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Energy conversion from waste heat to electric power is a promising approach for
energy harvest, and the clathrates crystals have received lots of attentions in this
field from the concept of “phonon-glass and electron-crystal”. However, the thermal
transport mechanisms and roles of rattlers have yet been clearly revealed in clathrates.
By using iterative solution of Peierls-Boltzmann transport equation and first principle
calculations, we have systematically revisited the thermal transport properties of a simple
binary representative of clathrates, BagSisg. Our results confirm that the suppressed
phonon lifetime is responsible for the huge reduction of lattice thermal conductivity (k)
in clathrates, in addition to the decrease of phonon group velocity. Furthermore, we
clarify that phonon scatterings in a wide frequency range and the resonant characteristic
scatterings coexist in clathrates, due to the emergence of hybridized modes introduced
by the rattlers. We also elucidate that the hybridized modes dramatically suppress the
acoustic phonon contribution to «;, leading to the non-negligible relative contribution from
optical phonon to thermal transport in clathrates. Moreover, the impacts of the hybridized
modes on different scattering channels in the phase space are also discussed. Our study
provides fundamental physical insights into the impacts of rattlers on thermal conductivity
of clathrates, which is valuable toward the design of efficient thermoelectric materials
based on the concept of “phonon-glass and electron-crystal.”

Keywords: thermoelectrics, clathrate, rattler, peierls-boltzmann transport equation, thermal conductivity

INTRODUCTION

Thermoelectric devices can convert waste heat into electricity, as a promising approach to address
two urgent problems worldwide, energy crisis and greenhouse effect, and thus have received lots of
research interests (Zhao et al., 2014; Zhang and Zhao, 2015). There are extensive studies searching
for efficient thermoelectric materials, which are required to have low thermal conductivity, high
thermopower and electric conductivity simultaneously (Boukai et al., 2008; Zhang et al., 2016). A
novel guideline concept, phonon-glass and electron-crystal, is proposed to optimize thermoelectric
performance (Slack and Rowe, 1995; Beekman et al., 2015). The previous studies have demonstrated
that host-guest systems are ideal platform for this concept, such as clathrates (Takabatake et al.,
2014), perovskites (Lee et al., 2017), and skutterudites (Ren et al., 2017), in which the lattice thermal
conductivity (k) can be dramatically reduced to a glass-like value while maintaining excellent
electric properties. Because of their desirable thermoelectric behaviors, host-guest systems are
identified as one of the most promising materials in practical thermoelectric applications.
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Clathrates as a class of host-guest system materials exhibit
a glass-like extremely low «; and promising thermoelectric
properties (Pailhes et al., 2014; Tadano et al,, 2015; Xi et al,
2017). The rattling of guest atoms induce hybridized modes
to the acoustic branch in the phonon dispersion for the host
cage, which is identified as the origin for the suppressed «; in
the clathrates. As a main mechanism, the role of guest atoms
has been investigated by numerous experimental and theoretical
studies. However, the underlying mechanisms for the rattling
effects are still contentious. For instance, the experimental study
on BagGajsGesp revealed that the reduction of phonon group
velocity around the avoided crossing of the hybridized modes
is responsible for the huge reduction of thermal conductivity in
clathrates (Christensen et al., 2008). From the harmonic aspects,
Pailhés et al. found in BagSise clathrate that the suppression
mechanism is the localization of propagative phonons (Pailhes
et al., 2014). On the other hand, the suppression of phonon
lifetime in a wide frequency range and the throughout phase
space coupling of rattling modes are also reported (Koza et al.,
2008; Tadano et al., 2015). However, a recent experimental work
has shown in clathrate Bay g Geso67Aus 33 that the low-energy
acoustic phonons still possess unexpected long lifetimes and
dominate the thermal transport in clathrates (Lory et al., 2017).
Therefore, further investigations on the clathrates systems are
needed to better understand the rattling mechanisms and to
further enhance the thermoelectric figure of merit in host-guest
systems.

In this work, we revisit the thermal transport properties of
clathrates by using the iterative solution of Peierls-Boltzmann
transport equation and first principles calculations, which can
well grasp the phonon scatterings mechanisms in crystalline
solids. Firstly, our results confirm that the suppressed phonon
lifetime is responsible for the huge reduction of «; in clathrates,
in addition to the decrease of phonon group velocity. More
interestingly, the combinations of the wide frequency range
scatterings and the resonant scatterings scenario together result
in the suppression of phonon lifetime. This phenomenon
is explained by the variation of scattering channels in the
clathrates. Our calculations provide novel physical insights into
the reduction of «; in clathrates and clarify the underlying
scattering mechanisms.

COMPUTATIONAL METHOD AND MODEL

From the solution of Peierls-Boltzmann transport equation
(PBTE), the lattice thermal conductivity (k) can be obtained as
Lietal. (2014):

af _ 1 2 B
K= m XA:HO(HO + 1) (hw;.) U%F;“ (1)

where kg, T, Q2 and N are Boltzmann constant, temperature, the
volume of the unit cell, and the number of g points in the first
Brillouin zone, respectively. The sum goes over phonon mode A
that consists of both wave vector and phonon branch. ny is the
equilibrium Bose-Einstein distribution function, % is the reduced
Planck constant, w, is the phonon frequency, and vy is the

phonon group velocity in the o direction. The last term Ff is
expressed as Omini and Sparavigna (1995), Lindsay and Broido
(2008), and Li et al. (2014):

Fl=1 (vi3 + A)\), ()

where 7} is phonon lifetime of mode A under the relaxation time
approximation (RTA) as obtained from the perturbation theory,
and A is a correction term that incorporates the inelastic three-
phonon scattering processes. As implemented in ShengBTE
package (Li et al., 2014), Equation (2) is iteratively solved starting
from a zeroth-order approximation under RTA solution, Ff =

rfvf . The stopping criterion is that the relative change in
the calculated conductivity tensor is less than a configurable
parameter. When A, is equal to zero, the RTA result for thermal
conductivity is obtained.

The anharmonic three-phonon scattering process is the
dominating phonon scattering mechanism in pristine crystals,
which is computed as the inversion of the intrinsic scattering rate
(Lietal., 2012):

NG

-1
ph _ + 1 -
T)L —N(Z F}L)L,)LH + 5 ZFA}\/}L”) > (3)
o A
where A" and 1" denote the second and third phonon mode

scattering with the first phonon mode A, ', , and T, ,
A2 A

refer to the intrinsic three-phonon scattering rate for absorption
process (A + Az = )\N) and emission process (A — A+ )L”),
respectively. The linewidth F;t)h,/\,, can be calculated from Fermi’s
Golden Rule (Luo and Chen, 2013) and the third-order force-
constant matrix by using ShengBTE software (Li et al., 2014).
In addition to the anharmonic phonon-phonon scatterings, the
phonon-isotopic scattering is also considered in this work, and
the scattering rate is given by Tamura (1983) and Kundu et al.
(2011):

2 . 2
L = % > gl ‘ex (i) ey (i)‘ §(wr—wy), (4

icu.c.

where g(i) = Y  f()[l— Ms(i)/ﬂ(i)]2 is the Pearson
deviation coefficient for the mass M;(i) of isotopes s for atom i
(with concentration 0 < f; (i) < 1) and M (i) = oo fs () M(i) is
the average mass. We consider the natural isotopic concentration
of Si and Ba atoms, which is taken from the report by
Berglund et al. (Berglund and Wieser, 2011), as implemented in
ShengBTE package. Finally, all scatterings rate are combined by
the Matthiessen rule (Ziman, 1960).

Based on phonon dispersions and Fermi’s Golden Rule,
the phase space of all possible three-phonon scattering events
that conserve both energy and quasi-lattice momentum is
determined. The allowed three-phonon scattering processes must
satisfy:

o, () o () =0 (T"); TG =F"+C, 5
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where 8 is the reciprocal lattice vector. It is the normal (N)

processes when G = 0, and fe # 0 denotes the umklapp
(U) processes. In the RTA solution of PBTE, N-processes are
incorrectly treated as the same scattering events as the U-
processes that contribute to thermal resistance. In contrast,
the N-process and U-process can be separately handled in the
iterative process, similar to the full solution approach. Moreover,
the parameter Wf\t can be used to denote the phase space
corresponding to absorption and emission of a given phonon
A, which are defined as the sum of frequency-dependent factors
in the expression of three-phonon transition probabilities as
following (Li and Mingo, 2015):

wE=— 3 [2()(”2’ . ”2)] Sand oy —op)
2N Y I’Z)L/ + n/\/, +1 W)W, "W, 7

Our calculations are performed on the simplest representative
of clathrates, the type-I clathrate BagSiss, as shown in Figure 1.
All phonon calculations were performed by the Vienna ab initio
simulation package (VASP) based on density functional theory
(Kresse and Furthmiiller, 1996). The cut energy of 300 eV was
employed on the BagSiss and Siye clathrate with 4 x 4 x 4 k-
point mesh. For the exchange-correlation functional, the Perdew-
Burke-Ernzerhof (PBE) functional was employed. In order to
emphasize the accuracy of our calculations and the impact of
N-process on thermal transport, we also calculate the x; of
single-layer graphene with the cut energy of 450eV and the
16 x 16 x 1 k-point mesh. The harmonic and cubic force
constants were obtained by the finite-displacement approach
as applied in PHONOPY software (Togo et al, 2008). The
cutoff distance in the force constants calculations is up to 5.2
A, which is large enough to include all essential interactions.
Then, the lattice thermal conductivities of BagSiss and Sigg
are calculated, by using ShengBTE software, based on an 8
x 8 x 8 q grid. After sufficient structure optimization, the
lattice parameters for BagSiss and Sige are 10.25 and 10.22
A, respectively. Therefore, the Ba filling induces negligible
change in the lattice structure, which indicates that there
exists only weak interaction between the Ba atom and Si cage.
Moreover, a 7 x 7 x 1 supercell is used for graphene to
obtain the correct harmonic and anharmonic interatomic force
constants, with 48 x 48 x 48 q grid to calculate ;. The
convergences of q grid and force cut-off are well tested and
verified.

The unit cell of the type-I clathrate compounds is consisted
of networked cages formed by nanoscale dodecahedrons with
12 flat faces in the small cage and tetrakaidecahedrons with
14 flat faces in the large cage. Group-I or group-II elements
in the periodic table are used as the so-called rattling
guest atoms to fill in the cages (Takabatake et al, 2014).
The simplest binary type-I clathrate is BagSiss (Figure 1), in
which the guest atom Ba is at the center of the cage (on-
center). There are also some other type-I clathrates in which
the guest atoms are distributed in the off-center positions
away from the cage center, such as Sr and Eu. In this
study, we focus on the Ba rattlers in BagSig to study the

underlying mechanism for the thermal transport in host-guest
systems.

RESULTS AND DISCUSSION

Phonon Dispersion and Group Velocity
Figure 2A shows the calculation results of the phonon dispersion
for BagSig (solid line), and for the host-only system Sigg
(dashed line). For BagSiye, our calculation result agrees with the
experimental data (circles) from literature (Pailhes et al., 2014),
which highlights the accuracy of our DFT calculations. In the
BagSiye clathrate, each host Si cage is covalently bonded with
nearest neighbor cages while the guest Ba atoms, as rattlers,
have non-bonded weak interaction with the host cage. This
structure character results in a remarkable feature in phonon
dispersion, as show in Figure 2A, that is the existence of the
hybridized modes with frequency wy, as a result of the so-called
avoided crossing between the acoustic phonon mode in the host
system and the flat guest modes (Nakayama and Kaneshita, 2011).
Previous studies (Tse et al., 2001; Pailhés et al., 2014) claimed
that the hybridized modes are caused by the rattling of Ba(2)
atom in the large cage, which is also confirmed by our calculation
of phonon density of states (DOS) in Figure 2B. Moreover, we
find that DOS for Ba(2) atom is mainly distributed in the low-
frequency region (below 2.5 THz), and is almost separated with
the DOS peaks for the host Si atom. This feature suggests Ba(2)
atom acts as an independent rattler in the host Si cage, due to
the non-bonded weak interaction between Ba(2) guest and the
large Si cage. In contrast, DOS for Ba(1l) atom exhibits similar
peaks to the DOS peaks for Si atom below 4 THz, suggesting
a strong vibration coupling between Ba(1) atom and the small
Si cage. This observation is further confirmed by examining the
interatomic force in our calculations. We find that the coupling
force constant between Ba(1) and small Si host cage is more
than 12 times stronger than that in the large cage. Furthermore,
the complex orientations of tetrakaidecahedrons cages in type-
I clathrates result in the broadened frequency distribution of
hybridized modes in phonon dispersion (Figure 2A), which is
different from the single-frequency hybridized mode in host-
guest system of YbFe4Sby; (Li and Mingo, 2014). The broadened
distribution of hybridized modes can provide more scattering
channels for the low frequency acoustic phonons, wy, + wjy,, —
o,

The direct impact of the hybridized modes induced by
the rattlers in clathrates is the suppression of phonon group
velocity, as shown in Figure 2C. Similar to the reports in other
clathrates (Tadano et al., 2015), we find that the phonon group
velocity of BagSiss becomes suppressed compared to that of
the host-only system Siss, especially for frequency close to the
hybridized modes, because of the remarkable phonon softening
phenomenon caused by guest atoms. For phonon frequency
away from the hybridized modes, the group velocity of other
phonon modes is only reduced by several times (see for instance
frequency ~0.5 THz), or is even comparable for some frequencies
(~5 THz), which is consistent to the retained dispersive (non-
flat) modes in phonon dispersion after inserting the guest atom
into the host cage (Figure 2A).
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Ba(2)

FIGURE 1 | Atomic structure of the type-| clathrate BagSiyg. (A) Building units with face sharing large cage BaSio4 and small cage BaSiog. Ba(1) and Ba(2) denote Ba
atom in the small and large cage, respectively. (B) The unit cell of crystal structure of BagSizg.

upper bound of acoustic branches for BagSiyg (black) and Sisg (red), respectively.
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FIGURE 2 | Phonon dispersion and group velocity for BagSisg and Sisg, respectively. (A) Calculation results of phonon dispersion for BagSisg (solid line) and Sizg
(dashed line). The experimental phonon dispersion data for BagSisg (circle) from literature (Pailhes et al., 2014) is also displayed for comparison. (B) Density of states
(DOS) of host Si, Ba(1), and Ba(2) atoms in BagSisg, respectively. (C) Group velocity of BagSisg and Sisg, respectively. The shadowed regions in (A,C) highlight the
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Thermal Conductivity

In this work, two kinds of solutions of PBTE, iterative and RTA
solutions, are separately performed to compute the «; of each
structure. The RTA solution improperly treats the N-process and
U-process events as the same contribution to thermal resistance.
Therefore, it always underestimates k; when N-process is stronger
than U-process for the indirect participation of N-process in
resistive scatterings (Cepellotti and Marzari, 2016; Zhang et al.,
2017b). For example, the calculated «; of graphene from iterative
solution is higher than the RTA prediction, as shown in Figure 3,
which is in good agreement with a previous work (Lindsay et al.,
2010). More interestingly, the strong N-process in graphene
results in hydrodynamic like phonon transport phenomenon
(Cepellotti et al., 2015; Lee et al., 2015). However, the impacts
of hybridized modes on the selection rules (Eq. 2) for N-process
and U-process, respectively, and further on thermal transport
are still unknown. Our calculation results in Figure 3 show that
there is no difference in the calculated thermal conductivities
between two solutions for BagSiss and Sise clathrates. Therefore,

although the emergence of hybridized modes in clathrates
provide more scattering channels for low frequency phonons,
and low frequency phonons always dominate the N-process (Lee
et al.,, 2015), it is still less important in clathrates because of
the small phonon population in the low-frequency region, as
observed from DOS in Figure 2B.

Next, the specific thermal transport properties in clathrates
are discussed. Our calculated room temperature «; of graphene
based on iterative solution is 3475.8 Wm~!K~!, which is in
good agreement with previous works (Zhang et al., 2017a) and
highlights the accuracy of our PBTE calculations. We can also
find in Figure 3 that, compared to the host-only system Siyg,
the inclusion of guest atoms inside the cages greatly suppresses
the «; of BagSiye in the whole temperature range. For instance,
the room temperature «; of BagSie is 8.9 Wm 1K1, which is
much smaller than the value of 45.4 Wm™'K~! in Siss. In more
details, the ratio of «x; between Siys and BagSisg varies from 30
to 4 times for the temperature ranging from 10 to 600K, and
thus the reduction of «; is steeply declined with temperature.
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FIGURE 3 | The calculated «; for BagSisg clathrate, host-only system Sizg
and graphene vs. temperature, respectively, from iterative solution (empty
symbols) and RTA solution (filled symbols). The dashed lines show the
corresponding 1/T temperature dependence.

Moreover, at high temperature, the thermal conductivity of each
structure approaches to 1/T dependence (Figure 3), indicating
the crystalline nature of on-center clathrates and the dominance
of anharmonic phonon-phonon scatterings in clathrates at high
temperature.

In order to further explore the suppression effect from the
rattling of guest atoms on «j, the normalized accumulative
thermal conductivities at room temperature vs. phonon
frequency are calculated, as shown in Figure 4. The accumulative
thermal conductivities in Sige and BagSige both increase sharply
in the low-frequency region, corresponding to the significant
contributions from acoustic modes. With continuously
increasing frequency, the accumulative «; in Sise gradually
converges after ~4.2 THz, which corresponds to the upper
bound of acoustic branches (red shadowed region in Figure 2)

In the Sige, the total «; is dominantly (about 90%) contributed
by the acoustic phonons, which is quite common in various
crystalline solids due to the large group velocity of acoustic
phonons. Surprisingly, our calculations reveal that more than
50% of «; in BagSige is contributed by optical phonons, as
shown in Figure 4. This result highlights the importance of
optical phonons to thermal transport in clathrates, which has
also been found in silicon nanowires (Tian et al., 2011). This
unusual phenomenon is caused by the flattening of acoustic
branches by the hybridized modes and the non-negligible group
velocity of optical modes in BagSiss (Figure 2). On the other
hand, our additional calculations show that the absolute value of
optical phonon contributions to thermal conductivity in BagSise
and Sigs are 4.9 and 4.8 Wm~'K~!, respectively. Therefore, we
can conclude that the dramatic reduction of «; in clathrates is
originated from the substantial suppression of acoustic phonons
via the hybridized modes, which in turn leads to the non-
negligible relative contribution to thermal conductivity from
optical phonons.

Cumulative Kl
S () (o) p—
= > e =
T T T T

o
)
T

2 4 6 8 10 12

5
=

Frequency (THz)

FIGURE 4 | Normalized accumulative thermal conductivities for BagSiyg (solid
line) and Sizg (dash-dot line) at room temperature. The shadowed regions
highlight the upper bound of acoustic branches for BagSisg (black) and Sizg
(red), respectively.

The reduction in «; can be directly understood from the
reduction in phonon group velocity shown in Figure 2C. Since
the reduction in phonon group velocity is highly non-uniform
for different frequencies, we compute the averaged phonon group
velocity over all phonon modes in Figure 2C. We find that the
average phonon group velocity in Sigs is only 1.4 times greater
than that in BagSisg, which is much smaller than the thermal
conductivity ratio between Siss and BagSige shown in Figure 3
(more than one order of magnitude at low temperature). This
suggests that the remarkable reduction in «; in clathrates could
be mainly caused by other physical mechanisms, in addition to
the decrease of phonon group velocity.

Phonon Lifetime

To further search for alternative physical quantity responsible
for the significant reduction in «; by the rattler, we compare
the lifetime of BagSiss and host-only Sis based on Equation 3,
as shown in Figure 5. It can be found that, compared to less
affected optical phonons, the phonon lifetime of acoustic phonon
in Sige is greatly suppressed by guest atoms below ~4.2 THz. In
other words, the phonon lifetimes in a wide frequency range are
affected by the rattling of guest atoms. Similar behavior is also
found in the reduction of phonon group velocity, as discussed
above in Figure 2C. This phenomenon coincides well with the
experimental and theoretical observation of strong rattling effect
in a wide frequency region (Koza et al., 2008; Tadano et al., 2015).
However, the extremely low frequency acoustic phonons still
exhibit quite large lifetime in the long wavelength limit, which
is consistent with the recent report on Bay g Gesg67Aus 33 (Lory
etal., 2017).

On the other hand, there exist obvious dips in the phonon
lifetime for BagSise, and the frequencies for the dips correspond
to the frequencies of hybridized modes in phonon dispersion
(Figure 2A). That is to say, the hybridized modes in clathrates
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FIGURE 5 | Phonon lifetime for BagSisg and Sisg at 100K (A) and 300K (B), respectively. The shadowed regions highlight the upper bound of acoustic branches for

also exhibit the character of resonant scattering scenario, causing
substantial drop (by 2 orders of magnitude at 100 K) in phonon
lifetime around the frequencies for the hybridized modes. Thus,
the combinations of these two scattering mechanisms, a wide
frequency suppression of acoustic phonons together with the
resonant scattering around hybridized mode frequency, are
responsible for the significant suppression of phonon lifetime and
thus «; in clathrates.

Furthermore, our calculation results show that the phonon
lifetimes of Sig and BagSiss vary distinctly with temperature, as
shown in Figures 5A,B. With temperature increasing from 100
to 300K, the enhanced anharmonic phonon-phonon scattering
leads to suppression of phonon lifetime in Sig for the full
frequency range. However, in the case of BagSiss, the notable
suppression of phonon lifetime is only observed for phonon
frequencies away from the hybridized mode frequency wy,
while it is less affected around wy, suggesting that resonant
scattering with the hybridized mode is the dominant scattering
mechanism for phonons around wy,. As a result, the differences in
phonon lifetime between Siye and BagSiye are decreased at higher
temperature. This also explains the decreasing ratio of k; between
Sige and BagSiye with the increase of temperature (Figure 3).

Phase Space

The suppression of phonon lifetime should be originated from
the variation of phonon-phonon scattering channels, which can
be evaluated by the phase space in Equation (6), as shown in
Figure 6. The W parameter in Figure 6 essentially quantifies
the scattering channels for various phonons, with a large
value indicating a strong phonon scattering thus a reduced
phonon lifetime (Li and Mingo, 2014). One distinct character of
hybridized modes is they are nearly non-dispersive, i.e., almost
the same frequency for all wavevectors. Due to the emergence
of hybridized modes, the scattering channels for both absorption
and emission process in BagSiye increase dramatically compared
to that in the host-only system Siss, especially for frequency
below ~4.2 THz, which agrees well with the strong suppression
frequency region for phonon lifetime (Figure5) and group
velocity (Figure 2C). For the absorption process, the hybridized

= BasSi,

v Si,, (Absorption)
. T - T . T

(Absorption) o BagSi,, (Emission)

v Si, (Emission)

et
T W Y OVIYY YT AV

vy
9 \ Vg
\\\\\\\\\\. )

w (ps4/rad4)

IE5f ¥

IE6f ® %

1E-7L
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FIGURE 6 | Phase space in BagSisg and Siyg for the absorption (filled
symbols) and emission (empty symbols) process at 100 K. The shadowed
regions highlight the upper bound of acoustic branches for BagSisg (black)
and Siyg (red), respectively.

modes can easily assist the wide range of low frequency phonons
to create high frequency phonons, w, + Wi —>  Wpigh-
Correspondingly, the phase space for the absorption process is
dramatically promoted in a wide frequency range, and no sudden
change in W near the hybridized mode frequency is observed for
the absorption process in BagSiss. Thus, the phonon lifetime is
decreased in a wide frequency range in BagSiye.

Generally speaking, it is difficult for the low-frequency
acoustic phonons to participate in the emission process, because
it demands the emission of two even lower frequency phonons
that satisfy the quasi-lattice momentum conservation. Therefore,
W for the emission process in Sie is quite low at low frequency,
and mainly the optical phonons in Sise (above the red shadowed
region in Figure 6) take part in the emission process (empty
triangles in Figure 6). However, in the clathrate BagSigs, the
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emergence of low-frequency hybridized modes induces two
effects on the scattering channels for the emission process. Firstly,
it shifts the upper bound of the acoustic branches to a much
lower frequency around 1.2 THz (black shadowed region in
Figure 6) in BagSisg, causing more than 2 orders of magnitude
enhancement for the emission process in BagSiss for frequency
between 1.2 and 4.2 THz compared to that in Sigs. Secondly,
it also provides additional channels to split a high-frequency
acoustic phonon into two lower frequency acoustic phonons,
o — Oy + oy, which can significantly enhance the
phonon-phonon scattering around hybridized modes, as shown
in Figure 6, corresponding to the dips in phonon lifetime around
hybridized modes. In other words, the notable emission process
channels raised by hybridized modes lead to great suppression
of phonon lifetime around this frequency under the resonant
scatterings scenario.

CONCLUSION

In summary, by iteratively solving Peierls-Boltzmann transport
equation with interatomic force constants obtained from first
principles calculations, we revisit thermal transport properties
for the type-I clathrate BagSiss and compare with the host-
only system Sige. Our results show that the hybridized modes
from the rattling of guest atoms dramatically suppress the
acoustic phonon contribution to thermal conductivity, leading
to the non-negligible contribution from optical phonons to
the thermal transport in clathrates. Our further analysis
confirms that the suppressed phonon lifetime is responsible
for the reduction of thermal conductivity, in addition to the
decrease in phonon group velocity. Furthermore, the emergence
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