) The crystal structure of Yb-filled CoSb; skutteru-
dite from the side view (upper panel) and the top view (lower
panel). (b) Schematic examples for three-phonon scattering (combi-
nation process) and four-phonon scattering (redistribution process).
(c) Temperature dependence of the lattice thermal conductivity of
Yb3Co4Sb;, measured by a physical properties measurement sys-
tem (PPMS) and a laser flash method (Netzsch, LFA 457).

Temperature-dependent lattice thermal conductivity of Yb-
filled CoSbs skutterudite is demonstrated in Fig. 1(c). The
discontinuity of the lattice thermal conductivity at 300 K is
due to the different measurements used for high and low
temperatures. Due to the different principles and measurement
techniques employed by PPMS and laser flash analysis (LFA),
they can yield slightly different thermal conductivity results.
The increase of the lattice thermal conductivity with increas-
ing temperature above 700 K may be attributed to the bipolar
thermal conductivity, which is widely observed in narrow-
band thermoelectric materials, such as Bi,Te; and PbTe [52].
This could be a result of the significant excitation of charge
carriers at high temperatures. The lattice thermal conductivity
of Yby3Co4Sb;, shows a A-shaped trend with increasing tem-
perature, reaching 1.7 Wm~! K~! at 300 K and the minimum
0.7 Wm~' K~! around 600 K. These values are smaller than
those of other single-filled skutterudites and comparable to
those of multielement-filled skutterudites [53]. Moreover, the
lattice thermal conductivity of Yb-filled CoSb; skutterudite is
comparable to many high-performance thermoelectric mate-
rials, such as SnSe, PbTe, AgSbTe,, GeTe, and Zintl phases
[53]. These thermoelectric materials have intrinsically low
thermal conductivity due to large anharmonicity. Weak bond-
ing and heavy elements induce large phonon anharmonicity,
resulting in low lattice thermal conductivity. The filled atom
is loosely bonded to the parent lattice, which favors phonon
anharmonicity.

The anharmonic phonon-scattering processes include
three-phonon, four-phonon, and higher-order phonon scatter-
ing [25]. Figure 1(b) illustrates the three- and four-phonon
scattering processes. According to perturbation theory, the
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FIG. 2. Raman spectra of Yb,3Co,Sby, at various temperatures
from 10 to 720 K (upper panel). The lower panel shows the repre-
sentative Raman spectra at temperatures of 300 and 720 K. The open
circles are the experimental data points, and the curves are the fitting
results by using a single Lorentzian function for each mode.

three-phonon scattering process could be one phonon splitting
into two phonons or two phonons combing to create a new
phonon. Compared with three-phonon scattering, four-phonon
scattering involves more phonons and has splitting, redistri-
bution, and combination processes [24]. Figure 1(b) shows
the combination process of three-phonon scattering and the
redistribution process of four-phonon scattering, respectively.

To further understand the phonon-scattering micro-
scopic mechanism in filled skutterudites, we perform the
temperature-dependent Raman-scattering measurements on
Yb-filled CoSbs skutterudite.

B. Temperature-dependent Raman spectra

The  temperature-dependent Raman  spectra  on
Yby3Co04Sbi, over a wide range from 10 to 720 K are
shown in the upper panel of Fig. 2. According to group
theory, 17 atoms in the primitive cell of YbCo4Sby, give
rise to 51 different phonon vibrational modes, including
three acoustic-phonon modes and 48 optic-phonon modes.
The contribution of optic-phonon modes to the lattice
thermal conductivity is not negligible due to the number
of optic-phonon modes. According to the irreducible
representation, the optic-phonon modes can be denoted
as 2A, ® 2E, ® 4F, ® 2A, ® 2E, © 8F,. The modes
with A,, E,, and F, symmetries are Raman active. There are
eight Raman-active modes [43]. Following first-principles
calculations [12], the observed phonon peaks in the lower
panel of Fig. 2 are determined as 3F,, and 2E,, respectively.
The phonon peaks of Yby3CosSby, are wider and the
frequencies are lower than those of unfilled skutterudite
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CoSbs [39,43], which is consistent with the theoretical
calculations [12]. All the observed modes are the motions of
Sb atoms. These results are consistent with the calculations
of the projected density of states [12].

The evolution of the Raman spectra of Ybg3Co4Sbi, with
temperature is shown in the upper panel of Fig. 2. With
increasing temperature, the frequencies of all the detected
Raman peaks exhibit softening, indicating phonon anhar-
monicity. And the broadening of the FWHMs implies short
phonon lifetimes and high scattering rates. At higher temper-
atures we observed some new peaks, indicating changes in
the lattice structure. Representative Raman spectra at temper-
atures of 300 and 720 K are shown in the lower panel of Fig. 2.
The temperature-induced changes can be observed from the
two Raman spectra. The temperature-dependent frequencies
and FWHMs for each phonon mode were extracted by fitting
the Raman spectra with Lorentzian functions.

C. Phonon anharmonicity

According to the Klemens-Hart-Aggarwal-Lax model, one
phonon decays into two(wg — Xw,, n = 1, 2) or three
(wo = Zwy, m =1, 2, 3) phonons [54,55]. The frequencies
and linewidth can be expressed as functions of the cubic
(three-phonon process) and quartic (four-phonon process) an-
harmonic terms [56]:
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where 7 is the reduced Plank constant, kg is the Boltzmann
constant, w;p and I';y are the phonon frequency and linewidth
at 0 K, and w, and w,, are the phonon frequencies involved in
the three- and four-phonon scattering processes. A, B, C, and
D are constants proportional to the strength of the three- and
four-phonon scattering processes, respectively.

The frequency shift Aw;(T )y corresponding to the thermal
expansion is obtained as follows [57]:

T
Awi(T)y = wio[exp(—y/ aydT') — 1i|, 3)
0

where y is the Griineisen parameter and ay is the volume
thermal expansion coefficient. For the studied Yb-filled CoSbs
skutterudite, the y values can be obtained from the experi-
ments [21]. The available linear expansion coefficient «; value
is 8.17 x 107°® K~' [49]. The volume thermal expansion
coefficient ay = 3o is used in the data fitting.
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FIG. 3. (a) Raman spectra of the Fgl mode at various temper-
atures from 10 to 600 K. The open circles are the experimental
data points and the curves are the fitting results by using a single
Lorentzian function for the mode. (b) The vibration directions of
the atoms for the Fgl mode. (c) Temperature dependence of the
frequency of the Fg] mode. The red-solid line gives the theoretical fit
using the processes of three- and four-phonon scattering and thermal
expansion. The dashed lines describe the cubic and quartic terms of
the anharmonicity and thermal expansion contributions, respectively.

Based on theoretical calculations, the corresponding
phonon frequency for Yb filling is 42 cm~! [10]. In addition,
researchers have found two Einstein vibrational modes with
corresponding frequencies of 40 and 100 cm ™! from the study
of the specific heat of Yb-filled skutterudites Yby,Co4Sby;.
Meanwhile, the INS study has identified the two peaks in
the PDOS at around 5 and 12.4 meV, consistent with the
specific heat data [14]. Therefore we select the Fgl and ng
modes, which are closest to the two Einstein modes in the
Raman spectrum, to investigate the phonon anharmonicity
in Ybg3Co4Sby,. Since the minimum of the lattice thermal
conductivity is around 600 K, and the sample was damaged
due to the laser heating effect above 640 K, we only fit the
frequency and FWHM from 10 to 600 K.

The F! mode is a low-frequency optic-phonon mode and
also the closest optic branch to the first Einstein mode. The as-
signment is illustrated in Fig. 3(b). The Fg1 mode is due to the
vibration of the Sb atoms, and it is a shear mode in the plane of
the longer edge of the nearest Sb4 ring. The phonon frequency
for the Fg1 mode is 80 cm™! at 300 K, in agreement with
previous studies [21], As for this vibrational mode, the Raman
frequency corresponding to the parent skutterudite CoSbs is
87 cm~!, and the frequencies corresponding to the filled skut-
terudites LaFe;CoSb;,, CeFe;CoSb,, and LaCeFe;CoSb,
are 77, 70, and 69 cm ™!, respectively [39—43].

The Raman spectra of the F,! mode are demonstrated in
Fig. 3(a). It can be seen that the phonon frequency softens
and the FWHM widens with increasing temperature. Due to
the relatively large errors in fitting the FWHM, we focus
on the evolution of the frequencies with temperature. The
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TABLE I. Summary of the phonon-scattering parameters ob-
tained by fitting the temperature dependence of the frequencies of
Fg1 and ng modes through the Klemens-Hart-Aggarwal-Lax model.

Mode wo (cm™h) A(x1073 ecm™) B(x107 cm™)
F(gl, 81.50+0.03 —4.671+0.56 -5.56+0.32
Fﬁ 106.98+0.02 -12.45+0.32 0

temperature dependence of the phonon frequencies is fitted
by the Klemens-Hart-Aggarwal-Lax model [54,55]. The y
value for the Fg1 mode is 0.50 £ 0.07. The obtained results
are plotted as functions of temperature in Fig. 3(c). As can
be seen, the fitting curves match well with the experimental
data. The contribution from the thermal expansion for the Fg'
mode is not negligible but low. Both three- and four-phonon
scattering processes are involved in the vibration of the Fg1
mode and contribute to the anharmonic nature of the phonons.
The fitting parameters are listed in Table I. At temperatures
above 300 K, the curve deviates from the three-phonon scat-
tering process curve and is consistent with the four-phonon
scattering process curve. These results suggest a contribution
from four-phonon scattering processes.

The ng phonon mode is next to the Fg1 mode and is also the
optic branch close to the second Einstein mode in Yb-filled
skutterudite. The assignment of the ng mode is illustrated in
Fig. 4(b). The phonon mode is also due to the vibration of
the Sb atoms, which is the short side in-plane shear of the
Sby ring, following previous studies [21]. As for this vibra-
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FIG. 4. (a) Raman spectra of the ng mode at various temper-
atures from 10 to 600 K. The open circles are the experimental
data points, and the curves are the fitting results by using a single
Lorentzian function for the mode. (b) The vibration directions of
the atoms for the ng mode. (c) Temperature dependence of the
frequency of the ng mode. The red-solid line gives the theoretical
fit using the three-phonon scattering process and thermal expansion.
The dashed lines represent the three-phonon and thermal expansion
contributions, respectively.

tional mode, the Raman frequency corresponding to the parent
skutterudite CoSbs is 101 cm~! at 300 K, and the frequen-
cies corresponding to the filled skutterudites LaFe;CoSb,,
CeFe;CoSby,, and LaCeFe;CoSb, are 97, 89, and 81 cm™!,
respectively [39-43].

The Raman spectra of the Fg2 mode are demonstrated
in Fig. 4(a). As the temperature increases, the phonon fre-
quency monotonically shifts towards lower frequencies, and
the FWHM becomes broader. However, the fit to the FWHM
has relatively large errors, so our focus remains on examining
the evolution of the frequency with temperature utilizing the
Klemens-Hart-Aggarwal-Lax model. The y value for the ng
mode is 1.40 £ 0.12. The obtained results are plotted as func-
tions of temperature in Fig. 4(c). As can be seen in Fig. 4(c),
the fitting curve is in good agreement with the experimental
data. The contribution from the thermal expansion for the
ng mode becomes important. The anharmonic nature of the

ng mode is mainly attributed to the three-phonon scattering
process. The fitting parameters for this mode are presented in
Table 1.

The above analysis gives experimental evidence for the
cubic and quartic anharmonicity in the phonon scattering
processes. The cubic anharmonic parameters were obtained
from the ng mode, indicating the cubic anharmonic na-

ture of the phonon vibrational modes. For the Fg1 phonon
mode, the quartic anharmonicity parameter is relatively
high, suggesting a quartic anharmonicity of the phonon
vibrations.

In many thermoelectric materials with low lattice thermal
conductivity, low-frequency phonons are the dominant heat
carriers [21,22]. The scattering mechanism of low-frequency
phonons is a vital factor in reducing lattice thermal conduc-
tivity. A previous study has predicted quartic anharmonicity
of acoustic phonons in filled skutterudites by a four-phonon
Fermi resonance scattering mechanism [22].

Therefore we need information on the scattering mech-
anism of low-frequency phonons in Yb-filled skutterudites.
However, Raman spectra provide phonon vibration informa-
tion on the relatively high-frequency optic-phonon modes.
Therefore, to further investigate the phonon-scattering mecha-
nism in Yb-filled skutterudites, we have calculated the phonon
vibrational properties involving the third- and fourth-order
anharmonic scattering processes. We have focused on the
weighted phase space and scattering rates in the scattering
process.

D. Weighted phase space and scattering rates

The weighted phase space is a direct measure of the
number of scattering processes available for each phonon
and depends only on the dispersion of the phonons. There-
fore, weighted phase space is essential to understand the
anharmonicity of phonon scattering. The weighted phase
space as a function of frequency at temperatures of 10, 300,
and 600 K are shown in Figs. 5(a)-5(c), respectively. At
10 K the weighted phase space for three- and four-phonon
scattering is small and dominated by three-phonon scat-
tering. Above 300 K, the weighted phase space increases
significantly with increasing temperature. The weighted
phase space of four-phonon scattering becomes increasingly
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FIG. 5. Calculated phonon dynamics of the three- (blue stars) and four-phonon (red sphere) scattering processes of YbCo,Sb,. [(a)—
(c)] The weighted phase space as a function of frequency at temperatures of 10, 300, and 600 K, respectively. [(d)—(f)] The phonon-scattering
rates as a function of frequency at temperatures of 10, 300, and 600 K, respectively.

pronounced and dominates the scattering processes in Yb-
filled skutterudites.

The phonon-scattering rates as a function of frequency at
temperatures of 10, 300, and 600 K are shown in Figs. 5(d)—
5(f), respectively. The results are similar to those for the
weighted phase space. At 10 K the scattering rates are small
and the three-phonon scattering rate is significantly larger than
the four-phonon scattering rate. As the temperature increases,
the scattering rates of the three- and four-phonon processes
gradually increase and show an obvious increase above 300 K,
consistent with the decrease of the lattice thermal conductivity
with temperature in Fig. 1(c). A peak of the four-phonon scat-
tering rates appears at 46 cm~! in the low-frequency region,
which is close to the first Einstein mode derived from the
vibrations of the Yb atom. The three-phonon scattering rates
have several peaks at relatively high frequencies, the lowest of
which is around 80 cm™!.

Above 300 K, the four-phonon scattering process con-
tributes more and more to the phonon-scattering rate as the
temperature increases. Additionally, the frequency range of
the peak in the four-phonon scattering rate covers the acoustic-
phonon mode and the low-frequency optic-phonon mode
corresponding to the Yb-filled atoms.

To understand which phonon vibrational modes are in-
volved in the four-phonon scattering process, we calculate
the contribution of all allowed scattering channels to the
four-phonon scattering process at different temperatures in
YbCO4Sb12.

E. Four-phonon scattering process

Figure 6 shows the contribution to the four-phonon scatter-
ing process from all allowed scattering channels as a function
of frequency for YbCo4Sby, at temperatures of 10, 300, and
600 K, respectively. The four-phonon weighted phase space

of the phonon modes at temperatures of 10, 300, and 600 K
are shown in Figs. 6(a)-6(c), respectively. The four-phonon
scattering processes include splitting (- -), redistribution (+
-), and combination (+ +) [24]. The splitting process is the
splitting of one phonon into three phonons. The redistribution
process involves one phonon absorbing another and decay-
ing into two phonons. The combination process involves one
phonon absorbing two phonons and producing one phonon.

At 10 K the weighted phase space of the four-phonon
scattering is still low and dominated by the splitting pro-
cess. With increasing temperature, the weighted phase space
exhibits a sharp increase. Above 300 K the weighted phase
space of the four-phonon scattering increases by several or-
ders of magnitude compared to the value at 10 K. From 300 to
600 K the redistribution process dominates the low-frequency
four-phonon scattering process. The splitting process at low
frequencies is suppressed due to the relatively strong redistri-
bution processes.

Notably, the weighted phase space of the four-phonon scat-
tering shows a peak near the low frequency of 46 cm~!. This
peak is consistent with the peak position in the four-phonon
scattering rates in Figs. 5(d)-5(f). To further investigate the
origin of the peak in the weighted phase space of four-phonon
scattering, we focus on the different four-phonon scattering
channels and their relevance to the characteristics of the
phonon dispersion.

The four-phonon scattering rates of the phonon modes at
temperatures of 10, 300, and 600 K are shown in Figs. 6(d)—
6(f), respectively. At 10 K the four-phonon scattering rate is
small and dominated by the contribution of the optic-phonon
modes generated by the Sb atoms. A peak in the four-phonon
scattering rate occurs at low frequencies. The peak value in-
creases by several orders of magnitude at 300 K and continues
to increase with increasing temperature. As can be seen from
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FIG. 6. Contribution to the four-phonon scattering process from all allowed scattering channels as a function of frequency for YbCo,Sb,
at temperatures of 10, 300, and 600 K, respectively. [(a)—(c)] The four-phonon weighted phase space of the phonon modes at temperatures
of 10, 300, and 600 K, respectively. [(d)—(f)] The four-phonon scattering rates of the phonon modes at temperatures of 10, 300, and 600 K,

respectively.

Figs. 6(e)-6(f), the peak frequency of the four-phonon scat-
tering rate covers the interval of the acoustic-phonon mode
and Yb-phonon mode. Hence, acoustic phonons and Yb atom
vibrations dominate the four-phonon scattering process.

Previous studies have shown the avoided crossing between
the flat Yb-phonon mode and longitudinal acoustic-phonon
mode [21]. In addition, the transverse acoustic branch in Yb-
filled skutterudite exhibits a unique flat energy dispersion in
the Brillouin zone [21,22]. As described in the literature [22],
the unique flat energy dispersion and the quartic anharmonic
interaction result in the four-phonon Fermi resonances and
significantly increase the probability of four-phonon inter-
action scattering of the acoustic branch phonons, ultimately
leading to a suppression of the lattice thermal conductivity.
This model has been demonstrated to work well for materials
with flat energy dispersion, such as AgCrSe,, copper halogen,
SnSe, and PbTiO; [22]. Based on the four-phonon weighted
phase space and scattering rate calculations, we speculate that
YD filling affects the acoustic phonons.

In this study, the redistribution process dominates the four-
phonon scattering process at high temperatures. As depicted
in Fig. 1(b), during the redistribution of the four-phonon scat-
tering process, the optic phonon can absorb one phonon and
decay into two phonons. Following energy and quasimomen-
tum conservation, phonon decay can generally occur through
down-conversion or up-conversion into various frequency
combinations, depending on the PDOS [56]. Due to the flat
characteristic of the Yb mode and that the acoustic-phonon
mode and their frequencies are near, the PDOS exhibits peaks
around 42 cm~! [21]. The high density of states provides the
basis for Fermi resonance scattering [58]. The three-phonon
scattering process is thus limited according to the selection
rules [59]. The four-phonon scattering rate is unaffected by the
selection rules, and any two phonons of the same frequency

can combine to form two new phonons [59]. Thus a possible
redistribution process is that one optic phonon from the Yb
vibrational mode absorbs one acoustic phonon and decays
into two acoustic phonons. Under this circumstance, the optic
phonons produced by the Yb-filled atoms and the acoustic
phonons undergo four-phonon Fermi resonance scattering. It
is also possible for one acoustic phonon to combine with an-
other to create two acoustic phonons, or for one optic phonon
from the vibration of Yb atoms to combine with another to
create two optic phonons [22,27,28].

Our previous studies have shown that the hybridization
of Yb atoms with the parent framework leads to strong
anharmonicity in filled skutterudites [21]. The Fg‘ mode is
associated with both three- and four-phonon scattering pro-
cesses. As shown in Figs. 6(a)-6(c), during the frequency
range of the Fg1 mode, the distribution process remains preva-
lent over the four-phonon scattering process. The PDOS of
Yb-filled CoSbs skutterudite shows peaks at around 80 cm™!
[21], Hence we cautiously speculate that the three-phonon
process associated with the F! mode could involve the decay
of one optic phonon from the Sb atom into two low-frequency
phonons. Furthermore, the four-phonon process may occur
when an optic phonon from the Sb atom absorbs another
from the Yb atom and decays into two low-frequency optic
phonons. A possible scenario for the three-phonon process
in the ng mode is the decay of one optic phonon from the
Sb atom into two low-frequency optic phonons. Of course,
there are many other possibilities for the phonon-scattering
processes.

Therefore the microscopic mechanism of phonon scatter-
ing in Yb-filled CoSbs skutterudite is closely related to the
hybridization between the Yb-filled atoms and the parent. The
cubic and quartic anharmonicity are involved in the phonon-
scattering processes. Four-phonon Fermi resonance scattering
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presumably occurs between the Yb-filled atom and the parent
atom, as evidenced by the four-phonon peak at low frequen-
cies. The Yb-filled atom undergoes the three- and four-phonon
scattering processes with the optic phonons of Sb atoms.
At high temperatures, four-phonon scattering dominates the
scattering process at low frequencies. The Fermi resonances
among low-frequency phonons provide strong four-phonon
scattering. Such low-frequency phonons account for the low
lattice thermal conductivity in many efficient thermoelectric
materials [22]. Therefore phonon anharmonicity, especially
quartic anharmonicity, is responsible for the low lattice ther-
mal conductivity in Yb-filled skutterudites.

IV. CONCLUSIONS

In summary, the phonon-scattering microscopic mech-
anism in Yb-filled skutterudite has been investigated by
combining temperature-dependent Raman-scattering mea-
surements and first-principles calculations. We have verified
the anharmonicity of phonon vibrations in Yb-filled skut-
terudites by studying the Raman spectra over a temperature
range from 10 to 600 K. The phonons have strong tempera-
ture dependence. Based on the temperature-dependent phonon
frequencies, we find that the phonon modes F,' and F; ex-
hibit strong quartic and cubic anharmonicity, respectively.

The calculated weighted phase space and scattering rates of
the three- and four-phonon scattering processes fully support
the phonon anharmonicity obtained from Raman-scattering
measurements, providing detailed information about the
phonon-scattering processes. Moreover, it is worth noting
that four-phonon scattering dominates the phonon-scattering
processes at low frequencies. Fermi resonances among low-
frequency phonons provide strong four-phonon scattering,
and thus the lattice thermal conductivity is effectively sup-
pressed at high temperatures. Our study reveals the important
role of higher-order anharmonicity in phonon thermal trans-
port and provides a comprehensive understanding of the
microscopic mechanisms responsible for the low lattice ther-
mal conductivity in Yb-filled skutterudites.
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