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We have studied the vibrational properties of some of the compounds based on the Type II silicon, ger-
manium, and tin-based clathrate materials using LDA electronic structure methods. The lattices in these
framework materials have open cages which can contain weakly bound guest impurities, and these guests
produce local (“rattling”) vibrational modes. Such modes may scatter the extended, heat carrying acoustic
vibrational modes of the framework, potentially reducing the thermal conductivity. We present results for
the vibrational spectra of the Type II clathrate compounds Na;sCsgSijz6, Na;sCssGejze, and CsySnize. We
discuss trends in the vibrational spectra of the framework host material and of the localized, rattling fre-
quencies of the guest modes as the host changes from Si to Ge to Sn.
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1 Introduction

In addition to their ground state, tetrahedrally coordinated, sp3-bonded, diamond lattice structure, the
Group IV elements Si, Ge, and Sn can also form zeolite-like, expanded volume phases called the clath-
rates. These are open-framework structures in which the lattice contains large (20-, 24-, and 28-atom)
cages, and in which all framework atoms are in a four-fold-coordinated sp® bonding configuration. The
local bonding in the framework of the clathrate lattices is thus similar to that in the diamond structure.
However these lattices contain pentagonal rings, which makes their topology quite different from that in
the diamond lattice. Further, the “cages” formed by the Group IV atoms can house “guest” atoms, and
the choice of guest may be used to tune the properties of the material, including the vibrational proper-
ties. Most of the clathrates which have been realized in the laboratory have been guest-containing com-
pounds.

These Group IV atom-based clathrate materials continue to be of considerable interest due to their
unique transport properties. In particular, they have potential thermoelectric [1-4], superconducting [5—
8] and electro-optic applications [9, 10]. Among the interesting properties the clathrate compounds pos-
sess is their low thermal conductivity. The origin of this is the weak bonding of the guest atoms residing
inside the cages. This results in localized (“rattler””) vibrational modes which couple to the lattice modes
by resonantly scattering the acoustic-mode, heat-carrying phonons of the host framework material [1],
thereby lowering the thermal conductivity.

Of the two clathrate lattice types, Group IV compounds with the Type I clathrate crystal structure have
been the more thoroughly investigated both experimentally and theoretically. The pure framework mate-
rials of this type have a simple cubic lattice structure with 46 atoms per unit cell and are denoted as
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X46 (X = Si, Ge, or Sn). Several experimental studies of compounds based on these Type I materials
(with various guest atoms in the cages) have been carried out, including transport and optical studies.
The low thermal conductivity measured in these compounds is due to the weak guest-host electronic
interactions, which leads to strong coupling between the localized guest rattler vibrations and the host
acoustic modes. This interpretation is consistent with transport [11-18], Raman scattering [19] and
acoustic measurements [20, 21] as well as with theoretical calculations [22, 23]. Several theoretical stud-
ies of the electronic, structural, and vibrational properties of both the pure Type I clathrate materials and
various compounds based on the Type I lattice structure have also been carried out [24—33]. A recent
theoretical-experimental study [25] of CsgGagSnsg found excellent agreement between Raman scattering
measurements and density functional-based calculations of the host vibrational modes and of the local-
ized rattler modes due to the Cs guests.

In contrast to the Type I clathrates, there have been only a few experimental and theoretical studies of
the Type II clathrate materials. The pure type-II materials are denoted as X;35 (X = Si, Ge, or Sn). The
vibrational modes of the Type I “empty” framework clathrates Sijz¢ [29, 34, 35], Gej36 [26] and Sny34
[25] have been theoretically investigated due to their interest for thermoelectric and superconducting
applications. Raman scattering spectra of Na,Si;;, have also been reported [36]. Recently, structural
properties have been reported for stoichiometric Si and Ge clathrates, i.e. with all the crystallographic
sites within the polyhedra of the Type II structure occupied [37-39]. Transport [39] and NMR experi-
ments have shown that the stoichiometric compounds Na;¢CsgSi 3¢ and Na;4CsgGe, 34 are metallic. There
have also been temperature-dependent X-ray diffraction measurements of the low lying vibrational
modes of the Cs atoms inside the cages of these Type II Si and Ge based clathrates [39].

In this paper, we report the results of a density functional-based theoretical study of the vibrational
modes of the Type II clathrate compounds Na;sCsgSi;36, Na;CsgGeyss, and CsySnjze. We compute the
phonon dispersion relations, w(q), for these materials and identify the localized mode, “rattling”
branches induced by the guests. Because of their potential importance in lowering the thermal conductiv-
ity in these materials, in this study, we focus on the low-lying rattling modes of the Na and Cs guests in
the large 28-atom and small 20-atom cages (described below). This work is a follow up to a recently
published Raman scattering study [40] by us and others of the Type II materials Sij3¢, Na;¢CsgSij36 and
NasCsgGejs6. In that study, the vibrational frequencies near ¢ = 0 in these materials were determined
experimentally and compared with density functional-based calculations. It was found that the measured
vibrational modes of both the host framework and the guests are in excellent agreement with the calcula-
tions. By including Cs,4Sn;34 in the present paper, we extend the work of Ref. [40] to the Sn-based clath-
rates and we also extend the work of Ref. [25] on the vibrational properties of Sn-based clathrates to
Type II Sn-clathrate compounds. Including Cs,4Sn;36 in this study also allows us to seek trends in vibra-
tional frequencies of Cs guests in the large cages as the host framework changes from Si to Ge to Sn. The
compounds Na;,CsgSii36 and Na;sCsgGez¢ have been synthesized and characterized in the laboratory
[40]. Currently Cs,4Sn,35 remains a hypothetical material.

2 Computational details

The pure Type II clathrate framework X3¢ (X = Si, Ge, or Sn) is a face centered cubic structure with 136
atoms per cubic unit cell. All of the compounds considered here have the same symmetry as their “par-
ent” framework lattice. For Na;sCsgSij3¢ and Na;¢CsgGeys6, each of the 20-atom cages is occupied by
guest Na’s and each of the (larger) 28-atom cages is occupied by guest Cs’s. In Cs,4Sn;36, all of the large
and small cages are occupied by Cs’s. Further details of the crystalline structures of these materials may
be found in Refs. [25, 26, 31, 40].

Our calculations are based on the local density approximation (LDA) to density functional theory and
they use a planewave basis with ultrasoft pseudopotentials [41, 42]. The Vienna Ab-initio Simulation
Package (VASP) [43, 44] has been used with the Ceperley—Alder functional [45] to approximate the
exchange-correlation energy. This method has been extensively tested on a wide variety of systems. The
implementation we use is particularly efficient for the large clathrate unit cells. This technique has been
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adopted in our previous studies of Si [29, 46] and Ge [26, 30] and Sn [24, 25] clathrates. In those studies,
the calculated structural and vibrational properties were found to be in good agreement with experimen-
tal data [47-50]. The effects of the generalized gradient approximation (GGA) correction to the LDA
were examined in Ref. [29] and were found to be minor. Thus, we neglect these corrections here.

The procedures we have used to compute the lattice vibrational dispersion relations for the materials
of interest here are the same as those we have used in earlier LDA studies of the vibrational properties of
the clathrates [25, 26, 29]. The reader is referred to previous work for details and only a very brief de-
scription will be given here. Beginning with assumed interatomic distances and bond angles, the first
step is to optimize the structure by minimizing the total electronic binding energy. This is accomplished
by relaxing the internal coordinates at a given volume. This is repeated for several volumes until an LDA
minimum energy configuration (internal and external coordinates) is obtained. Once the equilibrium
lattice geometry is obtained by this method, all ground state properties of the material can be obtained,
including electronic bandstructures and vibrational dispersion relations. We have computed the band-
structures of Na;sCsgSijze, NajsCsgGesg, and CspSnjze. As expected from the extra valence electrons
introduced by the Na and Cs guests, we find that each material is metallic. Since our focus here is vibra-
tional properties, we do not display the energy bands here.

Starting with the LDA-optimized equilibrium (zero force) structure which results from the procedure
just described, we next obtain the dynamical matrix, D(q). Within the harmonic approximation, diago-
nalization of D(q) gives the vibrational mode eigenvalues and eigenvectors. A calculation of D(g) in
principle requires the computation of second derivatives of the LDA-binding energy with respect to
atomic displacements. In our approach to this problem [25, 26, 29], small, finite atomic displacements U,
are used to compute forces within the LDA. Within the harmonic approximation, these forces are propor-
tional to the displacements. Dividing these forces by the displacements U gives the matrix elements of
D(q). Also, we calculate D(q) with both +U, and —U, and average the two matrices. Any odd-order an-
harmonicity then vanishes, leaving only fourth or higher (even) order anharmonic errors.

Group theory is used to greatly reduce the number and symmetries of the displacements U, that need
to be considered. Our procedure assumes that the harmonic approximation is valid. Since our method
relies on finite displacements, this assumption must be carefully checked. With the exception of the rat-
tler modes associated with the Cs guests in the large cages in CsySnjze, we have found the harmonic
approximation to be valid for all of the vibrational modes in the materials considered here. For these
harmonic modes we have used Uy = 0.02 A. We have found the modes produced by the Cs motion in the
28-atom cages in Csy4Sn ;34 to be very anharmonic. These anharmonic Cs guest modes are discussed fur-
ther in the next section. Once D(q) is determined, as outlined in detail elsewhere [25, 26, 29], it is diago-
nalized to obtain the vibrational eigenvalues and eigenvectors.

3 Results

3.1 Dispersion relations for Na;¢CsgSijz¢, Na;CsgGey36, and CspsSnyse

The calculated vibrational dispersion curves for Na;4CsgSij36, Na;¢CsgGei36, and Csp4Sny 36, are shown in
Figs. 1-3. Each of these figures is qualitatively similar and shares the common features that the small
Brillouin zone coming from the large unit cells causes narrow bands, that most of the optical modes are
very flat, as is reminiscent of “zone folding”, and that there are two major, high density of states regions
in the spectrum. The flat optical modes of course result in very small group velocities [dw(g)/dg]. Ac-
cording to semi-classical heat transport theory [51], phonons with small velocities transfer heat ineffi-
ciently. This suggests that these materials should have low thermal conductivities. Both experimental
measurements [12—14] and calculations of the thermal conductivity of the Type I clathrates [23] have
shown that this suggestion has validity. As is to be expected, as the host framework is changed from Si to
Ge to Sn, the heavier mass of the host atom causes the maximum vibrational energy to decrease, with the
spectrum and all of the mentioned features compressed into a smaller energy region.
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The dispersion curves for Na;¢CsgSij36 are shown in Fig. 1. Similar results for the “parent” framework
material Si;35 were obtained in Ref. [29]. The acoustic modes are located below about 50 cm™! and the
optic modes are located from about 80 cm™ to about 490 cm™. The optic modes are approximately sepa-
rated into three bands. There is a low frequency, high density of states band from about 100 cm ™' to up to
about 175 cm ™', a medium frequency, high density of states band from about 200 cm™ to up to about
450 cm™, and a narrow, high frequency band from about 450 cm™ to up to about 490 cm™'. The weak
bonding of the Na and Cs guests in the small and large cages, respectively, leads to localized, relatively low
frequency rattler modes associated with these atoms. An eigenvector analysis shows that the Na motion
in the small (20-atom) cages, leads to localized modes in a narrow region around 118 cm™ to 121 cm™.
These modes are labelled by “Na” on the right side of Fig. 1. Similarly, we find that the Cs motion in the
large (28 atom) cages leads to local vibrational modes at about 65 cm™' to 67 cm ™. In Fig. 1, these modes
are labelled by “Cs” on the right side. A model for the Cs guest modes is discussed in Sect. 3.2.

In Ref. [29], it was found that the acoustic modes of the framework material Si;3s were located below
about 80 cm™'. We note that the very flat Cs guest rattler modes in Na;¢CsgSij3¢ occur in the middle of
the host Sij3 acoustic mode region. As expected, the presence of the heavy Cs atoms in the large cages
in Na;¢CsgSij36 has thus compressed the host acoustic mode bandwidth. Further, according to heat trans-
port theory [51], the resulting, almost dispersionless Cs rattler modes in that region can efficiently scatter
with the heat-carrying host acoustic modes, potentially suppressing the thermal conductivity. We have
also examined the frequencies and symmetries of the ¢ = 0 vibrational modes in Na;4CsgSij36 and have
determined the Raman-active modes. Further, we have found excellent agreement between our predic-
tions for these modes and Raman scattering experiments. These results are presented elsewhere [40].
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Fig.3 Phonon dispersion relations for
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The dispersion curves for Na;sCsgGe 3¢ are shown in Fig. 2 and are qualitatively similar to those just
discussed for Na;¢CsgSij36. As expected from the heavier mass of the Ge host atoms compared with that
for Si, all of the features of the Na;sCsgGei3 spectrum are compressed into a smaller energy range than
that for Na,sCsgSi;36. The dispersion curves for Geszg, the “parent” framework material for Na;sCsgGe;sg,
may be found in Ref. [26]. The acoustic mode region for Na;CsgGei34 is below about 25 cm ' and the
optic mode region is from about 40 cm™' to about 255 cm™'. There are again approximately three optic
bands. A low frequency, high density of states band occurs from about 60 cm™' to up to about 95 cm ', a
medium frequency band occurs from about 110 cm™ to up to about 230 cm™', and a very narrow, high
frequency, high density of states band occurs from about 230 cm™ to up to about 255 cm™'. The loosely
bound Na and Cs guests in the small and large cages again lead to localized, low frequency rattler modes
associated with these atoms. An eigenvector analysis shows that the Na motion in the 20-atom cages
leads to localized modes in a narrow region around 89 cm™' to 94 cm™'. Similarly, the Cs motion in the
28 atom cages leads to local vibrational modes at about 21 cm™' to 23 cm™'. These rattler modes are la-
belled on the right of Fig. 2 by “Na” and “Cs” at the appropriate frequency. As expected, because of the
larger cage and the heavier mass of the Ge host atoms, these rattler modes have moved down in fre-
quency in comparison to those found in Na;¢CsgSi;36. A model for the Cs rattler modes and for the trends
in these modes as the host framework changes is discussed in Sect. 3.2.

The acoustic modes of the framework material Ge 3 found in Ref. [26] were confined to below about
50 cm™'. Similar to the case for Na,4CsgSii36, the Cs guest rattler modes in Na;CsgGe, 3¢ occur in the
middle of the host Ge3¢ acoustic mode region, so that as expected, the heavy Cs atom motion in the
large cages has compressed the host acoustic mode bandwidth. According to heat transport theory [51],
these very flat Cs rattler modes can efficiently scatter with the host acoustic modes and can thus poten-
tially suppress the thermal conductivity. We have also computed the frequencies and symmetries of the
g = 0 vibrational modes in Na;;CsgGe 35 and have obtained the Raman-active modes. The results pre-
sented in Ref. [40] show that there is excellent agreement between our predicted modes and Raman scat-
tering experiments.

3.1.3 CSz4SI1136

The compound Csy;Sn;36 is qualitatively different than the others considered here because the heavier Cs
guest atoms occupy both the small (20 atom) and the large (28 atom) cages. The dispersion curves for
this material are shown in Fig. 3. Again, as expected from the heavier mass of the Sn host atoms com-
pared with Ge, all of the features of the Csy;Sn ;3¢ spectrum are compressed into a smaller energy range
than that for Na;(CsgGejss. The dispersion curves for Snjse, the “parent” framework material for
Csy4Sn;36, may be found in Ref. [25]. The acoustic mode region for Cs,4Sn;36 is below about 18 cm ! and
the optic mode region is from about 25 cm™ to about 170 cm™'. As in the other materials, there are ap-
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proximately three optic bands. A low frequency, high density of states band occurs from about 40 cm™
to up to about 55 cm ™', a medium frequency band occurs from about 80 cm™ to up to about 140 cm ™,
and a narrow, high frequency, high density of states band occurs from about 150 cm™ to up to about
170 cm ™. The loosely bound Cs guests in the small and large cages again lead to localized, low fre-
quency rattler modes associated with these atoms. An eigenvector analysis shows that the Cs motion in
the 20-atom cages leads to localized modes in a narrow region around 25 cm™' to 30 cm™'. These modes
are labelled with “Cs(@20)” to the right of Fig. 3. Further, the Cs motion in the 28 atom cages leads to
local vibrational modes at extremely small frequencies from 5 cm™ to 7 cm™', which are labelled on the
right of Fig. 3 with “Cs(@28)”. As expected, because of the larger cage and the heavier mass of the Sn
host atoms, these rattler modes have moved down considerably in frequency in comparison to those
found in Na,¢CsgGe,36. Predictions of such low frequencies demand that our results be interpreted with
caution. We discuss this next.

In our calculations of the dispersion relations for Cs,4Sn;36, we have found that the low-lying (rattling)
vibrational modes of the Cs guests in the large (28 atom) cages are sensitive to the choice of the finite
displacement U, used in the calculation of the dynamical matrix D(q). For these modes only, it was nec-
essary to use the relatively large displacement of Uy = 0.07 A in order to obtain a physically realistic
phonon spectrum. This should be compared with the value of U, = 0.02 A which we have used to calcu-
late all of the other vibrational modes presented in this paper. For these Cs rattling modes only, using
Uy = 0.02 A resulted in some imaginary frequencies. This is not a sign of a dynamic instability, but is an
artifact which is due to the extremely weak bonding of Cs in the large cages, which causes the modes
associated with it to be extremely anharmonic. To test the sensitivity of these rattling modes to the
choice of U, we have also computed them using U, = 0.08 A. We find that the predicted frequencies
change by less than 2% when U is increased in this way. The sensitivity of these rattling modes to the
choice of Uj is likely an intrinsic limitation of the application of the harmonic approximation to the very
weakly bound Cs guests in the large cages in CsySnjz6. Our predicted Cs rattler mode frequencies of
5cm ' to 7 em™' should thus be interpreted with this sensitivity to U, in mind. The weakly bound Cs
guests in the 28 atom cages in this material are further discussed in Sect. 3.2 in the context of a model for
the trends in the Cs rattler modes as the host changes from Si to Ge to Sn.

3.2 Model for Trends in Guest Rattler Frequencies

The trends in the localized guest rattler frequencies of Cs in the large (28-atom) cages in Na;¢CsgSi; 3,
Na;CsgGeqsg, and CspySnjse as the host is changed from Si to Ge to Sn are very interesting and therefore
warrant further discussion. To place this discussion on a quantitative basis, we have developed a simple
model to help to explain the trends in these Cs rattling modes. Using as input some of the results for the
LDA-optimized lattice structures for the three materials, this model examines the large size of the cage,
compared to the size of the host and guest atoms, and correlates it with the restoring force on the rattling
guest Cs atom.

The LDA calculated, nearest-neighbor Si—Si, Ge—Ge, and Sn—Sn distances in Na;sCsgSijse,
Na,4CsgGe 36, and Cs,4Sn, 3¢ are in the ranges 2.32-2.38 A, 2.44-2.48 A, and 2.83-2.91 A respectively.
These results give an estimate of the covalent radii of the framework atoms of rg;= 1.18 A, ree=123 A,
and rs, = 1.44 A, which are in line with conventional estimates [52]. From the LDA-optimized structures,
we obtain the Cs guest-to-framework atom distance, which gives a estimate of the size of the large cages.
For the Si-, Ge- and Sn-based materials these distances are in the ranges 3.88-3.97 A (Cs-Si), 4.10-4.18 A
(Cs—Ge), and 4.67-4.83 A (Cs—Sn). From these results, estimates of the average radius, 7, of the 28-
atom cages in the three materials can be obtained. These are 7 ,5.(Cs—Si) = 3.93 A, Teage(Cs—Ge) = 4.14 A,
and 7, (Cs—Sn) = 4.75 A A simple estimate of the size of Cs is its ionic radius, r¢,= 1.69 A [52]. From
these values, one can obtain a measure of how tight-fitting a Cs atom is inside its cage. We define an
“excess” radius Ar as Ar = rqe. — (Fx + Fs), Where ry is the estimated covalent radius of the framework
atom (X=Si, Ge, or Sn). Clearly, Ar is a measure of how loosely fitting a Cs guest atom is inside its 28
host atom cage.
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For Na;¢CsgSii36, Na;sCssGese, and Cs»4Sny34, the excess radii are Ar = 1.06 A, 1.22 A, and 1.62 A,
respectively. Clearly, the cages are all “over-sized”. It is worth remarking that the Cs guests in the 28-
atom cages in Csy4Sn 3¢ correspond to the largest alkali metal atom, Cs, inside the largest cages, Snyg, of
any of the Group IV clathrate materials. Nevertheless, the Sn,g cages are clearly exceptionally “over-
sized” in comparison with the Cs guest. For a more conservative estimate of the cage size in comparison
with guest atom size, one might use the atomic radius of Cs (2.65 A) [52] instead of the ionic radius.
This gives only slightly oversized cages for Na;sCssSij3 and Na;¢CsgGe 36 (Ar = 0.10 A and 0.26 A,
respectively). However, for Cs,4Sn, s, it still produces a large over-sized cage with Ar = 0.66 A. In the
model discussed below, we use the Cs ionic radius. These rough size arguments are clearly consistent
with the very weak binding, the resulting very low vibrational frequencies, and the extreme anharmonic-
ity of the potential that we have found for the Cs’s in the Sn,g cages.

Correlating these size estimates with the LDA results for the rattler frequencies of the Cs guest atoms
in the large cages shows that the cage size in the three materials significantly influences the rattler fre-
quencies. To help to explain the trend that the Cs rattler frequencies decrease as the host changes from Si
to Ge to Sn, we use a simple harmonic oscillator model in which the effective spring constant for these
modes is determined by assuming that the motion is just that of Cs. In this crude picture, the rattler mode
frequency wyis given by wg= (K/M)” where M is the atomic mass of Cs (132.9 au) and X is an effective
force constant for the rattler mode. Thus K, which we fit to the LDA-calculated rattler frequency results,

is a measure of the strength (or weakness) of the guest-host interaction.

Figure 4 shows the resulting effective force constant K for Cs in the Siyg, Geyg, and Snyg cages in
Na,4CsgSii36, NajsCsgGeyse, and CspsSnyse. Even in the smallest Si,g cage, the effective spring constant is
less than 2.2 eV/(A)*. This should be compared with a similarly computed K for Si-Si bonds in the Si
clathrates [22], which is of order 10 eV/(A)Z. This clearly shows that Cs in Na;¢CsgSi;3¢ is weakly bound,
consistent with the calculated frequencies and with the above discussion. As is seen in Fig. 4, the effec-
tive K for Cs rattlers in the Ge,g cages in Na;CsgGe, ;6 is dramatically reduced by nearly one order of
magnitude from that in Na;¢CsgSi;36. It should be noted that this large reduction in K occurs even though

the Ar for the Geog cage is only about 0.16 A larger than that for the Siy cage. Since the effective K for
Ge-Ge bonds in the Ge clathrates [26] is also of the order of 10 eV/(A)?, this shows that Cs rattlers in
Na,CsgGe 3¢ are even more weakly bound than they are in Na;4CsgSijs6. Finally, Cs’s in the oversized
Snyg cages in CspSnjz6, Which produce extremely low rattler frequencies, give an effective force con-
stant K which is nearly zero (in contrast to the effective K for Sn—Sn bonds of ~8 eV/(A)* [25]). This is
consistent with the above conclusion that the Cs guests are barely bound in this material.

4 Conclusions

We have performed an LDA-based study of the lattice vibrational spectra of the Type II clathrate com-
pounds Na;¢CsgSijz6, Na;CsgGey3z, and Cs4Sny36. As expected, we find that as the host framework is
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changed from Si to Ge to Sn, the heavier mass of the host atom causes the maximum vibrational energy
to decrease, with the spectrum and all of its features compressed into a smaller energy region.

Of particular interest, for the possibility of obtaining a low thermal conductivity, are the localized
(rattling) modes of the Na and Cs guests in the small (20 atom) and large (28 atom) cages. For
Na;¢CsgSij36, we find that the localized modes associated with the Na motion in the small cages occur
around 118 cm™' to 121 cm™' and that the localized modes associated with the Cs motion in the large
cages occur at about 65 cm' to 67 cm . Further, for Na;¢CssGe,sq, our predictions are that the rattler
modes associated with Na motion in the small cages occur in the range 89 cm™' to 94 cm™' and that the
Cs motion in the large cages leads to such modes at about 21 cm™' to 23 ecm™'. The theoretical Raman
active modes of these two materials have been presented in Ref. [40] and are in very good agreement
with Raman scattering measurements.

Our results for the (so far) theoretical material Cs,4Sn ;36 predict extremely low frequency guest rattler
modes. Specifically, we find that the Cs motion in the 20-atom cages gives rise to localized modes
around 25 cm™' to 30 cm™'. Further, Cs motion in the 28-atom cages produces guest rattler modes at
frequencies from 5 cm ™' to 7 cm . These very low frequencies arise because the Cs atom is very small in
comparison with the 28 atom cage size (Snyg). For the same reason, the resulting very weak potential is
very anharmonic. Further, it should be kept in mind that the predicted Cs rattler frequencies were made
within the harmonic approximation. Comparison of these predictions for CsySn;s¢ to experimental data
is currently not possible. However, any future quantitative comparison between theory and experiment
should correct these predictions taking into account the anharmonicity of the potential of the Cs in the
large cages.

Finally, the rattler mode frequencies for Cs in the 28-atom cages in Na;4CsgSii36, NajsCsgGez6, and
Csy4Sny36 have been discussed within a simple harmonic oscillator model for these modes. Combining
the LDA-calculated Cs-to-host atom distances in these materials with this simple model has helped to
explain the trend that there is a dramatic decrease in the rattler frequencies as the host material is
changed from Si to Ge to Sn.
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