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Raman scattering study of stoichiometric Si and Ge type II clathrates
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Raman-scattering spectra of the type II clathrates Cs8Na16Si136, Cs8Na16Ge136, and Si136 were
studied employing different laser wavelengths. Most of the Raman-active vibrational modes of these
compounds were identified. Polarization measurements were used to identify the symmetric modes.
The lowest frequency Raman-active optic ‘‘rattle’’ mode corresponding to the vibrations of the Cs
atoms inside the hexakaidecahedra is identified for both the Si and the Ge clathrate compounds. We
compare the experimental data directly with theoretical calculations. These materials continue to
attract attention for potential superconducting, optoelectronic, and thermoelectric applications.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1523146#
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INTRODUCTION

Materials with the clathrate hydrate crystal structure
long to a class of zeolite-like compounds formed
group-IV elements. These materials continue to attract c
siderable interest due to their unique transport propertie
is believed that these materials can be developed
thermoelectric,1–4 superconducting,5–8 and electro-optic
applications.9,10 Among the novel properties these com
pounds possess is their low thermal conductivity due to
weak bonding of the guest atoms residing inside ato
‘‘cages’’ formed by the host atoms. This results in localiz
vibrational modes which couple to the lattice modes, th
resonantly scattering the acoustic-mode, heat-carry
phonons.1

Of the two clathrate types, the type I clathrate hydr
crystal structure has been more fully investigated experim
tally. Thus far both transport and optical properties of typ
clathrates have been published. The low thermal conducti
measured in compounds with the type I clathrate structur
due to the weak guest–host interactions whereby the lo
ized guest vibrations interact strongly with the host acou
modes. The evidence for this model includes therm
transport,11–18 Raman scattering,19 and acoustic
measurements20,21 as well as theoretical calculations.22,23

a!Author to whom correspondence should be addressed; electronic
gnolas@chumal.cas.usf.edu
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The type II clathrates have not been as well investigat
The vibrational modes of the type II ‘‘empty’’ clathrates Si136

~Refs. 24–27! and Ge136 ~Ref. 27! have been theoretically
investigated due to their potential application for superc
ductivity and thermoelectrics. Raman scattering spectra
NaxSi136 have also been previously reported.28 Recently
structural properties have been reported for stoichiometri
and Ge clathrates, i.e., with all the crystallographic si
within the polyhedra of the type II structure occupied.29–31

The stoichiometric compounds Cs8Na16Si136 and
Cs8Na16Ge136 possess metallic conduction, as indicated
transport31 and nuclear magnetic resonance32,33 measure-
ments. In addition, temperature dependent single cry
x-ray diffraction measurements estimate the low lying vib
tional modes of the Cs atoms inside these Si and Ge typ
clathrates to be 53 and 42 cm21, respectively.31

In this article we present a Raman spectroscopic anal
of polycrystalline and single crystal Cs8Na16Si136 and
Cs8Na16Ge136. The Raman spectrum of Si136, a type II
clathrate with no guest atoms inside the polyhedra formed
the Si framework atoms, is used for a reference to exp
mentally identify the alkali-metal ‘‘rattle’’ modes o
Cs8Na16Si136. We record polarized Stokes spectra at two d
ferent nonresonant laser wavelengths. We employ den
functional, plane-wave pseudopotential calculations to ca
late the vibrational modes of Cs8Na16Si136 and
Cs8Na16Ge136, and compare these with our experimental
sults. In addition, we compare our measured vibratio
modes in Si136 with the theoretical calculations of Ref. 26.
il:
5 © 2002 American Institute of Physics
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SAMPLE PREPARATION AND EXPERIMENTAL
ARRANGEMENT

Single crystal and polycrystalline specimens were e
ployed in this work. Small single crystals of Cs8Na16Si136

and Cs8Na16Ge136 were prepared by reacting the high puri
elements for three weeks at 650 °C inside a tungsten cruc
that was itself sealed inside a stainless steel canister.
canister contained a nitrogen atmosphere at ambient pres
and temperature. After maintaining a 650 °C temperature,
contents were cooled to room temperature at a rate of 0.2
min. The resulting compounds consisted of small, shiny cr
tals that have a bluish metallic luster. Several of the sma
single crystals were isolated and investigated employing
Enraf-Nonius CAD-4 diffractometer. These data could be
dexed to the type II clathrate structure (Fd-3m space group!.
Si136 was prepared by a modified degassing procedure
described by Grykoet al.10 Sodium silicide was degassed
385 °C at;1025 Torr for several days. The resulting mix
ture of NaxSi136 (x,4) and Na8Si46 was density separate
using CCl41CH2Br2 solution to obtain NaxSi136 samples
free of Si46 phase. NaxSi136 was then washed in concentrate
hydrochloric acid, dried, and degassed again under h
vacuum for several days. The process of washing with H
and degassing was repeated several times with dega
temperature increasing from 395 to 430 °C. The final S136

compound had a sodium content of less than 100 ppm
order to create dense polycrystalline pellets for microsco
as well as Raman measurements the Cs8Na16Si136 and
Cs8Na16Ge136 specimens were ground to fine powders a
hot pressed inside graphite dies at 700 and 380 °C, res
tively, and 2 kbar for 2 h in an argonatmosphere. This re
sulted in dense pellets with greater than 95% of theoret
density. The Si136 specimen was cold pressed at 15 kbar
approximately 70% of theoretical density.

The polycrystalline specimens were then cut with a w
saw and polished to a final mirror-like surface with 0.3mm
alumina paste. Small single crystals of Cs8Na16Si136 and
Cs8Na16Ge136 were mounted in epoxy and similarly polishe
for Raman scattering measurements. Electron-beam m
probe analysis of the polished cross section of the stoic
metric type II clathrate specimens revealed the exact com
sition of our specimens. Table I summarizes these data
the specimens prepared for this work. Powder x-ray diffr
tion was also employed on the polycrystalline specim
with no impurity lines, or spectra from amorphous Si or G
in the case of the two alkali-metal filled specimens. The S136

specimen showed trace amounts of diamond structure S

TABLE I. Compositional and structural properties of the type II clathra
specimens prepared for Raman scattering measurements. The atomi
centages from electron-beam microprobe analysis, the experimental la
parameter (a0) in angstroms, the measured density (Dmeas) in g/cm3, and the
theoretical density (D theory) in g/cm3.

Compound elemental at. % a0 Dmeas D theory

Cs8Na16Si36 4.95Cs/10.77Na/84.28Si 14.7402 2.6 2.72
Si136 14.6260 1.4 2.01
Cs8Na16Ge136 5.06Cs/10.16Na/84.78Ge 15.4792 4.8 5.06
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The 457.9 and 514.5 nm excitation of an Ar-ion las
647.1 nm excitation of a Kr-ion laser, and 700 nm excitati
of a Ti-sapphire laser were used in the Raman-scatte
measurements. The incident beam was backscattered of
sample at a 45° angle to avoid the direct reflection imping
on the collection lens. The collected light was analyzed w
a Dilor 500 mm triple-grating spectrometer and counted w
a liquid-nitrogen-cooled charge coupled device~CCD! array.
To prevent surface damage, the power incident onto
sample was limited to less than 75 mW. Typical collecti
times were 15–20 min and several scans were average
increase the signal-to-noise ratio and remove anoma
spikes. The spectral resolution was 3 cm21 for the blue and
green excitations, and 2 cm21 for red excitation. Low tem-
perature~10 K! measurements were also performed, ho
ever, with lower incident power in flowing He vapor to min
mize the effects of laser heating. The 10 K spectra w
similar to those obtained at room temperature, with no n
phonons and minimal frequency shifts between the two te
peratures. We thus employ the room temperature data t
the spectra and tabulate the Raman lines in this report.

COMPUTATIONAL APPROACH

We employ density functional theory in the local dens
approximation ~LDA ! to determine the theoretical vibra
tional mode frequencies. For large unit cells such as the t
II clathrates, a computationally efficient method must be
plied. For this purpose we used theVASP code.34–36 This
methodology utilizes a pseudopotential approximation
that only the valence electrons, and not the atomic c
states, are considered. The basis states are plane waves;
are advantageous for framework materials since they
scribe the regions inside cages on an equal footing with
gions near the atoms.

The structural parameters used for the calculation of
vibrational modes were obtained from optimizing the stru
ture to its lowest energy. The resulting theoretical cubic l
tice constants of theFd-3m lattices are 14.55, 14.56, an
15.39 Å for Si136, Cs8Na16Si136, and Cs8Na16Ge136, respec-
tively. These values are in good agreement with our x-
values of 14.63, 14.74, and 15.48 Å, respectively, as sho
in Table I. The percentage difference between the theore
and experimental values are 0.55%, 1.36%, and 0.6%,
spectively. It is interesting to note that the largest differen
is for the loaded Si, for which theory does not reproduce
expansion on loading as seen in experiment. Loading Si136 to
Cs8Na16Si136 changes the material from a semiconductor t
metal. We speculate that the local density approximation
exchange, which energetically favors high density~particu-
larly inside the cages!, tends to compensate for the expansi
of the cages encouraged by the additional occupation of
tibonding states within the conduction band that loading p
duces.

The vibrational modes were determined from the forc
produced by finite displacements of atoms. Point group sy
metry is used to reduce the problem from 3N variables (N
5number of atoms in the unit cell! to a minimum number of
independent displacements. The use of symmetry yields

per-
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q5(000) dynamical matrix from just six independent atom
displacements. The procedure is to displace a single a
from equilibrium along a Cartesian direction by a distan
small U0 and determine the forces on all atoms. Dividin
each of the 3N forces by the displacement yields a full ro
of the dynamical matrix. Repeating this for all independe
displacements, and using symmetry, produces the entire
namical matrix from which eigenvalues~frequencies! are de-
termined. More details of phonon calculations can be fou
in Refs. 26 and 27.

RESULTS AND DISCUSSION

The type II clathrate hydrate crystal structure is fac
centered cubic with theFd-3m space group. The genera
formula is Cs8Na16Z136 where Z5Si or Ge. There are thre
distinct crystallographic sites that form the Z framework, t
8a, 32e, and 96g sites. The framework can be thought of
being constructed by connecting Z20 and Z28 polyhedra to-
gether with shared faces. Figure 1 is a schematic of the
II clathrate crystal lattice structure. There are 120 (3340)
G-point (q50) phonon modes, not counting degenerac
from the 40 atoms per primitive cell of the framework a
guests. From these the first order Raman-active modes o
framework are 3A1g14Eg18T2g . The Cs atoms reside in
side the eight hexakaidecahedra, at the 8b crystallographic
sites, and the Na atoms reside inside the 16 dodecahed
the 16c sites, per cubic unit cell. The Cs atoms contribute
Raman-activeT2g mode while the Na atoms do not contrib
ute Raman-active optic modes. In total therefore there are
Raman-active modes in stoichiometric type II clathrates
15 modes in Si136.

Figure 2 shows room temperature (T5300 K) Stokes
Raman spectra for the~a! Si136 and ~b! Cs8Na16Si136 speci-
mens in parallel~VV ! and perpendicular~HV! polarizations
of the incident and collected light. The spectra have b
offset by an additive factor on the intensity axis for conv
nient visualization. The spectral resolution was 3 cm21 for
l5514 nm and 2 cm21 for l5700 nm, allowing us to ob-
serve sharp features with linewidths~full width at half-
maximum, FWHM! that are in general narrower than tho

FIG. 1. The type II clathrate hydrate crystal structure. Outlined are the
different polyhedra that form the unit cell. Only the group-IV atoms a
shown. Guests~such as Cs and Na! may reside within the cages.
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previously measured in NaxSi136. 28 We have used the anti
Stokes spectra and spectra from four different laser wa
lengths~not shown! in order to separate the Raman signal
these clathrate compounds from artifacts.

The results of our fits to the Raman data as well as
eigenmode calculations are summarized in Table II. We
sign each experimentally observed mode to a predicted
based on both the frequency and symmetry. Several of
expected modes may have Raman intensity below our de
tion limit or they may simply not be resolved within a broa
peak. As a result, we identify only 13 Raman phonons
Cs8Na16Si136 and 14 for Si136. For the silicon-based materi
als ~the first four columns of Table II!, the assignments ar
grouped by row, with only the two highest frequency vibr
tions falling in reverse order for the ternary compound wh
compared to the ‘‘empty’’ Si136. To determine mode symme
try experimentally, we utilized the polarization selectio
rules. Despite the fact that our Si136 measurements were pe
formed on polycrystalline specimens, we can still distingu
the fully symmetricA1g modes by the ratio of their intensit
in parallel ~VV ! to crossed~HV! polarization. This is only
true because the scattered light averages over a large nu
of scattering centers due to the fact that our grain sizes
smaller than the incident beam focus. Contrary to previo
measurements on NaxSi136,28 we observe significant polar
ization dependence in theA1g modes.

o

FIG. 2. The room temperature (T5300 K) parallel~VV ! and perpendicular
~HV! polarized Stokes Raman scattering spectra of~a! polycrystalline Si136

using 514.5 nm excitation and~b! single crystal Cs8Na16Si136 using 700 nm
excitation. For comparison purposes the curves are offset by an add
factor in intensity. The difference in intensity between parallel and perp
dicular polarization identifies theA1g modes. In~a! the mode at 511 cm21 is
likely from diamond structured Si present in our Si136 specimen in trace
amounts. In~b! an arrow points to the vibrational ‘‘rattle’’ mode at 57 cm21

associated with the Cs atom within the hexakaidecahedra. Spectra take
two different orientations at the same spot on the Cs8Na16Si136 crystal reveal
two distinct symmetries (Eg andT2g) for several of the framework modes
Exact assignments were done with the help of our theoretical modes as
ments.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Downloaded 09 Ja
TABLE II. The theoretically calculated Raman-active modes, compared with experimental peak position
FWHM, both in cm21, for Cs8Na16Si136, Si136 and Cs8Na16Ge136 are tabulated. Similar mode assignments a
on the same row for the case of the Si-clathrates, requiring that the two highest frequency modes for S136 be
listed in reverse order of frequency. The first row displays the vibrational ‘‘rattle’’ modes of Cs. The theor
data for Si136 are from Ref. 19. Experimental peaks listed with a caret exhibited significantly greater inte
in VV than HV polarization and are therefore assigned to modes ofA1g symmetry. The latter ‘‘s’’ indicates a
wide FWHM that is not fully resolved from neighboring modes~e.g., a shoulder next to a strong mode!.

Cs8Na16Si136

theory
Cs8Na16Si136

experiment
Si136

theory
Si136

experiment
Cs8Na16Ge136

theory
Cs8Na16Ge136

experiment

64 (T2g) 57 ~10! 21 (T2g) 18 ~6!
118 (T2g) 126 ~s! 121 (T2g) 120 ~3! 55 (Eg) 42 ~7!
131 (Eg) 135 ~10! 130 (Eg) 133 ~5! 57 (T2g) 62 ~8!
165 (T2g) 173 ~s! 176 (T2g) 165 ~6! 67 ~4!
258 (T2g) 262 ~16! 267 (T2g) 272 ~12! 80 (T2g) 85 ~26!
284 (A1g) 299̂ ~25! 316 (A1g) 320̂ ~7! 126 (T2g) 143 ~13!
306 (T2g) 320 ~15! 325 (T2g) 333 ~3! 158 (T2g)

347̂ ~18! 159 (A1g) 164̂ ~22!
349 (Eg) 355 ~28! 360 (Eg) 362 ~8! 186 (Eg) 180 ~18!
374 (A1g) 335̂ ~20! 397 (A1g) 383̂ ~3! 212 (T2g)
387 (T2g) 390 ~19! 406 (T2g) 404 ~9! 213 (A1g)
411 (A1g) 458 (A1g) 231 (T2g) 222 ~9!
414 (Eg) 416 ~22! 463 (Eg) 454 ~17! 231 (Eg)
416 (T2g) 466 (T2g) 467 ~15! 233 (A1g)
426 (T2g) 473 (T2g) 471 ~9! 242 (T2g) 257 ~13!
443 (T2g) 444 ~32! 487 (T2g) 490 ~12! 248 (T2g) 265 ~s!
449 (Eg) 478 ~s! 483 (Eg) 249 (Eg)
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Although we did not align our small single cryst
Cs8Na16Si136 specimens along specific crystallographic ax
for symmetry-specific polarization measurements, dis
guishingbetweenthe T2g and Eg modes for several of the
experimental modes was accomplished by rotating the sp
men about an axis normal to its surface. Exact mode ass
ments for theT2g and Eg modes shown in Fig. 2~b! were
done with the help of the calculations. We note that
agreement between experiment and theory~Table II! is quite
good. This is very encouraging given the complexity a
large number of atoms per unit cell in the type II clathrat
In an earlier comparison with experiment in Ref. 28 to tig
binding theory, the agreement between theory and exp
ment was not found to be as satisfactory. The present th
retical method uses a complete basis set~plane waves!, and
is able to describe with equal accuracy the metal atoms
the semiconductor atoms. These improvements produc
compelling theory/experiment comparison.

The framework Raman modes of Cs8Na16Si136 resemble
those of Si136. Experimentally, the higher frequency S
framework modes~above 300 cm21! of Cs8Na16Si136 are
shifted towards lower frequency as compared to those
Si136, as predicted by our calculations. The framewo
modes below 300 cm21 remain relatively unperturbed, indi
cating that the metal–framework interaction has a stron
effect on the higher frequency optic modes. Physically,
higher frequency modes tend to originate from bo
stretches between a pair of Si framework atoms. The ‘‘gu
free’’ Si136 material is a semiconductor, while Cs8Na16Si136 is
a metal. In a rigid band picture~which, while of limited
validity, may be instructive in this case!, the additional elec-
trons from Cs and Na are donated to the framework cond
tion bands. These bands are primarily antibonding states
n 2003 to 129.118.41.231. Redistribution subject to A
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cupying these reduces the Si–Si bond order to a value
than that of a single bond. This diminishes the restor
stretch force and reduces the frequency.

Figure 3 shows room temperature Stokes Raman spe
for Cs8Na16Ge136 using the 514.5 nm Ar1 laser line for par-
allel ~VV ! and perpendicular~HV! polarizations. The peak
positions and FWHM of the experimentally determin
Raman-active modes as well as our theoretical assignm
are included in Table II for comparison with each other
well as with the silicon clathrates. Although the polarizati
selection was less obvious in this material than for either
the Si type II~probably due to peak overlap and low Ram

FIG. 3. The Stokes Raman scattering spectra of polycrystal
Cs8Na16Ge136 in parallel~VV ! and perpendicular~HV! polarization at room
temperature (T5300 K) with 514.5 nm excitation. An arrow points to th
vibrational ‘‘rattle’’ mode at 18 cm21 associated with the Cs atom within
hexakaidecahedra. The small peak at 298 cm21 is possibly due to diamond
structured Ge.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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intensity for theA1g modes!, the small peaks at 164 and 18
cm21 may haveA1g symmetry. The relationship between th
experimentally identified framework modes of Cs8Na16Ge136

and the theoretically calculated modes of Ge136 ~Ref. 27! is
evident.

The Raman spectra of Cs8Na16Si136 and Cs8Na16Ge136

are generally similar to each other. The optical modes of
Ge-clathrate shifted to lower frequencies as compared to
of the Si-clathrate because of the difference in the ato
weight and the bond length of Si compared with those of G
An estimate of the effect of the mass difference on bo
strength indicates that this, indeed, has a large affect s
AMGe/AMSi51.6. This value is comparable to the expe
mentally observed shift upward in the framework mode f
quencies by a factor of;1.8 times higher for Cs8Na16Si136 in
comparison with those of Cs8Na16Ge136 @see Figs. 2~b! and 3
and Table II#. We note that this is also very similar to th
ratio of the Raman frequency of diamond-Si to that
diamond-Ge.37 In both stoichiometric clathrates the lowe
Raman-active vibrational mode is assigned to an optical
brational mode of the ‘‘guest’’ Cs atom inside the hexaka
ecahedral ‘‘cage.’’ This mode is indicated with an arrow
Figs. 2 and 3. These Cs ‘‘rattle’’ modes are in reasona
good agreement with estimates obtained from tempera
dependent atomic displacement parameters from single c
tal x-ray measurements.31 Density functional calculations in
dicate the acoustic phonons to be below 60 cm21 for Ge136

~Ref. 27! and below 100 cm21 for Si136.26 This places the Cs
‘‘rattle’’ modes well within the acoustic phonons in eac
compound. These optic modes may therefore resonantly s
ter the acoustic phonons, as in the case of the type I cl
rates, resulting in very low lattice thermal conductivities. A
investigation of the thermal properties of semiconduc
variants of alkali-metal filled type II clathrates would ther
fore be of interest for understanding novel phonon-scatte
mechanisms.

CONCLUSION

Of the group-theory predicted 16 Raman-active op
modes of the stoichiometric type II clathrate Cs8Na16Si136 we
have experimentally identified and assigned 13. We have
identified and assigned 10 of the 16 modes of Cs8Na16Ge136

and 13 of the 15 modes of Si136. The vibrational modes
associated with the framework atoms range from 120 to
cm21 for Cs8Na16Si136 and 42 to 265 cm21 for
Cs8Na16Ge136. The agreement between theory and expe
ment is very strong and lends confidence to our mode ass
ments. The localized ‘‘rattle’’ modes of Cs inside the hex
kaidecahedra were also identified at 57 and 18 cm21 for
Cs8Na16Si136 and Cs8Na16Ge136, respectively. These mode
are in the range of the acoustic phonons in this crystal st
ture. The localized phonon-scattering centers created by
dynamic disorder of the Cs atoms encapsulated in t
atomic ‘‘cages’’ may resonantly scatter with the framewo
acoustic phonons and result in low thermal conductivities
semiconducting variants.
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