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Abstract

:

Structural and vibrational properties of the aluminium-substituted ternary and quaternary clathrates R8Al8Si128 (R = Cs, Rb), Cs8Na16Al24Si112 are investigated. The equilibrium volume of R8Si136 expands when all Si atoms at the 8a crystallographic sites are replaced by Al. Formation of the Al–Si bond is thus anticipated to correlate with decreased guest vibration modes. Underestimation of the predicted lattice phonon conductivity κL (1.15 W m−1 K−1) compared to a previous experiment (1.9 W m−1 K−1) in Cs8Na16Si136 is thought to arise from our evaluation on the phonon mean free path λ using the “scattering centers” model. Accordingly, we expect that the “three-phonon” processes dominate the determination of the phonon relaxation time, leading to a more reasonable λ in the R8Al8Si128 system. Additionally, the “avoided-crossing” effect causes no appreciable difference in the sound speed for acoustic phonons in this framework. Starting with configuration optimization about aluminium arrangements in Cs8Na16Al24Si112, the calculated lattice parameter agrees well quantitatively with the experiment. The reduced Uiso of Cs from this calculation is anticipated to be primarily related to temperature-dependent quartic anharmonicity. Meanwhile, the predicted κL for Cs8Na16Al24Si112 remains not sensitive to the Al arrangement on 96g Wyckoff sites.
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1. Introduction


Ternary and quaternary clathrate compounds have been the subject of growing interest in recent years [1,2,3,4,5,6]. Here, the terms “ternary” and “quaternary” refer to a chemical substance that contains three and four distinct elements, respectively. Generally, clathrate compounds are classified as one of two categories: Type-I and Type-II. The unit cell of a Type-I compound configuration possesses a simple cubic framework that accommodates a limited integer number of guest atoms placed inside the polyhedron structure, which is a 20-atom or 24-atom cage. Similarly, the framework of a Type-II compound is made of 20- and 28-atom cages connected in a ratio of 2:1, leading to encapsulation of the guest atoms. Moreover, the clathrate framework serving as the host can be formulated by one Group-IV element (Si, Ge, Sn) or a mixture of any single type of Group-IV element and another type of Group-III atoms (usually Al or Ga). Specifically, the usage of Al or Ga atoms is selected to compensate for excess valence electrons arising from guest atoms in order to make the entire compound semiconducting. That is, the Zintl phase criteria [7] is satisfied after such Group-III atoms are substituted onto the framework site in the presence of alkali or alkali earth guests. Another unique characteristic of the clathrate compound structure is the flexibility of filling two different guest atom types rather than a single type into two different sized cages. Previously, ternary and quaternary clathrate compounds, including Sr8GaxSi46-x, X8Ga16Ge30 (X = Eu, Sr, Ba), Ba8ZnxGe46−x−ySiy, and (Ba,Sr)8Ga16SixGe30−x, have been undergoing intensive study [8,9,10,11,12,13].



In contrast to investigations on pure clathrate, such as open framework Si46, Ge46, Si136, or intermetallic binary clathrate systems BaxSi46, AxSi136 (A = alkaline metal; 0 < x ≤ 24) [14,15,16,17,18], little is understood about Type-II ternary and quaternary clathrate compounds as opposed to Type-I counterparts. Therefore, in this work we decided to intensively study Si-based Type-II materials R8Al8Si128 (R = Cs, Rb) and Cs8Na16Al24Si112. These materials are of great importance due to their unique thermodynamical properties. Specifically, the existence of low-energy, localized optic modes arising from guest “rattlers” cause the acoustic phonon spectrum to exhibit an “avoided-crossing” effect. Therefore, the suppression of acoustic phonon bands might have an inherent interaction with increased anharmonicity in these semiconducting systems. Consequently, a reevaluation of the phonon lifetime is needed because the three-phonon process begins to dominate over other scattering models derived from a harmonic approximation point of view. In this paper, significant details will also be discussed on the underestimation of the lattice thermal conductivity when considering the neighboring distance of guest rattlers as the phonon mean free path. In other words, the primitive model, which suggests that guest atoms act as scattering centers, needs to be readjusted because of the large phonon thermal conductivity observed in Cs8Na16Si136.



In addition, we studied the impact of different substitutional framework atoms on the thermodynamic natures of these semiconducting clathrates (e.g., Cs8Ga8Si128 and Cs8Al8Si128) of interest. We found an acoustic band difference exists for lattice vibration when comparing the compound R8Al8Si128 (R = Cs, Rb) to its “parent” Al8Si128 framework. Moreover, we examined how the formation of Al–Si bonds affects the structural properties of R8Al8Si128 after all Si atoms at the 8a Wyckoff sites are completely replaced by Al. To simulate clearly the site occupancies of Al on the three crystallographic sites for the parent “Al24Si112” suggested by the experimental work, we test a limited number of configurations and determine the most energetically favorable geometry for Cs8Na16Al24Si112. Using the best refined configuration along with other possible types, we present our predictions for the lattice constant (a), bulk modulus (K), temperature-dependent atomic displacement parameters (Uiso) and lattice thermal conductivity (κL).




2. Computational Approach


Our first-principles calculations are based on the local density approximation (LDA) to the density functional theory and have utilized the Vienna ab initio Simulation Package (VASP) [19]. Here, the self-consistent Kohn–Sham equations [20] are solved in the LDA calculations. To approximate the exchange-correlation energy term, we used the Ceperly–Alder functional. This technique has been used in previous investigations of Si and Ge clathrates [16,21,22,23]. Starting with structural optimization, we determine the lattice constant at the equilibrium geometry through a conjugate gradient (CG) algorithm. The energy cutoff parameter here is selected to be a default value (245.7 eV) according to pseudopotentials obtained from the projector augmented wave (PAW) method. Next, several pairs of acquired data describing the LDA energy vs. volume are fitted to the third-order Birch–Murnaghan equation of state (EOS) [24], giving rise to an energy–volume relation. Such a fitting procedure yields a determination on the equilibrium energy E0, equilibrium volume V0, bulk modulus K and K′s pressure derivative K′ = dK/dP at absolute zero temperature. It is also noted that the total energy convergence is adjusted to be 10−7 eV.



The vibrational properties are calculated using the harmonic approximation in VASP. Our approach to conduct the predicted phonon dispersion curves, along with the subsequently derived effective force constant for the guest “rattlers” in the Si hexakaidecahedron cage, is summarized as follows. The first step is to obtain the dynamical matrix D(q) after moving each guest atom initially located at the Si28 cage center by a small finite displacement (U0 = 0.02 Å), in the presence of a 2 × 2 × 2 k-point grid [25] as well as for wave vectors in the vicinity of the gamma (Γ) point [q = (0,0,0)]. Second, diagonalization of the dynamical matrix D(q) allows us to determine the vibrational eigenvalues ω2(q) (squared frequencies) and eigenvectors. On the basis of derived acoustic phonon spectrum arising from the knowledge of D(q), we predict the lattice thermal conductivity through simple kinetic theory, κL = (1/3)Cvυsλ [26], where the mean free path λ is evaluated as the separation distance between the neighboring guests encapsulated in adjacent hexakaidacahedron cage. Furthermore, the inverse cubic of phonon velocity of sound υs is obtained through the average of the inverse third power of the long-wavelength phase velocities of the three acoustic modes (see subscript i): 1/(υs)3 = 1/3∑∫(1/(dωi(q)/dq)3)(1/4π)dΩ. Cv is the specific heat per unit volume. Other property such as atomic displacement parameters can be gained from the localized, flat vibrational modes of guest rattling.




3. Results


3.1. Ternary Clathrate Cs8Al8Si128 and Rb8Al8Si128


The LDA-calculated lattice constant, bulk modulus and cohesive energy per atom in the presence of Al-substituted and Ga-substituted binary, ternary compounds are listed in Table 1. Here, Ga appearing in (Cs,Rb)8Ga8Si128 has an s2p1 valence electronic configuration, making it possible for it to behave as an electron acceptor while compensating for excess valence electrons that arise from guest impurity according to the Zintle–Klemm criteria [7]. It is noted that all Al atoms subjected to their occupied 8a Wyckoff sites can form an Al-Si bond in the case of (Rb,Cs)8Al8Si128. Intriguingly, our density functional theory (DFT) work shows the entire lattice structure experiences a slight expansion when all Si atoms at the 8a Wyckoff sites are completely replaced by Al. From the viewpoint of fundamental chemistry, aluminum is classified as a Group-III element, which has a reduced atomic mass (approximately 4% lighter than Si) and a smaller radius. In contrast, the lattice constant of Cs8Al8Si128 (14.676 Å) is computed to remain approximately 0.64% larger than that of Cs8Si136 (14.583 Å). This discrepancy in terms of the structural change allows one to anticipate the correlation between the framework bonding formation Al–Si and guest–host coupling. Our results give rise to approximately 41.1 cm−1 for Cs vibration frequency ω in Cs8Al8Si128 (see Figure 1), which is approximately 5.9% lower than that of Cs8Si136. The suppressed Cs vibration frequency in the Al-substituted compound Cs8Al8Si128 is an indicative of its relatively weakly bound behavior with respect to cage constituents. In other words, the Cs guest has slightly more room to move around inside the cage, resulting in an occurrence of geometry dilation.



Our results in Table 1, which describe the structural property of Rb-containing ternary compounds, yield a similar lattice constant: 14.670 Å for Rb8Al8Si128 and 14.644 Å for Rb8Ga8Si128. Analogous to the expanded volume found in Cs8Al8Si128 compared with Cs8Si136, lattice framework expansion also occurs in Rb8Al8Si128 when all Si atoms at the 8a Wyckoff sites are replaced by Al atoms in Rb8Si136. The rattling modes of Rb in Rb8Al8Si128 show frequencies of 31.3 cm−1, which are approximately 17.4% smaller than the value of the guest vibration in Rb8Si136. Therefore, it is further expected that the formation of the Al–Si bond other than the Si–Si bond might participate in minimizing the effective force constant of the Rb rattler, leading to a suppressed Rb vibration.



Using a harmonic oscillator model [27], ω = (ϕ/M)1/2, where M represents the mass of the guest, the estimated effective force constant ϕ of Cs is 0.85 eV Å−1 in Cs8Al8Si128 and 0.96 eV Å−1 in Cs8Si128. The values of ϕ for Rb modes in Rb8Al8Si128 (see Figure 1) and Rb8Si128 are calculated to be 0.31 and 0.46 eV Å−1, respectively. Furthermore, an estimation on the Al–Si bond length and Si–Si bond length are based on the nearest neighboring distance table from our LDA calculation. The average Al–Si bond length is computed to be 2.42 Å, while the average Si–Si bond length is 2.32 Å. This difference has been identified to be relevant with a structural change upon the partial framework substitution.



The physical origin of the lattice structure response upon the framework substitution might be connected to the altered guest–host interaction strength due to the Al–Si formation. In Figure 1, one of the notable features for low-frequency (<200 cm−1) vibration spectrum is the nondispersive and flat optic modes, whose frequencies remain at nearly 41.1 cm−1 and 31.3 cm−1 for Cs8Al8Si128 and Rb8Al8Si128, respectively. Accordingly, the determined vibrational density of states (VDOS) denoted by g(ω) is shown in Figure 2, displaying the acoustic phonon bandwidth (<115 cm−1) along with the rattling optical modes (Cs, Rb mode). g(ω) is normalized such that ∫ g(ω) dω = 3N, where N is the total number of atoms in the primitive unit cell when the frequency ω is limited to the entire phonon region (<500 cm−1). The Debye approximation which assumes that acoustic phonon branches have linear dispersion relation within first Brillouin zone is taken into account to calculate phonon density of states in Figure 2. Meanwhile, the projected density of states is obtained by summation of that contribution over flat, localized optical phonon bands due to guest rattler (Cs, Rb) in the same diagram.



On the other hand, the group velocity for the lowest-lying acoustic phonons in these ternary compounds are almost independent of the guest type, remaining unaffected when compared with Al8Si128 in Figure 3.



Numerical calculation involving diagonalization of the dynamical matrix verifies that these localized optic bands are essentially due to the guest motion. Comparing these low-lying optic modes to that of the dispersion relation of Al8Si128 in Figure 3, one sees the “bending” of the acoustic branches, in which the frequency is supposed to extend to approximately 120 cm−1. This is indicative of a strong coupling between the localized Cs (or Rb) modes and acoustic phonon bands, which carry thermal energy. Therefore, these resonant couplings are identified as “avoided-crossing effect”, allowing phonon branches of the Cs (or Rb) and Al8Si128 framework to meet and avoid one another near 41 cm−1 and 31 cm−1 in the Cs8Al8Si128 and Rb8Al8Si128 material, respectively.



The lattice vibration contribution to the thermal conductivity in some semiconducting clathrate compounds were found to play a dominant role in comparison with the relatively small electronic contribution [28,29,30]. An evaluation on the electronic thermal conductivity can be facilitated by combining the resistivity ρ measurements and the Wiedemann-Franz relation (κe = L0Tρ, where L0 = 2.45 × 10−8 W Ω K−2) [31]. A negligible κe is normally characterized by a quite large resistivity whose value remains beyond the scope of 10 mΩ·cm [28,29]. Due to similar reasons, the lattice thermal conductivity of ternary clathrate (Cs,Rb)8Al8Si128 is given essential importance here. Inspired by the previously suggested “rattling” model [32], which states guest impurity resonantly vibrates with the cage constituent, one becomes familiar with the minimization of lattice thermal conductivity. This suppression is furnished when the glass-like phonons, which carry thermal energy, are scattered by a large scale of loosely bound “rattlers”. Accordingly, our estimated lattice vibration contribution to the thermal conductivity are given from a simple kinetic equation κL = (1/3)CVυsλ. Here, λ is also assumed that such neighboring guests act as almost localized “scattering centers”. Consequently, we predict the lattice thermal conductivity (see Table 2) of the ternary compound Cs8Na16Si136, whose value remains lower than the experimental data [23]. To account for this increased κL arising from the observed measurement, we anticipate that the lattice thermal conductibility is strongly affected by the avoided-crossing effect caused by flat localized phonons rather than guest atoms that serve as scattering centers. In other words, the mean free path of acoustic phonons (transverse acoustic (TA) and longitudinal acoustic (LA)) near the avoided-crossing point might be recalculated due to the predominant three-phonon processes suggested by Ref. [33,34]. The previously used separation of rattlers (Cs–Cs distance ~ 6.34 Å) shows an underestimation on the mean free path. It is noted that the relation λq = υqτq helps to find the mean free path λq of acoustic phonons in the presence of a computed phonon lifetime τq while considering cubic anharmonicity originating from three-phonon interaction [34]. Specifically, the phonon lifetime τq due to anharmonic phonon scattering is determined by the inverse of imaginary part of bubble self-energy, which remains roughly proportional to summation corresponding to the strength of the cubic coupling. Previously, the computation of κL based on the phonon lifetime of the TA, LA mode due to the “avoided-crossing” effect leads to a quantitatively good agreement with the experimental data [34,35,36,37].



Figure 4 shows the “avoided-crossing” effect because of guest-host coupling with respect to Cs8Al8Si128 along the Γ-X line. The dotted lines describing the dispersive LA and TA phonons of Al8Si128 are also given for comparison. It is shown that those crossings due to the “intersection” of the flat localized Cs modes appear roughly at 40–41 cm−1. Specifically, crossings of TA phonons and LA phonons occur at approximately 3/5 and 3/10 along the Γ-X line. The consequence of these “avoided-crossings” is attributable to strong interactions between the acoustic phonons and rattling modes. Near the crossing point, which is below the optic band of Cs, the group velocity of TA and LA phonons is facing substantial reduction (υTA(LA)→0). This indicates that the phonon-rattler coupling is dominantly modeled by three-phonon processes at crossings. The suggested λq = υqτq can be used to evaluate the mean free path in a more reasonable way, resulting in a good agreement with the experimentally determined κL.



Another feature regarding the guest resonant vibration is the rattler’s impact on sound velocity. It is determined by our first-principles calculation (Figure 3) that little suppression of υs concerning acoustic phonons is found by means of framework substitution upon Al, which replaces the Si atoms on the 8a Wyckoff sites. Meanwhile, no appreciable difference is shown with the group velocities of LA phonons as well as the sound velocity in Cs8Al8Si128 and Rb8Al8Si128 (see Figure 3). The above table demonstrates our predicted group velocity for different acoustic phonon modes along with the macroscopic velocity (υs) in a detailed manner.



From Table 2, our predicted lattice thermal conductivity of Cs8Na16Si136 yields 1.15 W m−1 K−1, which stays lower than that of the experimental work (1.9 W m−1 K−1). This is indicative of the fact that the phonon mean free path is underestimated. This induced underestimation might be due to an inappropriate usage of the neighboring guest–guest distance (6th column of Table 2). As discussed in some reports [34,35,36], the dominant “three-phonon” processes were proposed here to govern the phonon-rattling interaction due to “avoided-crossing”, leading to a reasonable evaluation on the mean free path. Therefore, it seems necessary to recompute the phonon lifetime of acoustic phonons near the avoided crossing point and to obtain a more reliable estimation on κL.




3.2. Quaternary Clathrate Cs8Na16Al24Si112


Quaternary clathrate Cs8Na16Al24Si112 can be favorably formed by a kinetically controlled thermal decomposition (KCTD) approach, which was performed by K. Wei et al. [38]. Our conducted LDA work presents some structural, vibrational and thermodynamics properties of this compound for comparison. According to both Rietveld refinement and an elemental analysis, the crystallographic site details of Al and the atomic displacement parameter (ADPs) of Cs (Na) are measured in their work. The suggested refinement of the framework site occupancy shows Al/Si ratio values of 0.2/0.8 for 8a, 0.1/0.9 for 32e, and 0.2/0.8 for the 96g Wyckoff site. To closely simulate the occupancy of Al on these crystallographic sites using the LDA approach, we testify a limited number of possible ways (see Table 3) of arranging these substituted Group-III atoms. It is determined that the lowest energy configuration possesses a total energy of −200.68 eV per unit cell. For the most energetically stable structure of the Al24Si112 framework in our study, it has zero Al atoms on 8a sites, while 32e and 96g sites are partially occupied by four and 20 Al atoms in the unit cell, respectively. Taking the occupancy of Al on the 96g sites into account, our calculation shows the favored configuration that yields the highest Al/Si ratio value of 0.208/0.792.



Additionally, the energy difference ΔE between the lowest energy and those of the remaining configurations are listed in the last column of Table 3. Our LDA calculations on seeking the most stable configuration agree fairly well with the refined data on the Al occupancy on each framework site according to the powder X-ray diffraction (PXRD) measurements. The parameters in parentheses of Table 3 were obtained from Rietveld refinement, characterizing crystal compositions of the Cs8Na16Al24Si112 host framework. Moreover, we found that a decreased number of occupied 96g sites by the Al element causes the total energy to increase. Accordingly, the structural contraction accompanied by a descendant lattice constant occurs with the reduced occupancy ratio of Al/Si residing on the 96g site. It is necessary to mention that the digit 1 appearing in notation Si1/Al1 denotes the 8a site, while digits 2 and 3 in Si2/Al2 and Si3/Al3 correspond to the 32e and 96g sites, respectively. Among the listed four configurations of Cs8Na16Si24Si112, it is also seen that the calculated lattice constant of the most favourable geometry (14.9147 Å) shows greater similarity to the experimental result (14.9153 Å) than other configurations.



Our predicted thermal performance, such as isotropic atomic displacement parameters Uiso (ADPs) and lattice thermal conductivity are illustrated in the figures below (Figure 5 and Figure 6). The dependence on the substituted Al composition of the lattice thermal conductivity is given at T = 300 K. It is determined that the overestimation on Uiso for a quaternary compound Cs8Na16Al24Si112 occurs between the DFT-results and XRD data, making it possible to reconsider the validity of the quantized harmonic oscillator model. It is expected that the temperature-dependent quartic anharmonicity plays a dominant role in increasing the rattling frequency of the guest impurity at T = 300 K, leading to a reduced Uiso value. In other words, predicting the Cs rattling behavior from the harmonic oscillator model in Cs8Na16Al24Si112 needs to be reconsidered unless the self-consistent phonon (SCP) model [39] is applied to derive the temperature-dependent frequency of guest vibration. Moreover, the given nominal composition with respect to the Al occupancy on each framework site is anticipated to influence the Uiso in a slight fashion. The Cs vibration mode in Cs8Na16Ge136 was also employed to compute the isotropic atomic displacement parameters at a specified temperature in the previous work [22], leading to a good quantitative agreement with the calculated Uiso regarding Cs motion in Cs8Na16Al24Si112 configurations. Such similar trends are interpreted as meaning that the “tuned” parent framework switched from “Al24Si112” to “Ge136” does not effectively impact the rattling frequency.



It is notable that the predicted κL is not sensitive to a different Al occupancy on the host sites (96g) in Figure 6. The dotted line acts as a guile for the eye, showing the Al3/Si3 composition independence with respect to κL. This yields approximately 1 W m−1 K−1 for the predicted lattice thermal conductivity.



In contrast to the measured κL (~4.5 W m−1 K−1) [38], the 4-fold reduction of lattice thermal conductivity still questions the validity of the resonant “scattering centers” model relating to acoustic phonons. Instead, the cubic anharmonicity effect needs to be reviewed in order to achieve a quantitative agreement between the first-principles calculation and experimentally observed κL in quaternary system Cs8Na16Al24Si112.





4. Conclusions


We report a systematic first-principles investigation on the structural and vibrational properties of R8Al8Si128 (R = Cs, Rb) and Cs8Na16Al24Si112 clathrates. Among them, vibration of the rattler in Al-substituted ternary clathrate R8Al8Si128 produces lower rattling modes than that of the same rattler in R8Si128. Therefore, it is anticipated that the formation of Al–Si might participate in a minimization of the guest rattling frequency in (Cs,Rb)8Al8Si128, compared to that of (Cs,Rb)8Si136. Moreover, the validity of the resonant rattling model where the acoustic phonon can travel between the neighboring scattering center to the exchange thermal energy is reconsidered for materials studied here, since this scheme induces underestimation on predicted lattice thermal conductivity. Instead, computing the phonon lifetime governed by three-phonon processes near the crossing in R8Al8Si128 and Cs8Na16Al24Si112 is preferred. In addition to this, the “avoided-crossing” effect causes no appreciable difference when evaluating the acoustic phonon speed to exist. The optimized geometry for Cs8Na16Al24Si112 is determined theoretically when Al/Si ratio has values of 0.2/0.8 for the 8a Wyckoff sites, 0.1/0.9 for the 32e sites and 0.2/0.8 for the 96g sites, according to the suggested refinement from the experimental point of view. The calculated atomic displacement parameters (ADPs) of Cs for every possible composite structure of Cs8Na16Al24Si112 are larger than the XRD-determined result at T = 300 K. This overestimation is thought to be attributable to the temperature-dependent quartic anharmonicity effect of guest vibration.
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Figure 1. Phonon dispersion relations of: (a) Cs8Al8Si128 and (b) Rb8Al8Si128. 
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Figure 2. Calculated vibrational density of states (VDOS) vs. frequency for Cs8Al8Si128 (solid line) and Rb8Al8Si128(dotted line). 
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Figure 3. Predicted low-frequency vibration spectrum of Cs8Al8Si128,Rb8Al8Si128 and Al8Si128. 
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Figure 4. “Avoided-crossing” effect due to encapsulated Cs introduced into Al8Si128. The solid line shows low-frequency dispersion relation curves of Cs8Al8Si128 along the Γ–X direction. Dotted lines give dispersion relation curves of Al8Si128. 
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Figure 5. Theoretically and experimentally estimated isotropic atomic displacement parameters (Uiso) of Cs in the 28-cage. The open symbols represent the data corresponding to Cs vibration in Cs8Na16Ge136 [22]. The solid symbol denotes the measured value of Uiso regarding Cs rattling in Cs8Na16Al24Si112. 
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Figure 6. The predicted lattice thermal conductivity as a function of Al occupancy on the 96g Wyckoff site. The dotted line is used for comparison. 
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Table 1. The equation of state (EOS) parameters obtained for the filled ternary clathrate (Rb,Cs)8Al8Si128, (Rb,Cs)8Ga8Si128 and binary clathrate (Cs,Rb)8Si136.
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	Material
	a (Å)
	E0 (eV/atom)
	K (Gpa)
	dK/dP





	Rb8Al8Si128
	14.669
	−5.555
	78.428
	4.172



	Cs8Al8Si128
	14.676
	−5.573
	80.385
	3.082



	Rb8Ga8Si128
	14.644
	−5.536
	79.063
	5.054



	Cs8Ga8Si128
	14.651
	−5.555
	79.735
	4.085



	Cs8Si136
	14.583
	−5.694
	82.783
	5.205



	Rb8Si136
	14.572
	−5.681
	83.115
	4.955
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Table 2. Local density approximation (LDA)-performed rattling mode ω, group velocity of transverse acoustic (TA) phonons vTA, group velocity of longitudinal acoustic (LA) phonons vLA, sound velocity vs, phonon mean free path λ and lattice thermal conductivity κL for filled ternary clathrate (Rb,Cs)8Al8Si128, Cs8Na16Si136 and (Cs,Rb)8Si136.






Table 2. Local density approximation (LDA)-performed rattling mode ω, group velocity of transverse acoustic (TA) phonons vTA, group velocity of longitudinal acoustic (LA) phonons vLA, sound velocity vs, phonon mean free path λ and lattice thermal conductivity κL for filled ternary clathrate (Rb,Cs)8Al8Si128, Cs8Na16Si136 and (Cs,Rb)8Si136.





	Material
	ω (cm−1)
	vTA (ms−1)
	vLA (ms−1)
	vs (ms−1)
	λ (Å)
	κL (Wm−1K−1)





	Rb8Al8Si128
	31.1
	3010
	5179
	3161
	6.35
	1.05



	Cs8Al8Si128
	41.1
	2744
	5134
	3065
	6.35
	1.01



	Cs8Na16Si136
	45.5
	2728
	4895
	3038
	6.34
	1.15(1.9 *)



	Cs8Si136
	43.7
	2983
	5373
	3322
	6.31
	1.10



	Rb8Si136
	37.9
	3028
	5496
	3375
	6.31
	1.12







* Reference [32].
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