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Clathrates can form a type of guest-host solid structures that, unlike most crystalline solids, have very low thermal 

conductivity. It is generally thought that the guest atoms caged inside the host framework act as “rattlers” and induce lattice 
dynamics disorders responsible for the small thermal conductivity. We performed a systematic study of the lattice dynamical 
properties of type VIII clathrates with alkali and alkaline earth guests, i.e. X8Si46 (X=Na, K, Rb, Cs, Ca, Sr, Ba). The energy 
dependent participation ratio (PR) and the atomic participation ratio of phonon modes extracted from density functional theory 
calculations revealed that the rattler concept is not adequate to describe the effect of fillers as they manifest strong hybridization 
with the framework. For the case of heavy fillers, such as Rb, Sr, Cs, and Ba, phonon bandgap was formed between the acoustic 
and optical branches. The calculated PR indicated that the fillers suppress the acoustic phonon modes and change the energy 
transport mechanism from propagative to diffusive or localized resulting in “phonon-glass” characteristics. This effect is stronger 
for the heavy fillers. Furthermore, in all cases, the guest insertion depressed the phonon bandwidth, reduced the Debye 
temperature, and reduced the phonon group velocity, all of which should lead to reduction of the thermal conductivity.  
 
I. INTRODUCTION    
Clathrate semiconductors are among novel materials with excellent potential to fulfill the phonon-glass 
electron-crystal (PGEC) concept. These caged structure materials contain guest atoms which are believed 
to vibrate at very low frequencies inside the cages and scatter the acoustic phonons of the host and 
thereby lower the thermal conductivity. It is frequently stated that because the filler-host atomic bonding 
is weak, the presence of the fillers usually has little effect on the host electronic bands, so that the filler 
reduces the thermal conductivity without impairing the electrical properties [1]. Although, the rattler 
hypothesis is the most popular mechanism in explaining the behavior of the clathrates and skutterudites, 
the impact of the fillers on the lattice dynamical properties is not fully explained and yet remains an open 
question. Some observations such as the localized modes seen in inelastic neutron scattering and heat 
capacity measurements support empirically the rattling concept in skutterudites [2,3]. However, the 
inelastic neutron scattering (INS) experiments on Fe4Sb12 containing Ce or Le filler indicated evidences 
for the existence of coherent propagation of filler phonons [4], which is inconsistent with the rattler 
concept. The INS studies of phonon dynamics in (La,Ce)Fe4Sb12 skutterudites revisited the picture of 
rattling fillers in a host cage and the microscopic mechanism responsible for the scattering of heat carrier 
phonons. Furthermore, the results from the theoretical studies are also contradicting. The rattling behavior 
implies a resonant scattering resulting from the weak interaction between the filler atoms and the cage 
atoms, which is different from the conventionally postulated anharmonic scattering in the empty 
structures. In contrast to the rattling concept, Feldman et al., using lattice dynamic calculations, explained 
the suppression of the thermal conductivity in (La,Ce)Fe4Sb12 by the strong interaction of the fillers with 
the heat carrying phonons of the host framework [5]. The results of the molecular dynamics (MD) 
simulations are also rather confusing.   For example, Bernstein et al., using MD calculations, found that 
the reduced thermal conductivity of filled skutterudites is due to the anharmonic interaction between the 
filler and the host atoms [6] while Huang and Kaviany, also using MD calculations, showed that the 
reduced group velocity is responsible for the reduction of the thermal conductivity in Bax(CoSb3)4 [7]. In 
another study, Zebarjadi et al. showed using the MD simulations that filler atoms of a filled skutterudite 
lead to smaller phonon group velocity and therefore, reduce the thermal conductivity [8].  
   There are also a few reports on the influence of fillers in clathrates and, again, the results are 
conflicting. Ritchie et al. found a complicated interaction between the Na fillers and the Si136 framework. 
In fact, NaxSi136 allows the existence of both rattling and tight-fitting fillers. When the Na atoms are 
inside the larger Si28 cage, which can happen at both low and high Na concentration, they behave as 
rattling fillers. However, when they are inside the smaller Si20 cage, which happens at high Na 
concentration, they show tight-fitting behavior. For x ≤ 9 the thermal conductivity decreases upon Na 
filling and for x > 9 the thermal conductivity increases mostly due to the increment of the electronic part 
of the thermal conductivity while the lattice part of the thermal conductivity remains almost unchanged. 



The reported phonon group velocity data showed that as the occupancy of Na atoms increases, the phonon 
group velocity fluctuates and does not present a clear trend [9]. Euchner et al. performed a high-
resolution inelastic neutron scattering study of the lattice dynamics in the clathrate system Ba-Ge-Ni and 
suggested that the phononic filter effect, which originates from both the structural complexity of the 
framework and the specifically bonded filler atoms, is responsible for the low lattice thermal 
conductivity10. However, according to the results by Christensen et al., the principal effect of the filler 
atoms in type-I clathrate Ba8Ga16Ge30 (BGG) is to reduce the group velocity of the acoustic phonons due 
to the avoided crossing of the phonon modes [11]. Later, Tadano et al. analyzed BGG by first principles 
calculations and observed a tenfold reduction in the phonon relaxation time due to the rattlers. They found 
that the phonon scattering in BGG is nonresonant and the change in the phonon group velocity is less 
significant [12]. Interestingly, Pailhès et al. showed recently that the interaction between the fillers and 
the framework atoms in type I Ba8Si46 is a purely harmonic process and leads to localization of the 
propagative phonons; hence, transforming the phonon transport into a diffusive-like regime [13]. 
   Recently, there have been several theoretical studies of the structural, electronic, elastic and various 
transport properties of the type VIII silicon clathrates [1,14]. Our previous studies also predicted that 
these hypothetical materials should possess a large thermoelectric power factor [15]. However, there have 
been little investigation of their vibrational properties and even fewer studies of their thermal properties 
so far. For the discussed reasons, the fillers may or may not have significant effect on thermal transport 
properties depending on their vibrational characteristics. Therefore, adopting a rigorous first principles 
approach for addressing accurately the aforementioned issues and the role of the fillers in these structures 
is necessary.   

In this study, we present the results of a first-principles theoretical study of lattice dynamical properties 
of the Si- type VIII clathrates filled with a group of alkali and alkaline earth atoms. We have previously 
shown that Li, Be, and Mg fillers result in metallic clathrates [14]. We have, therefore, studied the 
semiconducting clathrates including Na8Si46, K8Si46, Rb8Si46, Cs8Si46, Ca8Si46, Sr8Si46, and Ba8Si46. We 
have analyzed, using first principles calculations, the actual role of the fillers on the lattice dynamical 
properties of these clathrate materials and report the phonon bandwidth, and the phonon group velocity. 
In particular, our results indicate that (a) how loading the fillers into Si framework affects the phonon 
group velocity, (b) which filler has the largest effect, and (c) to what degree the phonon modes in these 
materials are localized and what their heat transfer characteristics are. We will specially focus on Ba8Si46 
system as the representative of type VIII clathrates filled by either alkali or alkaline earth atoms.  
 
II. COMPUTATIONAL PROCEDURE 

The details of DFT calculations and the procedure to obtain elastic properties are presented here. The 
calculations include phonon dispersions, partial phonon density of states (DOS), participation ratios, and 
atomic participation ratios for type-VIII binary clathrates Na8Si46, K8Si46, Rb8Si46, Cs8Si46, Ca8Si46, 
Sr8Si46, and Ba8Si46. 
 
A. DFT calculations 

First principles density functional theory (DFT) calculations were performed using the VASP code [16], 
which uses the projector augmented wave (PAW) method and the generalized gradient approximation 
(GGA). The lattice constants of the unit cells containing 54 atoms along with the internal coordinates 
were relaxed so that the force convergence threshold of 10-4 eV/Å was satisfied to ensure high accuracy 
of the ground state. The cutoff energy of 400 eV was employed for all structures. The Perdew- Burke- 
Ernzerhof (PBE) exchange-correlation functional [17] was used. The Brillouin-zone integration was 
achieved with a ~0.17 per Å k-spacing, which leads to a 5×5×5 Monkhorst-Pack mesh [18]. The k-mesh 
was forced to be centered on the gamma point. The first order Methfessel-Paxton smearing with a width 
of 0.2 eV was employed [19]. Finite-displacement or the so-called frozen phonon method was employed. 
One drawback of the frozen-phonon method is that large supercells are needed to accurately calculate the 
force constant matrix. However, considering the large unit cell of the clathrates, the supercell is often not 
necessary [12,13,20]. After obtaining the ground state, the Hellman-Feynman forces were calculated by 



displacing the asymmetric atoms by ± 0.01 Å while no significant dependence on the displacement value 
was observed. Then, the dynamical matrices were determined from the calculated forces by the Phonon 
package as implemented in the MedeA software [21,22]. 

The harmonic approximation was employed to determine the phonon dispersion spectrum by solving the 
dynamical matrices for the specified wave vectors.  
 
B. Elastic properties 

A complete set of single-crystal elastic constants are needed to obtain the elastic properties of a 
material. For the case of cubic crystal, three elastic stiffness constants C!!, C!", and C!! are required. By 
straining the lattice at fixed volumes, these three constants Cij were extracted [23].  The free energy were 
calculated then as a function of the strain. The bulk modulus 𝐵, and tetragonal shear modulus 𝐶′ were 
calculated from three independent Cij as: 

B = !!!!!"!"
!

,        C! = !!!!!!"
!

.                   (1) 

 
C! was obtained by applying the following strains [24]: 

𝜀 =
𝛿 0 0
0 𝛿 0
0 0 (1 + 𝛿)!! − 1

 (2) 

 
in which δ is the magnitude of the strain. The Helmholtz free energy of the strained structure F(δ) is a 
function of the applied strain δ as F( 𝛿) = F(0) + 6C!V 𝛿2 + O( δ3) where V and F(0) are the volume and 
the free energy of the unstrained structure, respectively. C44 was determined by applying the following 
stress [24]:  

𝜀 =
0 𝛿 0
𝛿 0 0
0 0 𝛿!/(1 − 𝛿!)

 (3) 

 
in which the free energy is obtained as F( 𝛿) = F(0) + 2C44V 𝛿2 + O( δ4).  The shear modulus was 
determined as the solution of the Hershey-Kroner relation [25,26]. The average shear modulus G! was 
calculated per the Hill modulus G!  =  1/2(G!  +  G!) [27] where 𝐺! and 𝐺! were determined by the 
following relations [28]:  

             G!!! =
!
!
C!!! + !

!
C!!!!,  G! =

!
!
C! + !

!
C!!.    (4) 

 
Young's modulus E is a function of bulk and shear moduli, i.e. E= 9BG/(3B+G). Given the bulk and the 
shear moduli, the longitudinal 𝑉! and the transversal 𝑉! sound velocities were calculated using the 
following relations [29]:  

𝜌𝑉!! = B + !
!
G,   𝜌𝑉!! =G                          (5) 

 
where 𝜌 is the mass density. The average speed of sound and Debye temperature were finally determined 
by [30]: 
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( !
!!
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!
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)]
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where ℎ, 𝑘!, 𝑁!, and 𝑀, are Planck’s constant, Boltzmann’s constant, Avogadro’s number, and average 
molecular weight, respectively. 
 
III. RESULTS AND DISCUSSION 
A. Phonon dispersion and phonon density of states 



The phonon dispersion of the filled X8Si46-VIII clathrate structures (X=Na, K, Rb, Cs, Ca, Sr, Ba) are 
presented in Figure 1. It can be seen that as the atomic mass of the filler increases, phonon gaps are 
formed above the acoustic phonon modes region. For the case of light fillers, Na, K, and Ca, no phonon 
gap is observed. In contrast, the heavy fillers Rb, Cs, Sr, and Ba develop gaps, respectively, within 2.34-
2.7, 3.07-3.37, 1.89-2.09, and 1.7-1.88 THz frequency windows, cut through the acoustic phonons of the 
framework, and demonstrate the avoided crossing effect. Moreover, the slope of TA and LA modes 
decrease with the mass of the filler while Ba atom shows the largest decrement in the phonon group 
velocity. In addition, the phonon bandwidth is compressed upon loading the fillers, and as the atomic 
mass raises, the compression increases. The Ba filled system presents the largest downward shift of the 
phonon modes. In Ba8Si46-VIII the phonon bandwidth is significantly decreased (by ~33% from 15.2 THz 
to 10.4 THz), which means that the number of accessible heat conducting channels is limited upon 
loading the filler in the cage, which is more significant for the heavier Ba filler. The bandwidth reduction 
amounts to ~57% for the acoustic phonon modes which contribute the most in the heat conduction 
process. It can be seen that Ba introduction has reduced the acoustic modes bandwidth to ~1.8 THz while 
in empty Si46-VIII the corresponding bandwidth extends up to ~3.5 THz. These plots clearly manifest that 
the slopes of the acoustic phonon modes decrease as the filler occupy the void sites inside the framework, 
which is more significant for the heavier atom. The reduction of phonon bandwidth and phonon group 
velocity occurs for all the alkali and alkaline earth atoms as presented in Figure 1. The phonon gaps for 
the case of Ba, Rb, Cs, and Sr fillers are at low frequency around 2 THz. The gaps limit the available 
phonon states at low frequencies corresponding to the heat carrying acoustic phonon modes; hence, 
dissipate the energy of phonons in that frequency window and flatten the phonon dispersion curves. For 
the case of Si46-VIII, there are only two phonon band gaps in the optical phonon region within 11.77-
11.93 THz and 12.16-12.40 THz frequency range. The insertion of Ba into the Si46 framework creates a 
gap in the frequency range of 1.7-1.88 THz, which cuts through the acoustic phonon modes of Ba8Si46-
VIII. There can be two explanations for the formation of phonon band gaps. First, the heavy guest atom 
placed inside the cage can be viewed as a periodic 3D lattice of identical high-density spheres inside a 
low-density host material. It has been theoretically shown that such a periodically variable density give 
rise to phononic bandgap [31]. As the mass ratio increases, the bandgap also increases [32]. Second, the 
avoided crossing between the host acoustic modes and the rattler localized modes can lead to formation of 
phonon band gaps [11, 33]. A close inspection of the vibrational eigenvectors of Ba8Si46-VIII also 
revealed that the symmetry avoided crossing resulted from loading Ba atoms occur several times. For the 
TA modes, avoided crossings occur at ~0.75 THz along the Γ-H line approximately in the middle, at 
~0.47 THz along the Γ-P line, and at ~0.475 THz and ~0.87 THz along the Γ-N line, respectively, 
approximately the halfway and near the N point. For the LA mode, avoided crossings occur at ~1 THz 
about ¼ along the Γ-H line, about ¾ along the P-Γ line, and about ¾ along the Γ-N line. The arbitrary k-
points in the Brillouin zone have no specific symmetry; hence, the avoided crossing occur inevitably for 
phonon modes of a crystal. The optic and acoustic phonon modes exchange their characters when they 
interact due to avoided crossing, which leads to the formation of the hybrid modes [34]. The degree of 
hybridization between the filler and the framework phononic modes, and thus the avoided crossing 
properties, depend significantly on the filler [35,36]. A weak coupling between the filler and the 
framework results in independent vibrations of the filler atoms, i.e. the so-called Einstein oscillators. 
Hence, the phonon dispersion compared to that of the empty framework structure remains almost 
unchanged. Our calculations showed that the light fillers such as Na, and K have weak interactions with 
Si atoms and form local avoided crossings. However, the heavy fillers such as Rb, Cs, Sr, Ba, and even 
Ca, which are large enough to fill the framework, cause strong hybridization between acoustic modes of 
the framework and the filler modes leading to extended avoided crossings. In fact, the extended avoided 
crossings of Rb, Cs, Sr, and Ba open a gap in the phonon dispersion. The symmetry-avoided crossings 
between the dispersing host phonon modes and non-dispersing filler phonon modes of the same symmetry 
can reduce the thermal conductivity in three ways. First, it can reduce the phonon group velocity. Second, 
it can remarkably increase the phonon scattering by reducing the phonon lifetimes [11,12], and third, the 
filler atoms, as we will show, reduce the Debye temperature resulted from the reduction of the phonon 



bandwidth. The strength of the filler-framework hybridization partly determines the relative strength of 
these effects.  

 
Figure 1: The phonon dispersion of filled X8Si46-VIII clathrate structures 
where X=Na, K, Rb, Cs, Ca, Sr, Ba. Colors are for better visualization and 
have no particular meaning. 

	

	

Figure 2: Comparison between the partial phonon density of states of fillers 
in X8Si46 (X=Na, K, Rb, Cs, Ca, Sr, Ba). 
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The Figure 2 compares the partial density of states of fillers in X8Si46-VIII clathrates (X=Na, K, Rb, Cs, 
Ca, Sr, Ba). It is evident that all fillers reside in the region of low frequency phonon density of states. The 
fillers exhibit three distinct features. First, the formation of the phonon bandgap for four of them (Rb, Cs, 
Sr, Ba) is again observed near 2 THz frequency. Second, all fillers exhibit sharp characteristics 
corresponding to the localized phonon modes. The localized states indicate that the motion of the fillers is 
independent of the host Si atoms, and fillers behave like Einstein oscillators. It is notable that for the Rb 
and Cs cases, unlike the Sr, and Ba, the gap appears slightly above the 2 THz frequency. The third is the 
different trend in the change of the framework partial phonon DOS with respect to the filler mass. The 
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partial DOS of filled Si46 with light atoms Na, K, and Ca has similar shape as in pristine Si46. However, 
for the case of the heavy fillers, Rb, Cs, Sr, and Ba, at low frequency, the shape of the partial density of 
states of the framework changes and becomes surprisingly similar as that of the filler. This can be seen by 
similar peaks in both partial DOSs although their intensity is different. This indicates strong interaction of 
the heavy fillers with the host atom. Moreover, the stronger intensity of the partial DOS of the heavy 
fillers compared to that of the host shows that the acoustic modes are occupied mainly by the heavy 
fillers. 

 

B. Elastic properties 
The elasticity of the framework, which is a function of the bonding stretch, presents another important 
degree of freedom that allows for the hybridization of the filler and the framework vibrations. The 
bonding strength also affects the Debye temperature. To find out the effect of the fillers on the strength of 
the filler-framework interaction, we calculated the elastic properties of X8Si46 (X=Na, K, Rb, Cs, Ca, Sr, 
Ba) materials. Table 1 presents our calculated values for the elastic constants, elastic moduli, Poisson 
ratio, longitudinal, transverse, and mean sound velocities and the Debye temperature. It can be seen that 
the elastic constants, elastic moduli, sound velocities, and Debye temperature all decrease upon the 
insertion of the filler. These reductions suggest that the insertion of the filler in the framework makes the 
lattice less rigid. The reduction is more for the heavier fillers. Therefore, according to the Slack formula, 
κl ∝ θD

3/2∝ B3/2, the reduction of the bulk modulus (B) (by 73% in Ba8Si46-VIII) must lead to the reduction 
of the thermal conductivity.  

 

For better visualization, the mean phonon group velocity and the Debye temperature were extracted for 
all the studied structures and represented in the Figure 3. Figure 3 depicts the phonon group velocity and 
the Debye temperature versus atomic mass of the filler atoms. The filler atoms are in two groups of alkali 
and alkaline earth elements. Two clear trends are observed. First, as the atomic mass raises, the Debye 
temperature and the phonon group velocity decrease. Second, this decrement for the alkaline earth atoms 
is larger than that of the alkali atoms. In fact, Ba filler lowers the most the phonon group velocity and the 

Table 1: Predicted elastic constants Cij, bulk modulus 
B, shear modulus G, factor of anisotropy (no unit), and 
Young’s moduli E, E100, and E111, Poisson’s ratios, 
longitudinal, transverse, and mean sound velocities, and 
Debye temperatures for X8Si46 (X=Na, K, Rb, Cs, Ca, 
Sr, Ba). The results for the clathrates with alkali and 
alkaline earth filler atoms are in blue and brown 
respectively. The data for Si46 were adopted from ref. 
[1]. 

Filler Void Na K Rb Cs Ca Sr Ba 
C11(GPa) 149.3 133.8 128 117.9 95.1 120.3 98.07 79.1 
C12(GPa) 49.2 50 45.4 43.8 47.4 62 62.2 74.4 
C44(GPa) 46.8 41.9 38.5 35.7 24.7 31.2 13.46 8.9 
B(GPa) 82.6 77.9 72.9 68.5 63.3 81.4 74.14 75.9 
G(GPa) 48.1 41.9 39.6 36.2 24.4 30.4 15.1 5.2 
Ca 1.03 1 1.03 1.02 0.99 0.97 1.12 1.1 
E(GPa) 120.8 106.5 100.6 92.4 64.8 81.1 42.43 15.3 
E100(GPa) 124.9 106.6 104.2 94.2 63.5 78.1 49.82 35 
E111(GPa) 118.2 106.5 98.3 91.2 65.7 83.1 38.1 26 
v 0.24 0.27 0.27 0.275 0.33 0.33 0.41 0.45 
Vl (ms-1) 8395 7575 7184 6304 5291 6925 5560 5724 
Vt (ms-1) 4807 4239 4032 3511 2668 3457 2225 1674 
Vs (ms-1) 5196 4718 4487 3910 2992 3879 2521 1908 
θD (K) 549 522 490 424 322 429 276 150 



Debye temperature among all the studied alkali and alkaline earth atoms. For Ba8Si46-VIII the transverse 
acoustic (TA) and longitudinal acoustic (LA) phonon group velocities drop almost by 75% and 42%, 
respectively. With respect to the reduction of the phonon group velocity by 1/3 for the case of Ba filler, 
Ba would be the best filler for lowering the thermal conductivity of Si46-VIII clathrate structure.   

 

 
Figure 3: The phonon group velocity and Debye temperature 
versus atomic mass of filler atoms. The data of Si46-VIII has 
been added for comparison. Green and blue curves refer to 
Debye temperature and phonon group velocity, respectively. 
The dotted lines are for better demonstration of the trends. 

 
C. Participation and atomic participation ratios 
To shed light into the characteristics of the spectral weight of the filler atoms, and their effect on the 
localization of the phonons, the frequency dependent participation ratio (PR) and the atomic participation 
ratio (APR) of the phonon modes were calculated for all the selected materials. In particular, the PR of 
the phonon modes can be employed to quantify the level of phonon localization. The PR determines the 
degree of participation of the constituent atoms in a given phonon mode and enables us to discriminate 
between   the coherent displacements of all atoms as collective excitations and the rattling modes as 
localized excitations [37]. The PR value of the propagative phonon modes, in which most of the atoms 
participate, is close to 1. The PR value of the diffusive phonon modes is around ~0.5-0.6, which are the 
characteristic of the amorphous materials. Finally, the PR value of the localized phonon modes in which a 
few atoms participate is ~0.2 [38]. The PR is defined by the following equation:  

𝑝(𝜔𝒒) =
𝐮!(𝜔𝒒)

!!
!!!

!

𝑁 𝒖!(𝜔𝒒)
!!

!!!

                                       (7) 

in which 𝐮𝒊=𝒆𝒊(𝒒)/ 𝑀𝒊 are the atomic amplitudes. The 𝒆𝒊 𝒒  are the phonon polarization vectors and the 
𝑀𝒊 are the masses of the atoms. Figure 4 depicts the participation ratios for all materials investigated in 
this study. The participation ratio of all the cases represent some similar features. First, all patterns have 
been shifted towards the lower PRs with respect to that of the empty framework, which indicates that the 
fillers develop more localized characteristics in phonon transport. Second, upon loading the fillers into the 
Si framework, additional non-propagative phonon modes with very small PR (~0.15) are observed.  
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Figure 4: Comparison of the calculated participation ratios for the filled alkali 
and alkali-earth atoms and empty Si46-VIII frameworks. 

For better understanding, the  

Figure 5 summarizes the results of PR calculations by comparing the PR values of empty Si46-VIII 
framework and Ba8Si46-VIII clathrate structure. In the low frequency region of the acoustic modes as 
shown in  

0 2 4 6 8 10 12 140

0.2

0.4

0.6

0.8

1
Na8Si46 

0 2 4 6 8 10 12 140

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 140

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 140

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 140

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 120

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 140

0.2

0.4

0.6

0.8

1 0 2 4 6 8 10 12 14 160

0.2

0.4

0.6

0.8

1

Si46-VIII 

K8Si46 Ca8Si46	

Rb8Si46 

Cs8Si46 Ba8Si46 

Sr8Si46 

Frequency (THz) Frequency (THz) 

P
ar

tic
ip

at
io

n 
ra

tio
 



Figure 5, three sharp features of density of states at 1, 1.75, and 2.1 THz frequencies can be identified as 
localized Ba vibrations. Moreover, below the gap region and at 1 THz, the host silicon atoms display 
small DOS peaks which overlap with that of the Ba vibrations. This inspection substantiates the 
interaction of the acoustic modes with the localized vibrations through the resonant hybridization. 
 

 
 
Figure 5: Participation ratios for phonons and the partial phonon density 
of states for Si46 and Ba8Si46. The smaller values of PR correspond to 
more localized phonon modes. The arrow shows the phonons transformed 
from propagative to diffusive and localized modes due to Ba in Ba8Si46. 

 
It can be seen that loading the Ba atoms in the framework shifts the PR to lower values, which indicates 
higher degree of localization in the phonon modes. Therefore, the phonon transport is transformed from 
propagative and diffusive regimes to the localized one. Like type-I clathrates, there is a strong 
hybridization with the heavy filler (especially Ba) modes which leads to phonon modes with low group 
velocity that essentially do not propagate and can reduce the thermal conductivity [13]. The Si46 phonon 
dispersion contains acoustic modes with a PR close to 1 within the 0-3.6 THz frequency range. In 
comparison, the corresponding frequency range for Ba8Si46 is limited to 0-0.2 THz, which is more than an 
order of magnitude smaller. It is important to note that, per the phonon dispersion in Figure 1 and the 
atom projected phonon DOS in  

Figure 5, the depressed acoustic phonon modes in Ba8Si46 are populated mostly by Ba atoms. Therefore, 
Si atoms have little contribution in the heat transfer via the acoustic modes. The transfer of heat 
conduction from Si atoms to Ba atoms in Ba8Si46 and the replacement of the propagative modes by 
diffusive modes upon loading the filler atoms can contribute to the reduction of the thermal conductivity. 
A similar transfer to the localized transport regime also occurs for the other filler atoms according to the 
PR results.  

Figure 5 also shows a zero PR region around 2 THz, which corresponds to the phonon bandgap observed 
in Figure 1.   
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An interesting measure which can quantify the degree of participation of different atoms in a specific 
phonon mode and can describe the localization of phonons is called atomic participation ratio (APR) and 
is defined as: 

𝑝! 𝜔 =
𝐮!(𝜔𝒒)

!

𝑁 𝐮!(𝜔𝒒)
!!

!!!

 
     
                                   (8) 

This quantity separates the contributions of different types of atoms existent in the lattice for a particular 
frequency [13] offering insight about the phonon localization in the studied clathrates. Figure 6 and 
Figure 7, respectively, present the APR patterns of silicon frameworks X8Si46-VIII, where X=Na, K, 
Rb, Cs, Ca, Sr, Ba and the APR of fillers. All the studied fillers show a similar effect on the APR pattern 
of the Si framework of X8Si46-VIII, where X=Na, K, Rb, Cs, Ca, Sr, Ba. For all the fillers the whole 
APR pattern makes a shift towards lower frequency range, and this effect is maximized for the Ba case. 
All the fillers demonstrate a similar APR pattern with little discrepancies. As the atomic mass of the filler 
increases, an APR gap is developed above the acoustic phonon modes. In case of Cs, two gaps are 
observed. It is notable that the APR of Ba atoms in the region of the acoustic phonon modes is very 
narrow. 



 
Figure 6: The effect of fillers on the APR of the X46Si-VIII framework where 
X=Na, K, Rb, Cs, Ca, Sr, Ba. 
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Figure 7: Comparison of the APR of fillers inside the Si46-VIII framework. Only the 
contributions of fillers have been presented in this figure and the contribution of Si 
host atoms have been removed for better visualization.  
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According to Figure 1, the Ba8Si46 vibration frequencies within the 0-1.8 THz range correspond to LA and 
TA phonon modes. Figure 8 shows that below 0.15 THz, Si and Ba atoms have similar motions with a 
constant APR, which corresponds to the acoustic modes. In the 0.15-1.7 THz frequency window, the 
contribution of Ba atoms in acoustic phonon modes increases while that of the Si atoms decreases. In this 
frequency range, Si atoms are almost localized and only Ba atoms participate in the acoustic phonon 
modes. For frequencies between 1.7 and 1.85 THz, a zero APR region appears, which indicates that for 
the mentioned frequency range no acoustic phonon is formed either by Si or Ba atoms. It is observed that 
beyond the APR gap up to 2.4 THz, Ba atoms still dominantly contribute to phonon modes. Another APR 
gap appears within the 2.4-2.45 THz range, which implies that the avoided crossings are stretched into the 
optical phonon region. The optical phonons in the frequency range of 2.45-2.9 THz are associated to both 
Si and Ba atoms. At higher frequencies the displacements of Si atoms mainly form the optical phonons, 
and the contribution from Ba atoms decreases. The APR analysis corroborates that Si atoms contribute to 
only a small region of the acoustic modes, and they become localized quickly as the phonon frequency 
goes above 0.15 THz, which indicates that Si and Ba atoms are not entangled. However, at low phonon 
frequency (<0.15 THz), most of the Si and Ba atoms vibrate with similar frequency. It should be noted 
that these are the phonons that contribute dominantly in heat conduction. The APR analysis of the other 
fillers indicate that the existence and size of the APR gap depends on the mass of the filler. The larger the 
filler atomic mass, the more probability of the formation of a gap, and the bigger the APR gap. 
	

 
Figure 8: Atomic participation ratio of (a) Si (green) and 
Na (brown) in Na8Si46-VIII, and (b) Si (blue) and Ba (red) 
in Ba8Si46-VIII. 

 
IV. CONCLUSIONS 
In summary, the following conclusions can be drawn regarding the effect of the alkali and alkaline earth 
filler atoms in Si46-VIII: (i) Si atoms in the pristine and the filled Si46 with light atoms (Na, K, Ca) 
contribute nearly equally in the low frequency acoustic phonons. The shape of the partial density of states 
for Si atoms is not affected by the light fillers either. (ii) When the framework is filled with heavy atoms 
(Rb, Sr, Cs, Ba), the acoustic modes are mainly populated by the fillers and the partial phonon DOS of the 
framework is suppressed significantly. Moreover, the framework partial phonon DOS at low frequency 
takes similar shape (although with much lower intensity) as that of the heavy fillers. (ii) The alteration of 
the vibrational modes from Si to guest atoms transforms the energy transport from propagative to a mixed 
diffusive and localized regime. This change is more significant for the case of heaver guests. 
Furthermore, the frequency at which this mode transfer occurs is smaller for the heavier fillers. (iv) 
Heavy fillers (Rb, Sr, Cs, Ba) showed formation of phonon bandgaps in the frequency range of the 
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acoustic modes of the pristine Si46 lattice, which is not observed in the phonon dispersion of the light 
elements. (v) The filler insertion depressed the phonon bandwidth, reduced the Debye temperature, and 
reduced the phonon group velocity, all of which should lead to reduction of the thermal conductivity. 
These changes were larger for the case of heavier guests. (vi) The strong interaction of the heavy fillers 
and the host atoms, endorsed by the APR trends and the avoided crossing of the phonon modes, indicates 
that rattler concept is not adequate to describe the lattice dynamics in these clathrates and has been over 
generalized. The host-filler interaction increase with the filler mass.  
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