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Raman scattering study of Ge and Sn compounds with type-I clathrate hydrate crystal structure

G. S. Nolas
R&D Division, Marlow Industries, Inc., 10451 Vista Park Road, Dallas, Texas 75238

C. A. Kendziora
Materials Science and Technology Division, Code 6330, Naval Research Laboratory, Washington, DC 20375

~Received 8 November 1999!

Raman scattering spectra of polycrystalline Sr8Ga16Ge30, Eu8Ga16Ge30, Cs8Ga8Sn38, and Cs8Zn4Sn37Ge5, all
with the type-I clathrate crystal structure, were studied at room temperature and 10 K. Several of the Raman-
active vibrational modes in these compounds have been identified. The Ge and Sn clathrate spectra are similar,
with the vibrational modes of the Sn clathrates shifting to lower frequencies as compared to Ge clathrates.
Polarization measurements were used to identify theAg modes. The lower-frequency mode of the two Raman-
active modes corresponding to the ‘‘rattling’’ vibrations of the ‘‘guest’’ atoms inside the tetrakaidecahedral
‘‘cages’’ have been identified in these compounds. This mode is at a frequency that is within the acoustic
phonon branch of these compounds. The experimental data are compared to theoretical predictions.
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INTRODUCTION

The growing interest in open-structured~zeolitelike!
semiconducting compounds for thermoelectric applicati
is due to their characteristically low thermal conductivitie
The host atoms in such materials form weak bonds w
atoms residing inside atomic ‘‘cages’’ formed by the ho
atoms, resulting in localized vibrational modes that m
couple to the lattice modes and thus resonantly sca
acoustic-mode, heat-carrying phonons. In one class of o
structured compounds, the skutterudite material system,
low thermal conductivities were observed upon filling t
voids with lanthanide ions.1 The smaller and more massiv
the lanthanide ion, the lower the thermal conductivity.
elastic neutron scattering2 and Raman scattering3 data sup-
port this picture.

A class of open-structured compounds that are of grow
interest as potential thermoelectric materials are referre
as clathrates because they are isotypic with the clath
hydrates.4 The type-I clathrate hydrate crystal structu
forms with thePm3̄n space group. The general formula c
be written asA8X8~IV !38 or B8Y16~IV !30, whereA is an al-
kali metal, B is an alkaline earth,X is a group-II element
such as Zn,Y is a group-III element such as Ga, and~IV ! is
a group-IV element, Si, Ge, or Sn. There is one formula u
~54 atoms! per primitive unit cell. The framework in thes
compounds is formed by covalent tetrahedrally bond
group-IV atoms comprised of two different polyhedra th
are connected to each other by these shared faces, two
tagonal dodecahedra, and six tetrakaidecahedra~12 pentago-
nal and 2 hexagonal faces! per cubic unit cell~Fig. 1!.

Recently it has been shown that the thermal conducti
of these materials is quite low, lower than that of vitreo
silica near room temperature.5–9 In most cases the tempera
ture dependence of these materials is atypical of simple c
talline solids,5–9 and in some cases is similar to that of amo
phous materials.5–7 The low thermal conductivity measure
in these compounds~for clathrate hydrates10 as well as Si,
Ge, and Sn clathrates! is due to the weak guest-host intera
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tions whereby the localized guest vibrations interact stron
with the host acoustic modes. The guest translational vib
tion ~or ‘‘rattling’’ ! frequencies increase as the size diffe
ence between guest and host polyhedra decreases as a
of the stronger restoring forces of the guest atom.6,7 From
Rietveld refinements of neutron diffraction and single-crys
x-ray diffraction data, large anisotropic atomic displacem
parameters are obtained for the guest atom in the tetrak
ecahedral cage.8,9,11 This is a clear indication of how over
sized the cages in these compounds are as compared to
guests. Due to the low thermal conductivities measured
these compounds, as well as the fact that semiconduc

FIG. 1. The type-I clathrate crystal structure highlighting t
dodecahedra~20-atom cage outlined at the center of the figure! and
the tetrakaidecahedra~24-atom cage outlined at the upper left!. The
open circles represent atoms forming the (IV46) framework; the
guest atoms inside the polyhedra are not shown.
7157 ©2000 The American Physical Society
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TABLE I. The atomic percentages from electron-beam microprobe analysis, the lattice parametera0 in Å,
the grain size of densifed polycrystalline samples inmm, measured densityDmeasin g/cm3, and x-ray density
D theory in g/cm3 of the four phase-pure polycrystalline specimens.

Compound Elemental at. % a0

Grain
size Dmeas D theory

Sr8Ga16Ge30 14.7Sr/29.8Ga/55.5Ge 10.732 17 5.1 5.4
Eu8Ga16Ge30 14.2Eu/28.3Ga/57.6Ge 10.711 5.4 5.4 6.1

Cs8Zn4Sn37Ge5 14.7Cs/7.5Zn/69.4Sn/8.4Ge 12.068 7.7 4.8 5.7
Cs8Ga8Sn38 14.9Rb/14.9Ga/70.2Sn 12.015 14 5.7 5.9
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with high Seebeck coefficients and electronic conductivit
can be synthesized,5–7 these compounds are of growing in
terest for thermoelectric applications. They also continue
be of scientific interest, as indicated by recent high-press
Raman scattering and NMR measurements on Si clathr
as well as an investigation of the electronic properties of n
Si and Ge type-I compounds.12–14 However, a thorough in-
vestigation of the vibrational modes in these interesting co
pounds has not yet been undertaken.

The vibrational modes of Si clathrate compounds h
been investigated experimentally15,16 and theoretically17–20

due to their interest as potential superconductor mater
Only recently has a theoretical investigation into Ge cla
rates been reported.21,22 In the present study we investiga
the vibrational modes of polycrystalline Sr8Ga16Ge30,
Eu8Ga16Ge30, Cs8Ga8Sn38, and Cs8Zn4Sn37Ge5 employing
Raman scattering in an effort to begin a systematic surve
the vibrational modes of compounds with this crystal str
ture. We employ room- and low-temperature~10 K! Stokes
and anti-Stokes spectra along with polarization- a
excitation-wavelength-dependent measurements. In addi
we investigate the effect of the guest Sr, Eu, or Cs vib
tional modes on those of the framework in order to elucid
the effect of the caged atoms on the lattice modes. The
perimental results are compared to theoretical prediction

SAMPLE PREPARATION AND EXPERIMENTAL
ARRANGEMENT

The Ge clathrate samples were prepared by mixing
reacting stoichiometric quantities of high-purity constitue
elements in a pyrolitic boron nitride~BN! crucible for three
days at 960 °C and then annealed at 700 °C for 4 days.
BN crucibles were themselves sealed inside a fused qu
ampoule, which was evacuated and backfilled with argon
to a pressure of approximately 0.07 MPa. The Ge clathr
were composed of crystals with dimensions of 1–3 mm3 and
were stable in air and water. In the case of the Sn clathr
high-purity elements were mixed in an argon-atmosph
glovebox and reacted for two weeks at 550 °C inside a tu
sten crucible, which was itself sealed inside a stainless s
canister. The canister was evacuated and backfilled w
high-purity argon gas before sealing. The resulting co
pounds consisted of small crystallites with a shiny, som
what blackish, metallic luster. These submillimeter-siz
crystals were not very reactive in air or moisture; howev
surface oxidation was evident if not stored in a dry bo
Powder or single-crystal x-ray diffraction~XRD! was per-
formed on all samples, revealing the crystal struct
s

o
re
es
w

-

s

ls.
-

of
-

d
n,
-
e
x-

d
t

he
rtz
as
es

es
e
-
el
th
-
-

d
r,
.

e

(Pm3̄n) and lattice parameters.
The Ge clathrate~Sn clathrate! specimens were then

ground to fine powders and hot pressed inside graphite
at 700 °C~380 °C! and 170 MPa for 2 h in anargon atmo-
sphere. This resulted in dense pellets which were then
with a wire saw and polished to a final polish with 0.3mm
alumina paste for the Raman experiments. Electron-be
microprobe analysis of a polished cross section of e
specimen revealed the exact stoichiometry of the phase-
samples. Table I summarizes the chemical and structural
of the four semiconducting clathrate compounds prepared
this work.

The 514.5 nm excitation of an Ar-ion laser and the 647
nm excitation of a Kr-ion laser were used in the Ram
scattering measurements. The incident beam was back
tered off the sample at a 45° angle to avoid the direct refl
tion impinging on the collective lens. The collected light w
analyzed with a Dilor 500 mm triple-grating spectrome
and counted with a liquid-nitrogen-cooled charge-coup
device array. Due to the low thermal conductivity of th
samples, the power incident onto the sample was limited
75 mW to minimize surface damage. Typical collectio
times were of the order of 20 min and several scans w
averaged to increase the signal-to-noise ratio and rem
anomalous spikes. The spectral resolution was 3 cm21 for
514.5 nm excitation and 2 cm21 for 641.7 nm excitation.
Low-temperature measurements were made in flowing
vapor to minimize the effects of laser heating.

RESULTS AND DISCUSSION

In the case ofX8~IV !46 there are three distinct crystallo
graphic sites in the unit cell of thePm3̄n crystal structure for
the group-IV atoms: 6c, 16i , and 24k sites. TheX guest
atoms reside inside two dodecahedra, at the 2a crystallo-
graphic site, and six tetrakaidecahedra, at the 6d site, per
unit cell. There are 162 (3354) G-point (qÄ0) phonon
modes. From these the first-order Raman-active modes o
~IV !46 framework atoms can readily be determined by gro
theory to be 3A2g17Eg18T2g , whereA2g modes are singly
degenerate,Eg are doubly degenerate, andT2g are triply de-
generate. In addition, theX atom in the 6d site also contrib-
utes two Raman-active modes (T2g1Eg) associated with vi-
brational modes perpendicular to the sixfold axis~the 2a site
does not produce Raman-active modes!. In the present case
we have substituted Ga or Zn for Ge and Sn in order
synthesize semiconducting compounds. Although this sho
provide specimens with much stronger Raman signals



e

tr

W

th
o

al

c
is

io
la
fts
h
re

d
on
de
w
e

an
el
el

m
-
k
at
-

e

o
lo
s.

n
de-

rys-

d

pe

s
a

ob-
line
er of
in
e

the
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compared to metallic compounds,16 it also results in a chang
of symmetry as compared toX8~IV !46 and therefore more
than 20 Raman-active phonon modes are expected. Neu
diffraction measurements11 on Sr8Ga16Ge30 found the Ga at-
oms to be randomly distributed on the three Ge sites.
may assume a similar case for Eu8Ga16Ge30. This random
distribution of Ga in the Ge framework may decrease
overall symmetry, thereby increasing the total number
Raman-active modes. We take this into account in our an
sis, as will be discussed below.

Figure 2 shows room-temperature Stokes Raman spe
up to 300 cm21 for the four specimens prepared for th
investigation, using the 514.5 nm Ar1 laser line. The spectra
have been offset on the intensity axis for easy visualizat
The incident and collected polarization were perpendicu
generally allowing resolution down to small Raman shi
without a large background from near the Rayleigh line. T
spectra consist of relatively sharp and well-defined featu
The peak positions and linewidths@full width at half maxi-
mum ~FWHM!# along with the experimentally determine
Ag modes are shown in Table II. In some cases an electr
Raman signal, which appears as a frequency-depen
background, was also observed. The electronic signal
distinguished from photoluminescence by virtue of its ind
pendence of incident wavelength, as illustrated in Fig. 3,
by comparing the Stokes and anti-Stokes spectra. Such
tronic Raman scattering is not surprising given the relativ
large carrier concentration in these compounds.5,7 Qualita-
tively similar phenomena are observed in doped se
conductors3,23 and metals.24 Some phonon linewidth broad
ening may result from interaction with this electronic bac
ground or may be due to the addition of Ga in the clathr
framework ~replacing Ge or Sn! in order to produce semi
conducting samples. The FWHM’s, however, are narrow
than those previously observed in Si clathrates.15,16 In all
four samples the room-temperature spectra have a g
signal-to-noise ratio for all observed modes, and we emp
these data to fit the spectra and tabulate the Raman line

FIG. 2. The Stokes Raman scattering spectra of the four ty
semiconductor clathrates in perpendicular~HV! polarization at
room temperature. The arrows represent the vibrational mode a
ciated with the guest Sr or Cs atom inside the tetrakaidecahedr
each specimen.
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The Ag modes were identified by employing polarizatio
measurements as follows. In general, we may define the
polarization ratioP as P5I r /I p , where I p is the Raman
scattered intensity polarized parallel to the laser line andI r is
the intensity polarized perpendicular to the laser line.25 In the
case of randomly oriented scattering centers, e.g., polyc
talline specimens, with a cubic crystal structure,P50 for the
Ag modes andPÞ0 for all other symmetries. The scattere

-I

so-
for

TABLE II. Peak positions, FWHM, andAg ~noted by an aster-
isk! room-temperature mode assignments of the experimentally
served Raman-active phonon modes for the four polycrystal
type-I semiconductor clathrates. These modes are listed in ord
ascending Raman shift, along with their respective FWHM’s
parentheses, both in cm21, with similar mode assignments on th
same row.

n ~FWHM!

Sr8Ga16Ge30 Eu8Ga16Ge30 Cs8Ga8Sn38 Cs8Zn4Sn37Ge5

32~12! 23~10! 26~6!

56~6! 48~6! 37~4! 33~3!

65~18! 56~14! 47~3! 45~3!

69~2! 48~10!

86~8! 84~10! 60~6! 59~9!

73~7!

116~7!

126~13! 128~10!

156~10! 158~13! 121~10! 117~6!

172* (12) 173* (12) 132* (9) 128* (7)
187* (3) 187* (10) 141* (5) 137* (6)
210~10! 211~14! 161~8! 159~7!

175~5! 175~6!

181~10! 180~9!

224* (10) 231* (16)
237~18! 241~19! 196~10! 187~11!

254~9! 256~15! 203~8! 206~11!

215~2!

FIG. 3. Stokes Raman scattering spectra of Sr8Ga16Ge30 taken
with perpendicular~HV! polarization using 647.1 and 514.5 nm
excitation, illustrating the electronic background described in
text.
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light averages over a large number of scattering centers
polycrystalline sample where the grain size is much sma
than the incident-beam focus.25 The degree of depolarizatio
can therefore distinguish theAg symmetry modes from the
other vibrational modes. Figure 4 illustrates this approa
with the Stokes and anti-Stokes Raman scattering spect
Sr8Ga16Ge30 taken with the scattered light polarized paral
~VV ! and perpendicular~HV! to the 514.5 nm Ar1 laser line
at room temperature. Contrary to previous measurement
Si clathrates,15,16 we observe a strong polarization depe
dence in theAg modes. These assignments are shown
Table II. We cannot unambiguously identify the other vibr
tional symmetries, however. In all samples we have used
anti-Stokes spectra to distinguish the Raman signal in th
clathrate compounds from artifacts resulting from plas
lines from the laser excitations.

The Raman spectra of Sr8Ga16Ge30 and Eu8Ga16Ge30 are
similar to each other~Fig. 2!. This indicates that the differ
ences in size and mass between the Sr and Eu guest atom
not have a great effect on the optical modes, i.e.,
~Ga, Ge!46 framework modes remain relatively unchange
All the Raman-active optical modes for these two Ge cla
rates lie within the highest optical mode in Ge diamond~304
cm21!. Although the calculated Raman-active mo
assignments22 for the theoretical compound Ge46 may not be
most appropriate for a direct comparison with our Ge cla
rate specimens, in general the theoretically derived spect
for Ge46 is quite similar to that of these two Ge clathrates.
both, three major regions are associated with the Ge ty
clathrate structure: below 100, at;160, and above 200
cm21. In our experimental spectra the bands centered at
and 241 cm21 for Sr8Ga16Ge30 and Eu8Ga16Ge30, respec-
tively, have a relatively large FWHM as compared to t
other Raman-active modes~see Table II!. This may indicate
partially unresolved modes. These most likely contain m
than one Raman mode that are very near one anothe
frequency. Preliminary results on single-crystal specim
confirm this suspicion. A careful investigation on orient

FIG. 4. Stokes and anti-Stokes measurements taken with pa
~VV ! and perpendicular~HV! polarization on Sr8Ga16Ge30. Note
the difference in intensity of theAg modes between parallel an
perpendicular polarization.
a
r

h
of

l

on
-
n
-
e

se
a

do
e
.
-

-
m

-I

37

e
in
s

single-crystal specimens is currently under consideration.
of the experimentally determined vibrational modes asso
ated with the~Ga, Ge!46 framework lie above; 50 cm21.
This is also the case for Ge46.

22

As seen in Fig. 2 the spectrum for Cs8Ga8Sn38 is similar
to those of the two Ge clathrates with the optical mod
shifted to lower frequencies. This shift is likely due to th
atomic weight of Sn being much larger than that of Ge.
addition, Cs8Zn4Sn37Ge5 is also quite similar to the Ge clath
rates as well as to Cs8Ga8Sn38. Although Zn is preferentially
located on the 6c crystallographic site in these compounds8

Ge is presumed to be randomly distributed in the three
tinct framework sites in Cs8Zn4Sn37Ge5. In the case of the
Cs8Ga8Sn38 compound, Ga is preferentially on the 6c site,
from XRD results; however, the Ga atoms are also rando
distributed in the other two framework sites. A random d
tribution of the Ga and (Ge1Zn) atoms in these two Sn
clathrate compounds therefore results. This is corrobora
by the fact that these two compounds have similar Ram
spectra. The vibrational modes of these two clathrates
therefore similar to those of the Ge clathrates, as can be
from the spectra in Fig. 2.

In three of the specimens the lowest Raman-active vib
tional mode is assigned to a weak optical vibrational mode
the guest atom inside the tetrakaidecahedral cage, tha
along the direction perpendicular to the axis that connects
two parallel hexagons in the tetrakaidecahedra~see Fig. 1!.
Recent theoretical calculations26 indicate the weak and
strong~i.e., vibrational mode parallel to the hexagons! modes
to be at approximately 25 and 55 cm21, respectively, for Sn
in Ge46. The lower-frequency mode agrees well with o
observation for Sr8Ga16Ge30. For Eu8Ga16Ge30 this mode is
at a lower frequency because Eu is more massive than Sr
analogy we make a similar assignment in the case
Cs8Ga8Ge38. This mode is indicated with an arrow for eac
spectrum in Fig. 2. Recent band-structure calculations21,22

indicate the acoustic modes to be lower than 60 cm21, plac-
ing this ‘‘rattle’’ mode well within the acoustic phonon
branch. These optic modes may therefore resonantly sc
the acoustic phonons, as evidenced by the low thermal c
ductivities measured in these compounds with tempera
dependences that are atypical of simple solids.5–9 This is
similar to the case of the clathrate hydrates where the lo
ized low-frequency optic modes of the guest molecu
couple to the acoustic phonon branches of the host latt
thereby resonantly scattering the acoustic phonons.11,27 The
other Raman-active rattle mode associated with the vib
tions of the guest in the tetrakaidecahedra may hybrid
with the lower-frequency modes associated with the fram
work atoms. From our spectra this may very well be t
case; however, we tentatively assign the Sr8Ga16Ge30
Raman-active mode at 56 cm21 to the framework vibrations.

CONCLUSION

We have investigated and assigned many of the Ram
active optic modes of four semiconducting type-I clat
rates: Sr8Ga16Ge30, Eu8Ga16Ge30, Cs8Ga8Sn38, and

llel
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Cs8Zn4Sn37Ge5. The vibrational modes associated with th
framework atoms range from 48 to 256 cm21 in the case of
the Ge clathrates and 37 to 215 cm21 for Sn clathrates. A
localized rattle mode with the guest atom inside the te
kaidecahedra is also identified. This mode is in the range
the acoustic phonons in these compounds. This is in ag
ment with the band-structure calculations as well as the t
mal transport properties associated with these compoun
r.

, P
n

e

p

A

n
on
,
4

hy

No

ko

nd

n

-

-
of
e-
r-
.

ACKNOWLEDGMENT

The authors wish to thank Otto Sankey and Jianjun Do
for very fruitful discussions as well as preliminary calcul
tions on optic modes of ‘‘filled’’ type-I Ge clathrates. G.S.N
acknowledges support from the U.S. Army Research La
ratory under Contract No. DAAD17-99-C-0006 and C.A.
acknowledges support from the Office of Naval Research
S.

P.

ys.

, J.

e-

ov,
1G. S. Nolas, D. T. Morelli, and T. M. Tritt, Annu. Rev. Mate
Sci. 29, 82 ~1999!, and references therein.

2V. Keppens, D. Mandrus, B. C. Sales, B. C. Chakoumakos
Dai, R. Coldea, M. B. Maple, D. A. Gajewski, E. J. Freema
and S. Bennington, Nature~London! 395, 876 ~1998!.

3G. S. Nolas and C. A. Kendziora, Phys. Rev. B59, 6189~1999!.
4See, for example, F. Franks,Water, A Comprehensive Treatis

~Plenum, New York, 1973!.
5G. S. Nolas, J. L. Cohn, G. A. Slack, and S. B. Schujman, Ap

Phys. Lett.73, 178 ~1998!.
6J. L. Cohn, G. S. Nolas, V. Fessatidis, T. H. Metcalf, and G.

Slack, Phys. Rev. Lett.92, 779 ~1999!.
7G. S. Nolas, inThermoelectric Materials—The Next Generatio

Materials for Small-Scale Refrigeration and Power Generati
Applications, edited by T. M. Tritt, G. Mahan, H. B. Lyon, Jr.
and M. G. Kanatzidis, MRS Symposia Proceedings Vol. 5
~Materials Research Society, Pittsburgh, 1999!, pp. 435–442.

8G. S. Nolas, T. J. R. Weakley, and J. L. Cohn, Chem. Mater.11,
2470 ~1999!.

9G. S. Nolas, T. J. R. Weakley, J. L. Cohn, and R. Sharma, P
Rev. B61, 3845~2000!.

10J. S. Tse and M. A. White, J. Phys. Chem.92, 5006~1998!.
11B. C. Chakoumakos, B. C. Sales, D. G. Mandrus, and G. S.

las, J. Alloys Compd.296, 80 ~1999!.
12G. K. Ramachandran, P. F. McMillan, J. Diefenbacher, J. Gry

J. Dong, and O. F. Sankey, Phys. Rev. B60, 12 294~1999!.
13R. F. Herrmann, K. Tanigaki, T. Kawaguchi, S. Kuroshima, a

O. Zhou, Phys. Rev. B60, 13 245~1999!.
14Y. Guyot, L. Grosvalet, B. Champagnon, E. Reny, C. Cros, a
.
,

l.

.

5

s.

-

,

d

M. Pouchard, Phys. Rev. B60, 14 507~2000!.
15S. L. Fang, L. Grigorian, P. C. Eklund, G. Dresselhaus, M.

Dresselhaus, H. Kawaji, and S. Yamanaka, Phys. Rev. B57,
7686 ~1998!.

16Y. Guyot, B. Champagnon, E. Reny, C. Cros, M. Pouchard,
Melinon, A. Perez, and J. Gregora, Phys. Rev. B57, R9475
~1998!.

17M. Menon, E. Richter, and K. R. Subbaswamy, Phys. Rev. B56,
12 290~1997!.

18D. Kahn and J. P. Lu, Phys. Rev. B56, 13 898~1997!.
19K. Yoshizawa, T. Kato, M. Tachibana, and T. Yamabe, J. Ph

Chem. A102, 10 113~1998!.
20J. Dong, O. F. Sankey, and G. Kern, Phys. Rev. B60, 950~1999!.
21J. Dong, O. F. Sankey, A. A. Demkov, G. K. Ramachandra

Gryko, P. McMillan, and W. Windle, inThermoelectric
Materials—The Next Generation Materials for Small-Scale R
frigeration and Power Generation Applications~Ref. 7!, p. 443.

22J. Dong and O. F. Sankey, J. Phys.: Condens. Matter11, 6129
~1999!.

23G. Abstreiter, M. Cardona, and A. Pinczuk, inLight Scattering in
Solids IV, Vol. 54 of Topics in Applied Physics, edited by M.
Cardona and G. Guntherodt~Springer-Verlag, Berlin, 1984!, pp.
119ff.

24A. Zawadowski and M. Cardona, Phys. Rev. B42, 10 732~1990!.
25See, for example, W. Hayes and R. Loudon,Scattering of Light

by Crystals~Wiley, New York, 1978!.
26J. Dong and O. F. Sankey~private communication!.
27J. S. Tse, V. P. Shpakov, V. V. Murashov, and V. R. Beloslud

J. Chem. Phys.107, 9271~1997!.


