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Vibrational properties of tin clathrate materials
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We have performed density functional calculations of the vibrational modes of three tin-based, cagelike
clathrate materials: the pure type-I (Sn46) and type-II (Sn136) frameworks, and the donor/acceptor compensated
compound Cs8Ga8Sn38. We have also theoretically identified the infrared- and Raman-active modes in these
materials and have computed their Raman spectra. In addition, we report measurements of the Raman spectrum
of Cs8Ga8Sn38 and compare the experimental spectrum with the theoretical one. By this means, we are able to
unambiguously identify the low-frequency ‘‘rattling’’ vibrational modes in this material, which are due to the
motion of the Cs atoms that are loosely bound in the Sn cages.
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I. INTRODUCTION

The ground state crystalline structure of C, Si, Ge, and
is the tetrahedrally bonded,sp3 diamond structure. With the
exception of C, these elements can also form metasta
expanded volume structures called clathrates. These
open-framework structures in which the lattice contains 2
24-, and 28-atom cages, and in which all atoms are i
fourfold-coordinated sp3 configuration. The local bonding i
thus similar to that in the diamond structure; however
clathrates have pentagonal rings, which makes the topo
quite different from that of the diamond structure. Furth
the cages can house ‘‘guest’’ atoms, and the choice of g
may be used to tune the properties of the material, includ
the vibrational properties.

In this paper, we extend our previous1 density functional–
based theoretical study of the structural and electronic p
erties of some of the tin-based clathrates to include th
vibrational properties. We have calculated the lattice vib
tional spectra of the pure type-I (Sn46) and type-II (Sn136)
clathrate frameworks, and of the compound Cs8Ga8Sn38. For
this material, the Cs atoms are guests inside the clath
cages. This compound is interesting because of the pos
existence of ‘‘rattler’’ vibrational modes due to the Cs m
tion. We have also theoretically identified the infrared- a
Raman-active modes in these materials and have comp
their Raman spectra. In addition, we also report meas
ments of the Raman spectra of Cs8Ga8Sn38 and show that the
measured and calculated spectra for this material com
quite favorably. By using a combined theoretica
experimental analysis of the Raman spectra, we are ab
unambiguously identify the low-frequency, vibrational ra
tling modes associated with the Cs guests.

Clathrate phases of Si and Ge, with guest atoms enca
lated in the cages, have been known for at least 37 year2–7

On the other hand, Sn clathrates have only recently b
synthesized.8–11There has recently been considerable exp
mental and theoretical research on semiconductor clathr
This is due mainly to the expected new and tunable prop
0163-1829/2002/65~23!/235208~10!/$20.00 65 2352
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ties of these materials. This tunability is mainly due to t
presence of the cages and of the guests that may be w
them. In addition, other atoms can be ‘‘alloyed’’ on th
framework sites, and this can cause a rich variety of chan
in the properties. Silicon clathrates have been the most s
ied of this class. Theoretical studies of both Si~Refs. 12–17!
and Ge~Refs. 18 and 19! clathrates have been made by se
eral groups.

A technological motivation for the study of the clathrat
is their potential use as thermoelectrics. A good thermoe
tric must simultaneously have a high Seebeck coefficie
a high electrical conductivity, and a low therm
conductivity.20 These properties are not independent, so i
difficult to satisfy all of these conditions simultaneously.
thermoelectric design concept, which can potentially red
the thermal conductivity, is to introduce impurities or gue
into the framework cages, which can produce ‘‘rattling’’ v
brational modes.21–23Testing this idea on the clathrates, N
las et al.24,25 have shown that a Ge-based clathra
(Sr8Ga16Ge30) has a very low thermal conductivity. Rece
simulations26,27 have also shown that type-I Ge clathra
frameworks containing guest ‘‘rattlers’’ have comparab
thermal conductivities to that of amorphous Ge, as was s
gested by Slack20,21 and as has been observe
experimentally.25,28 Recently, low thermal conductivities in
some Sn-based clathrates have been also reported by N
et al.9–11

II. COMPUTATIONAL DETAILS

The two pure clathrate frameworks are the simple cu
type-I and the face-centered cubic type-II structures. The
respectively, contain 46 and 136 atoms per cubic unit c
For the Sn clathrates, these are Sn46 and Sn136. The structure
of Cs8Ga8Sn38 is based upon that of Sn46, with each of the
20- and 24-atom cages occupied by guest Cs’s and eigh
the Sn sites occupied by Ga’s to compensate for the
charge. To avoid the problem of treating a random Sn/
alloy, following Ref. 1, we have constructed a symmetr
©2002 The American Physical Society08-1



hi

d
la
th
s

-

rg
na
u
ll

e
io

p
ps

ly

di

e
s
m
try
h

th
ob
r-

ea

fo
ar
v
a
m

of

for

x-
d
for
d by
l-

the
c-
e

n is
se
d

d-
or

or-
ic

man
l

s
ec-
sful

sfer-
l
ters

ns,
t,
es
s of

ed
a

s at
tal-
sed

in
ana-
ro-
cut
ure-

nci-

MYLES, DONG, SANKEY, KENDZIORA, AND NOLAS PHYSICAL REVIEW B65 235208
ordered model for this compound. The geometry of t
model reduces the point group symmetry fromOh to Td .

Further details of the crystalline structures for Sn46,
Sn136, and Cs8Ga8Sn38 are given in Ref. 1. These optimize
equilibrium structures are the starting points for our calcu
tions of the vibrational modes of these materials. Both
calculations of Ref. 1 and the present calculations are ba
on the local density approximation~LDA ! and use a plane
wave basis with ultrasoft pseudopotentials.29,30 The Vienna
ab initio simulation package31,32

~VASP! has been used with
the Ceperley-Alder functional33 to approximate the
exchange-correlation energy. The LDA-optimized ene
minima, equilibrium volumes, lattice constants, and inter
coordinates for the materials considered here may be fo
in Tables II–IV of Ref. 1. In Ref. 1, it is also shown that a
three materials are semiconductors.

Starting with the LDA-optimized structures, obtaining th
lattice vibrational dispersion relations requires a calculat

of the dynamical matrix,D(qW ) (qW is a wave vector in the

first Brillouin zone!. Diagonalization ofD(qW ) gives the ei-
genvalues and eigenvectors. Starting with a force-free, o
mized unit cell, the calculations are performed in two ste

the first step obtains theqW 50W modes exactly~within the
harmonic approximation! and the second step approximate

obtains theqW Þ0W modes. These procedures have been
cussed in detail in previous papers,16,18 so they are only
briefly outlined here.

First, f(qW 50W ), the 3N33N qW 50W force constant matrix
(N is the number atoms in supercell! is calculated. A row of
matrix elements off(qW 50W ) is found by computing the
forces generated on each atom when an atom is displac
distanceU0 from equilibrium, and by dividing these force
by U0. In general, 3N displacements must be made, but sy
metry dramatically reduces this number. The symme
unique displacements used for the structures considered
are described in Secs. IV A and V A. TheqW 50W dynamical
matrix, D(qW 50W ), is obtained fromf(qW 50W ) in the standard
manner39 and is then diagonalized to obtain theqW 50W eigen-
values and eigenvectors. This procedure is exact within
harmonic approximation. Raman and ir experiments pr
vibrational modes nearqW 50W , so this procedure also gene
ates the Raman- and ir-active modes.

Second, an approximateqW Þ0W dynamical matrix,D(qW ), is
computed by assuming that the matrix elements of the r
space force constant matrix,f(rW), decay rapidly with in-
creasing distancerW between atoms and become negligible
two atoms separated by a distance greater than third- ne
neighbors (>6 Å). Since Sn-based clathrate crystals ha
large unit cells, this fast-decay assumption allows us to
proximate the force constants between two ‘‘nearby’’ ato
~i.e., at distances smaller than; half the unit-cell size! with
the matrix elements of theqW 50W force constant matrix, and to
set the force constants between two ‘‘distant’’ atoms~i.e. at
distances larger than; half the unit-cell size! to zero. This
allows an approximate calculation of~a ‘‘truncated’’! f(rW)
23520
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from f(qW 50W ). From thisf(rW), f(qW ) is constructed by per-
forming a lattice/basis sum. TheD(qW ) matrix is then con-
structed by doing a mass-modified Fourier transformation
the ‘‘truncated’’ force constant matrixf(rW). Finally, D(qW ) is
diagonalized to obtain the eigenvalues and eigenvectors
qW Þ0W .

Thus, only theqW 50W vibrational modes are calculated e
actly, and those atqW Þ0W are approximate. For the diamon
structure, we have found that this approximation is worst
the transverse acoustic modes. The error could be reduce
calculatingf(qW 50W ) for a larger supercell to enlarge the rea
space truncation range. With current workstations, for
clathrates, this type of calculation is computationally impra
tical for an LDA plane-wave calculation, and offers littl
benefit.

This method assumes that the harmonic approximatio
valid. This must be carefully checked in methods that u
finite displacements,U0. Except for the modes associate
with Cs guests in the large cages in Cs8Ga8Sn38 ~Sec. V A!,
we have usedU050.02 Å. Also, we calculatef(qW ) with
both1U0 and2U0 and average the two matrices. Any od
order anharmonicity then vanishes, leaving only fourth-
higher- ~even! order anharmonic errors.

The intensity of first-order Raman scattering is prop
tional to the square of the polarization change with atom
displacement. Here, as in Ref. 18, we estimate the Ra
scattering intensity34 using a bond-polarizability mode
~BPM!.35 The BPM describes the bond polarization in term
of polarization expansion coefficients along the bond dir
tion and normal to the bond. This model has been succes
for diamond-structure C, Si, and Ge.35,36Previously, we have
found that the parameters for these systems are not tran
able to new geometries.16,18 In our application of this mode
to the Sn clathrates, we have modified the parame
empirically.37 Thus, while our predictions of the Ramanfre-
quenciesare accurate within the discussed approximatio
our predictedintensitiesare only qualitative. We note tha
for Ge clathrates, the experimental Raman-active mod11

are in excellent agreement with the theoretical calculation
Dong et al.38

III. EXPERIMENTAL DETAILS

The Cs8Ga8Sn38 specimen was synthesized as describ
previously.10 High-purity elements were reacted inside
tungsten crucible in an argon atmosphere for two week
550 °C. The resulting compound consisted of small crys
lites, which were ground to fine powders and hot pres
inside graphite dies at 380 °C and 170 MPa for two hours
an argon atmosphere. The resulting dense pellet was
lyzed using x-ray diffraction and an electron-beam mic
probe to confirm the stoichiometry. The pellet was then
with a wire saw and polished for Raman scattering meas
ments.

Raman scattering measurements on Cs8Ga8Sn38 were
made using the 514.5 nm line of an Ar1 laser. Spectra were
measured at 10 K ambient temperature. However, the i
8-2
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VIBRATIONAL PROPERTIES OF TIN CLATHRATE MATERIALS PHYSICAL REVIEW B65 235208
dent power~typically 50 mW! was sufficient to heat the
sample due to the low thermal conductivity. The samp
were placed in a helium atmosphere to eliminate extrane
Raman signals from air. The collected scattered light w
dispersed using a triple grating spectrometer~Dilor! with a
resolution set to 3 cm21 and was detected by a liqui
nitrogen–cooled charge-coupled device array. The lower
off frequency of the band-pass filter was set at 20 cm21.
Although the samples were polycrystalline, differences in
spectra were observed by selecting the scattered polariz
parallel or orthogonal to the incident polarization.

IV. ELEMENTAL CLATHRATE FRAMEWORK
MATERIALS

A. Vibrational dispersion relations

We have made considerable use of symmetry in imp
menting the procedure of Sec. II to obtain the vibration
spectra. For Sn46, which hasOh point group symmetry, only
six independent displacementsU0 need to be made.@Actu-
ally, 12 displacements are made, sincef(qW ) is computed for
both1U0 and2U0 and the results are averaged.# These are
a single displacement of an atom at a 16i site, two orthogo-
nal displacements of an atom at a 6c site, and three orthogo
nal displacements of an atom at a 24k site. Group theory
generates the remaining (3346)265132 columns off(qW ).
For Sn136, which also hasOh point group symmetry, only
four displacementsU0 need to be made~eight for both posi-
tive and negativeU0) instead of 102 (53334) displace-
ments.

The calculated dispersion curves for Sn46 and Sn136 are
shown in Figs. 1~a! and 1~b!. The small Brillouin zone com-
ing from the large unit cells causes narrow vibrational ban
In both materials there exist two high density of states
gions. One is just above the acoustic phonon branch
(;40 cm21 to 65 cm21) and the other is at the top o
optical bands (;175 cm21 to 190 cm21). The optical
bands are very flat, as is reminiscent of ‘‘zone folding
Thus, most optical modes, except for a few with
the ;60–160 cm21 region, have very small group veloc
ties @dv(qW )/dqW #. According to heat transport theory,39–41

phonons with small velocities transfer heat inefficiently. Th
suggests that pure Sn clathrates should have a lower the
conductivity than diamond phasea-Sn. Our work on the
thermal conductivity of Ge clathrates26,27has shown that this
suggestion has validity.

The optical modes for Sn46 and Sn136 are located from
;40 cm21 to ;194 cm21. For comparison, the highest ex
perimental optical mode ina-Sn is at;201 cm21.42 Start-
ing with an LDA-optimized, equilibriuma-Sn lattice,1 we
have calculated this frequency and have found 187.8 cm21,
an underestimate in comparison with experiment.

B. q¢Ä0¢ modes; ir and Raman-active modes; Raman spectra

Infrared ~ir! and Raman scattering probe theG point (qW

50W ) phonon modes. To guide possible experiments, we h
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examined the frequencies and symmetries of theqW 50W modes
in Sn46 and Sn136. Our results for Sn46 are listed in the left
four columns of Table I and those for Sn136 are listed in the
right four columns of that table. Zero frequency translation
modes are not included. Owing to symmetry-related deg
eracy, the 1385(3346) G-point phonon modes in Sn46
have only 57 distinct frequencies. From group theory,
symmetries of these are 3A1g14A2g17Eg18T1g18T2g
12A1u12A2u14Eu110T1u19T2u . Similarly, in Sn136,
there are 42 distinct frequencies, which have the symmet

3A1g11A2g14Eg15T1g18T2g11A1u13A2u14Eu

18T1u15T2u ,

and which come from the 1025(3334) G-point modes.
Group theory43 has been used to determine the allow

Raman and ir modes. These are denoted by a check ma
the appropriate column in Table I. Some ir- and Rama
active modes may have intensities which are too small to
detected, so the number of experimentally observed frequ
cies may be fewer than the predicted number of act
modes.

FIG. 1. Phonon dispersion relations for~a! Sn46 and ~b!
Sn136.
8-3
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TABLE I. G-point (qW 50W ) phonon modes of Sn46 and Sn136. The unique frequencies are listed, along w
their symmetries. The Raman or ir activity of a mode is denoted by a check mark (A) in the appropriate
column.

Sn46 Sn136

Frequency Symmetry Raman ir Frequency Symmetry Raman ir
(cm21) active active (cm21) active active

35.7 T2g A 39.5 T2g A
38.7 T1g 40.6 T1g

41.2 A2u 41.3 Eg A
41.4 T1g 44.6 T1g

44.6 Eu 46.5 T2u

45.2 T2g A 48.8 Eu

45.7 T1u A 49.1 T2u

46.7 T2u 50.6 T1g

47.6 Eg A 50.9 A2g

47.8 T1g 52.3 T1u A
49.0 Eu 56.9 T2g A
49.0 A2g 60.4 T1u A
49.7 T2u 98.8 T1u A
50.2 T1u A 100.3 T2g A
51.9 T1g 106.2 A2u

54.9 T2g A 108.4 Eu

55.1 T1u A 122.4 A1g A
81.5 Eg A 123.4 T2g A
89.8 T2u 137.6 Eg A
91.6 A2g 138.5 T2u

115.8 T1u A 144.5 T1u A
116.6 T2g A 153.2 A2u

117.3 Eg A 155.6 A1g A
122.7 T2u 156.5 T2g A
125.1 A1g A 162.5 A2u

125.5 A1u 162.8 T1g

137.7 T1g 164.9 T1u A
141.9 T2u 175.8 Eu

145.7 T1u A 178.7 A1g A
147.9 A2u 179.1 T2u

149.3 A2g 180.2 T1u A
161.6 T2g A 181.0 Eu

162.6 Eg A 182.6 Eg A
164.0 T1u A 182.8 T2g A
165.1 T1g 185.6 T1g

168.6 A1g A 186.0 T2g A
173.6 T2u 188.6 Eg A
180.5 T1u A 190.1 A1u

183.3 Eg A 190.6 T1u A
183.8 T2u 191.9 T2u

185.1 Eu 193.1 T2g A
185.4 T2g A
185.9 T1u A
186.0 A1u

186.2 T1g

186.8 Eu

186.9 Eg A
235208-4
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TABLE I. (Continued)

Sn46 Sn136

Frequency Symmetry Raman ir Frequency Symmetry Raman
(cm21) active active (cm21) active active

187.0 T2g A
187.7 T1g

188.3 T2u

188.5 A1g A
188.8 T2g A
191.1 T2u

191.8 T1u A
193.4 Eg A
193.7 A2g
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To obtain an idea about the expected shape of the Ra
spectra, we have used the BPM, discussed in Sec. II B
estimate the Ramanintensitiesfor these materials. The em
pirical parameters used have been chosen37 using the rule
found for Si~Ref. 16! and Ge~Ref. 18!. We have assumed
parallel polarizationI xx ~VV !, which accesses all Raman
active modes. The results have been averaged over ap
solid angle to represent powderlike samples. The resul
spectra for Sn46 and Sn136 are shown in Figs. 2~a! and 2~b!,
respectively. Each peak can be identified with one or mor
the Raman-active modes in Table I. We again note that
frequencies areexactwithin the approximations of Sec. II
but that the intensities arequalitative.

FIG. 2. Raman spectra for~a! Sn46 and ~b! Sn136 calculated
using a bond-polarizability model. Parallel polarization,I xx(VV),
has been assumed and the intensity has been averaged overp
solid angle.
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V. TERNARY COMPOUND

A. Lattice vibrational Dispersion relations

As was discussed in Ref. 1, our symmetric, ordered mo
for Cs8Ga8Sn38 assumes that there are no Ga-Ga bonds
that the eight Ga atoms occupy half of the 16i symmetry
sites. The lattice point group symmetry isTd . Use of this

symmetry in the calculation off(qW 50W ) still requires that 18
independent displacementsU0 be made~36 with positive and
negativeU0). These consist of three orthogonal displac
ments for each of the following atoms and symmetry sit
Ga on a 16i site, Sn on a 16i site, Sn on a 6c site, Sn on a
24k site, Cs on a 2a site, and Cs on a 6d site. Group theory
generates the remaining (3354)2185144 columns of
f(qW 50W ).

For Cs8Ga8Sn38, we have found that the low-lying~‘‘rat-
tling’’ ! vibrational modes of the Cs guests in the large ca
are sensitive to the choice of the displacementU0 used in the
calculation off(qW ). For these modes only, it was necessary
to useU050.03 Å, in order to obtain a physically realisti
phonon spectrum.~For all other modes we usedU0
50.02 Å.) For these rattling modes, usingU050.02 Å re-
sulted in some imaginary frequencies. This artifact is due
the weak bonding of the Cs, which causes the modes a
ciated with it to be extremely anharmonic. To test the sen
tivity of these rattling modes to the choice ofU0, we have
also computed them usingU050.04, 0.05, and 0.06 Å. We
find that the frequencies change by less than 1% for e
0.01 Å change inU0. This sensitivity of rattling modes to the
choice ofU0 is likely an intrinsic limitation of the harmonic
approximation.

In order to better understand the Cs rattling motion,
have also investigated the effective potential energy whe
Cs is displaced in a large cage while the framework is k
fixed. The large cage contains 12 pentagons and 2 hexa
of the framework. Visually, it appears ‘‘squashed’’ along t
z axis ~the axis through both directly opposite hexagons!. An
LDA calculation of the effective potential energy for dis
placements parallel to thez axis gives a function that can b
fitted to the form Vi5

1
2 K iz

21 1
4 e iz

4, where K i
51.415 eV Å22 and e i51.268 eV Å24. A similar calcula-
4

8-5
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MYLES, DONG, SANKEY, KENDZIORA, AND NOLAS PHYSICAL REVIEW B65 235208
tion for displacements perpendicular to thez axis ~the x di-
rection! results in an effective potential energyV'5 1

2 K'x2

1 1
4 e'x4, where K'50.226 eV Å22 and e'

50.534 eV Å24. For comparison, a similar calculation for
framework atom yields an almost perfect harmonic effect
potential with a ‘‘spring constant’’ ofKhost;8.0 eV Å22. It
is thus clear that, in both directions, the Cs potential is v
anharmonic and that the effective harmonic ‘‘spring co
stants’’ are very weak in comparison to those for framew
atoms. Further,V' is clearly ‘‘softer’’ thanVi . These results
are consistent with the picture of Cs being loose-fitting in
oversized cage. This is an ideal situation for ‘‘rattling’’ t
occur and for the Cs guests to act as scatterers for low-ly
framework acoustic phonons, thus reducing the thermal c
ductivity.

The vibrational spectrum for our model of Cs8Ga8Sn38 is
shown in Fig. 3. Many features of this are similar to those
Sn46, and the ‘‘parent’’ material’s modes can be identified
comparing Fig. 3 and Fig. 1~a!. For example, the acousti
and optic modes occur in the same regions in the two m
rials: ;0 –40 cm21 and ;40–190 cm21. However, there
are two interesting regions of the Cs8Ga8Sn38 spectrum that
are not present in that for Sn46.

First, above the optic mode region of Sn46, between
;190 cm21 and 210 cm21, there are two narrow bands o
flat, opticlike modes. Because Ga has a smaller atomic m
than Sn (MSn/MGa5118.69/69.72;1.7), we expect tha
these modes are due to the motions of relatively light
atoms in the framework. An analysis of their eigenvect
shows that this expectation is correct.

Second, from;25 to 40 cm21, a number of flat bands
are seen in Fig. 3. This is in the region of the acoustic ba
in Sn46. An eigenvector analysis shows that these modes
due to the Cs guest motion in the large and small cages.
thus identify them with the expected low-frequency ‘‘ra
tling’’ modes of the Cs guests. The presence of these mo
has also considerably suppressed the width of the aco
bands in the compound, in comparison with that of Sn46.
Because only the lowest-lying acoustic modes have suffic

FIG. 3. Phonon dispersion relations for the ternary clathr
compound Cs8Ga8Sn38.
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group velocities to efficiently transfer heat,39 the presence of
these ‘‘rattling’’ modes has the potential to suppress the th
mal conductivity.

B. q¢Ä0¢ modes; ir and Raman-active modes;
theoretical and experimental Raman spectra

The calculated frequencies of theqW 50W modes for
Cs8Ga8Sn38 are listed in the first column of Table II. Ther
are 66 distinct theoretical frequencies in Table II that co
from 1625(3354) G-point modes. These have the symm
tries 5A117A2112E120T1122T2. We have used
symmetry43 to determine the ir- and Raman-active mode
These are indicated by aA in the appropriate column in Tabl
II.

The calculated Raman spectrum of our model
Cs8Ga8Sn38 is shown in Fig. 4~a!. Results for both paralle
polarizationI xx(VV) and perpendicular polarizationI xy(HV)
are shown. In using the BPM discussed Sec. II and Refs
and 18 to compute the spectra for Cs8Ga8Sn38, we have used
the same empirical parameters37 as those for Sn46 and Sn136.
That is, the same bond polarization parameter has been
sumed for the Ga-Sn bond as for the Sn-Sn bond, igno
the difference between a Sn-Sn bond and a Ga-Sn bon
this Raman intensity calculation. This reduces the numbe
parameters in the model, but is not rigorously correct an
may cause underestimates of the intensities of some Ram
active modes.

The theoretical VV and HV spectra are virtually indistin
guishable except for the intensity due to theA1 mode appear-
ing in the VV spectrum at 120.3 cm21. The peaks at
149.0 cm21 and 206.3 cm21 contain very small intensity
A1 mode contributions that are not resolved from the mo
of E and T2 symmetry at nearly identical shifts. TheA1
mode at 152.5 cm21 is not predicted to exhibit significan
Raman intensity.@Compare Fig. 4~a! with Table II.# The VV
and the HV spectra are very rich and contain many of
features of the Sn46 ‘‘parent’’ spectrum@Fig. 2~a!#. Owing to
symmetry reduction, some of the degeneracies of
Sn46 (Oh symmetry! modes are lifted in the spectrum o
Cs8Ga8Sn38 (Td symmetry!. This makes it difficult to obtain
a clear one-to-one mapping of the ‘‘parent’’ Sn46 peaks to the
Cs8Ga8Sn38 peaks.

In Fig. 4~a!, the peaks due to the three low-frequen
modes, which our calculations show are clearly rattli
modes, are labeled by asterisks. The centers of these p
have frequencies at 26.0, 31.3, and 35.2 cm21. An eigenvec-
tor analysis of these modes shows that they are due to
rattling motion in the large 24-atom cages. The peak
26.0 cm21 is actually two nearly degenerate peaks~Table II!
that are unresolvable. There is a fourth low-frequency p
near 42.4 cm21. An eigenvector analysis shows that th
peak is associated with the framework. There are no lo
frequency peaks in the theoretical Raman spectrum that
clearly be associated with Cs motion in the small cag
There is a peak at 54.2 cm21 associated with this motion
but it is hidden under the framework peak at 55.5 cm21.

For comparison with the theoretical spectra of Fig. 4~a!,
the low-energy experimental Raman spectrum

e
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TABLE II. G-point (qW 50W ) phonon modes for Cs8Ga8Sn38. The unique frequencies are listed, along w
their symmetries. Also listed are their predicted VV polarization Raman intensities on a scale normali
that the maximum is 1.0. The symmetry-defined Raman or ir activity of each mode is denoted by a
mark (A) in the appropriate column. Modes that are primarily due to Cs guest~rattler! motion in the large and
small cages are labeled~L! and ~S!. The observed experimental frequencies are associated with mod
listed. The experimental peak at 19 cm21, which is assigned to the theory modes at 26.0 and 26.9 cm21, is
observable in the HV spectrum. The remainder of the experimental peaks were taken from the VV spe
Several theoretical peaks may not be experimentally resolved and therefore are listed with a com
frequency.

Predicted Predicted VV Experimental Symmetry Raman ir
frequency (cm21) intensity frequency (cm21) active active

25.0 0 T1 ~L!

26.0 0.53 19 T2 ~L! A A
26.9 0.05 19 T2 ~L! A A
28.0 0 T1 ~L!

31.3 0.19 26 E ~L! A
32.1 0 A2 ~L!

35.2 0.07 37 T2 ~L! A A
42.4 0.06 47 T2 A A
47.7 0 T1 ~S!

49.4 0 T1

50.3 0 T1

51.7 0 E A
54.2 0.06 60 T2 ~S! A A
55.5 1.00 60 T2 A A
56.7 0 A1 A
56.8 0 T1

56.9 0 T1

57.3 0.16 60 E A
59.2 0.56 60 T2 A A
60.4 0.42 60 E A
63.2 0.02 T2 A A
64.1 0.03 T2 A A
64.2 0 T1

65.2 0 T1

65.8 0 A2

69.9 0.38 60 T2 A A
87.7 0 E A
89.0 0 T1

90.6 0 A2

109.7 0.09 122 T2 A A
110.4 0.09 122 E A
117.4 0.06 122 T2 A A
120.3 0.12 115 A1 A
120.9 0 T1

124.1 0 A2

134.1 0 T1

136.2 0 T1

139.1 0 A2

140.3 0.03 141 T2 A A
148.4 0.26 131 E A
149.0 0.05 131 A1 A
151.9 0 T2 A A
152.5 0 A1 A
235208-7
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TABLE II. (Continued)

Predicted Predicted VV Experimental Symmetry Raman i
frequency (cm21) intensity frequency (cm21) active active

155.2 0.06 161 T2 A A
156.7 0 T1

160.8 0 T1

162.4 0.52 161 E A
163.6 0 T2 A A
165.0 0.01 E A
169.0 0 T1

170.1 0.07 175 T2 A A
171.8 0.20 181 E A
172.6 0 A2

173.2 0.04 181 T2 A A
173.6 0 T1

192.1 0 T1

192.2 0.05 196 T2 A A
193.0 0.13 196 E A
194.7 0.16 196 T2 A A
195.3 0 T1

196.2 0.14 196 E A
206.3 0.24 203 T2 A A
206.3 0.01 A1 A
206.7 0 A2

207.4 0 T1
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Cs8Ga8Sn38, taken at 10 K, is shown in Fig. 4~b! for HV
polarization and in Fig. 4~c! for VV polarization. The experi-
mental spectra were measured under nonresonant cond
using green (l5514.5 nm) light. The open squares dep
the data, the bold curve shows the complete fit function,
the thin curves indicate individual Lorentzian peak functio
The overall background was removed by subtracting
smooth function. The fitting routine requires that starti
peak values be input manually, but all parameters are
lowed to vary during the iterative convergence proce
While the agreement between the theoretical and experim
tal spectra is not perfect, especially for the relative intensi
of some peaks, it is clear upon comparison of Figs. 4~a!,
4~b!, and 4~c! that the calculated spectra contain most of
main qualitative features of the experimental spectra. T
positions of most of the peaks are very well predicted by
theory. The peaks in the experimental VV spectrum of F
4~c!, which are identified asA1 and occur at 115 cm21 and
131 cm21, display significantly larger intensity in the VV
spectrum than in the HV spectrum.

The most significant quantitative comparison between
theoretical and experimental Raman spectra can be mad
the low-frequency, rattler-derived vibrational modes. The
perimental spectrum hasfour low-frequency peaks at 19, 26
37, and 47 cm21, which can be directly compared with th
four theoretical low-frequency Raman modes at 26.0, 31
35.2, and 42.4 cm21. Theoretically, only the three lowes
modes have eigenvectors that show they are produced b
motion within the large~24-atom! cage; the highest fre
quency mode at 42.4 cm21 is framework-derived. The thre
23520
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Cs

lowest-frequency experimental peaks at 19, 26, a
37 cm21 compare well with the frequency range of the
theoretical rattler modes. There is uncertainty as to whe
the experimental peak at 47 cm21 is a rattler or a framework
mode. Either can be accounted for within the current theo
Overall, this combination of theoretical and experimen
analyses produces a convincing picture that the lowest th
observed peaks in the experimental spectrum are ratt
modes due to Cs motion in the large cages. Also, based
the above analysis, the high-frequency peaks in the ra
192 cm21 to 206 cm21 are due to the motion of the lighte
Ga atoms in the framework.

In Table II, we qualitatively~semiquantitatively! compare
the predicted and measured Raman spectra. In the se
column of that table, we list the predicted VV polarizatio
intensities,I xx , for the Raman-active modes on a relati
scale with the maximum peak normalized to an intensity
1.0. In the third column, we associate the experimenta
observed Raman modes with the predicted ones. We list
frequency of each observed phonon beside a predicted m
based on the best theoretical-experimental match of
quency, intensity, and symmetry. By this means, we are a
to associate observed peaks with specific, predicted Ram
active modes. We note that, due to the broadness of s
experimental peaks, several theoretical peaks may not be
perimentally resolved. These are therefore listed with a co
mon experimental frequency. In addition, some theoret
Raman-active modes have predicted relative intensities
are too small to be observed experimentally. These are th
fore not associated with experimental frequencies in Table
8-8
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The criteria used to make the assignments of the exp
mental peaks to the theory modes were the following. St
ing at the lowest frequencies, the experimental peak
19 cm21, which is assigned to the theory modes at 26.0 a
26.9 cm21, is observable in the HV spectrum. The rema
der of the experimental peaks in the table were taken fr
the VV spectrum. Moving up in frequency, we have ma
assignments using the predicted intensity as a guide and
attempted to match experimental peaks with theoret
modes as near to them in frequency as possible. In orde
match the experimental peak at 115 cm21, which is identi-
fied as A1-symmetric in Fig. 4~c!, with the theoretical
A1-symmetric mode at 120.3 cm21, we have had to slightly
deviate from this procedure and to ‘‘invert’’ the order of th
assignments by identifying the experimental peak
122 cm21 with the three theoretical peaks (T2-, E-, and
T2-symmetric! at 109.7, 110.4, and 117.4 cm21. Similarly,
we have identified the experimentalA1-symmetric peak at
131 cm21 with the theoreticalA1 peak at 149.0 cm21,
while identifying the experimental peak at 141 cm21 with
the two theoretical (T2 and E) peaks at 140.3 and
148.4 cm21.

FIG. 4. The Raman spectrum of Cs8Ga8Sn38. ~a! Theoretical
calculations for the Raman intensity in VV and HV polarization
An asterisk indicates Cs-rattling modes.~b! Measured low-energy
Raman spectrum taken at 10 K usingl5514 nm in HV polariza-
tion. ~c! Measured spectrum taken in VV polarization. In~b! and~c!
the open squares represent data points, the thick curve is the o
fit, and the thin curves show individual peaks from the fit. The sh
vertical lines indicate the low-frequency ‘‘rattle’’ modes.
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With the exception of the low-frequency Cs, ‘‘rattler
modes and the high-frequency Ga modes, the majority of
theoretical-experimental comparisons in Table II should
viewed as qualitative. This is particularly true since the c
culations have assumed an ordered, high-symmetry mod
Cs8Ga8Sn38, while the experimental sample was a polycry
talline material with the Ga ‘‘alloyed’’ into the Sn frame
work. Given this fact, the good agreement between the
and experiment seen in Table II and, especially, in Fig. 4
somewhat remarkable. We speculate that this agreement
be an indication that there might have been some orderin
the experimental sample.

VI. CONCLUSIONS

Starting with previously obtained1 LDA-optimized struc-
tures for Sn-based clathrates, we have performed an LD
based study of the vibrational properties of the pure fram
work clathrate materials Sn46 and Sn136 and in the ternary
compound Cs8Ga8Sn38. For Sn46 and Sn136, the acoustic
modes are in the range 0 –40 cm21 and most optical modes
have small group velocities. In Cs8Ga8Sn38 we find ‘‘rat-
tling’’ phonon modes, due to the Cs motion, in the ran
18–37 cm21, in good agreement with Raman data. The
modes reduce the acoustic phonon band width
Cs8Ga8Sn38 in comparison with that of Sn46. They thus have
the potential to scatter the low-lying, heat-carrying acous
modes of the framework, and thus to lower the thermal c
ductivity.

We have also predicted the ir- and Raman-active pho
modes in these materials, and have predicted the Ra
spectra using a bond-polarizability model. In addition, w
have performed Raman scattering experiments
Cs8Ga8Sn38 and have found that the calculated spectra are
reasonable agreement with experiment. Finally, we h
identified three low-frequency Raman peaks as coming fr
the rattling of Cs in the 24-atom cages. We hope that
predictions will prove useful in interpreting future exper
ments.
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