
JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 11 1 JUNE 2002
Temperature dependent structural and transport properties of the type II
clathrates A 8Na16E136 „AÄCs or Rb and E ÄGe or Si …
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Variable temperature single-crystal structure analyses for Cs8Na16Si136, Rb8Na16Si136,
Cs8Na16Ge136, and Rb8Na16Ge136 are reported along with electrical and thermal transport
measurements on two polycrystalline specimens. The strong temperature dependence of the atomic
displacement parameters for the alkali-metal atoms is indicative of significant disorder associated
with the ‘‘rattling’’ alkali-metal atoms inside the two different polyhedra~sixteen dodecahedra and
eight hexakaidecahedra per cubic unit cell! that makeup the type II clathrate hydrate framework.
This disorder can lead to low lattice thermal conductivities. Transport measurements show these
compounds to be metallic. The potential of type II clathrates for thermoelectric applications is
discussed. ©2002 American Institute of Physics.@DOI: 10.1063/1.1471370#
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I. INTRODUCTION

In the 1960’s, Cros and co-workers1 reported the exis-
tence of two silicon clathrate phases, Na8Si46 and NaxSi136,
that are isomorphic with the type I and II clathrate hydrat
respectively.2 Since then, there have been several compou
synthesized with these structure types. Silicon, germani
and tin form clathrate compounds with alkali-metal, alkali
earth, and lanthanide atoms occupying the cavities. Th
materials are of interest due to their unusual physical pr
erties and their interesting bonding scheme.3

Compounds with clathrate hydrate crystal structures
formed from two types of polyhedra~dodecahedra and tetra
kaidecahedra for the type I structure and dodecahedra
hexakaidecahedra for the type II materials! that are con-
nected to each other by face sharing. Relatively large
ments, such as alkali-metal or alkaline earth atoms, can
encapsulated within these polyhedra. While all of the ca
typically contain a guest atom, incomplete filling can lead
nonstoichiometric materials.4,5 Recently, the room tempera
ture crystal structures of several silicon and germanium t
II clathrates, that contain alkali-metal atoms, have be
reported.6 In addition, nuclear magnetic resonance studies
Cs8Na16Si136 ~Ref. 7! and Rb8Na16Si136 ~Ref. 8! indicate that
these compounds are metallic. In this paper, we report res
from variable temperature single-crystal x-ray diffracti
studies of Cs8Na16Si136, Rb8Na16Si136, Cs8Na16Ge136, and
Rb8Na16Ge136. The temperature dependence of the measu
atomic displacement parameters~ADPs! provides a measure
of the local dynamic disorder associated with the alka
metal atoms inside their polyhedra. Transport properties
polycrystalline specimens are also reported. These result

a!Electronic mail: gnolas@chuma1.cas.usf.edu
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used to evaluate the potential of type II clathrates for th
moelectric applications.

II. SYNTHESIS AND EXPERIMENTAL DETAILS

Small single-crystals~;0.2 mm3! of the type II clath-
rates were synthesized by mixing high purity elements in
argon atmosphere glove box and reacting them inside a tu
sten crucible that was, itself, sealed inside a stainless s
canister. The canister was evacuated and backfilled with h
purity argon gas before sealing. After maintaining 650 °C
three weeks, the contents were then cooled to room temp
ture at a rate of 0.2 °C/min. The products consisted of sm
polyhedral crystals with a shinny, bluish, metallic luster. T
crystals were not reactive toward air or moisture. The id
tity of several small single crystals was established using
Enraf–Nonius CAD-4 diffractometer. These data could
indexed to the type II clathrate structure~Fd-3m crystal
structure!.

Variable temperature single-crystal diffraction measu
ments were performed using MoKa radiation and a Bruker
1 K charge coupled device~CCD! platform diffractometer
equipped with a LT-2 cold stream attachment. The specim
were mounted on the end of a glass fiber using a sm
amount of stopcock grease. Data sets were collected in
shells. The first was collected with the detector positioned
228.00° 2u and a detector distance of 5 cm using defa
settings for a hemisphere~1271 frames!. This gave data in
the range;3 to 57° 2u. The detector was then repositione
so that its center was at 2u;278.00° and a second she
was collected yielding data up to;103° 2u. The actual
maximum 2us used in the data analyses varied depending
the signal-to-noise ratio that was obtained. The tempera
for each data set was determined using a calibrated cop
constantan thermocouple with 0.005 in. diameter le
0 © 2002 American Institute of Physics
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placed at the sample position. Absorption corrections w
applied usingSADABS;9 data reduction employedSAINT;10

structure solution and refinement was performed us
SHELXTL.11 Crystallographic data can be obtained from t
authors upon request.

For transport measurements Cs8Na16Si136 and
Cs8Na16Ge136 crystals were ground to fine powders and h
pressed inside a graphite die at 650 °C and 23104 lbs/in2 for
2 h in an argon atmosphere. A cross section of each p
was polished and analyzed using an electron-beam mi
probe. They were also ground and analyzed using pow
x-ray diffraction, which revealed only the type II clathra
lines with no impurities. These results were consistent w
the single-crystal x-ray results and thus indicated no str
tural deterioration during the hot pressing. The hot pres
pellets were cut with a wire saw in the shape of a paral
piped 23235 mm3 in size. Four-probe electrical resistivit
~r!, steady-state Seebeck coefficient~S!, and steady-state
thermal conductivity measurements were performed in
radiation-shielded vacuum probe with the heat flow m
sured along the longest axis. Heat losses via conduc
through the lead wires and radiation were determined
separate experiments and the data corrected accordi
These corrections were less than 5% in the temperature r
measured.

IV. RESULTS AND DISCUSSION

The type II clathate structure is made up of pentago
dodecahedra, creating a center with 3m symmetry, and hexa
kaidecahedra formed by twelve pentagonal and four hexa
nal faces creating a center with 43m symmetry. There are
twenty four polyhedra per cubic unit cell, sixteen dodeca
dra, E20, and eight hexakaidecahedra,E28, whereE5Si or
Ge. Figure 1 shows the clathrate framework structure. As
alkali atoms are encapsulated, these compounds are typi
stable in air and moisture.

FIG. 1. Type II clathrate hydrate framework. The hexakaidecahedra
more heavily shaded.
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The single-crystal x-ray diffraction data show that t
EuEuE bond angles range from 105° to 120°. The SiuSi
bond lengths in Cs8Na16Si136 and Rb8Na16Si136 are slightly
larger than that of diamond structure Si. The GeuGe bond
lengths in Cs8Na16Ge136 and Rb8Na16Ge136 are also slightly
larger than that of diamond structure Ge. These results ar
agreement with the room temperature measurements of S
and Sevov.6 On cooling, there are no unusual changes in
framework bond lengths.

The nature of the framework and the ADPs of the e
traframework atoms play important roles in the properties
group IV clathrates. In particular, dynamic disorder asso
ated with the alkali-metal atoms inside their polyhedra c
lead to low thermal conductivities. Figures 2–5 show t
temperature dependence of the ADPs that were obta
from single-crystal diffraction measurements o
Cs8Na16Si136, Rb8Na16Si136, Cs8Na16Ge136, and
Rb8Na16Ge136, respectively. All the extraframework atom
reside on well defined crystallographic sites. The Na ato
are centered inside the dodecahedra~16c crystallographic
site! while the Cs or Rb atoms are centered within the lar
hexakaidecahedra~8b crystallographic site!.

The ADPs~Figs. 2–5! for the Si and Ge framework site
display a weak temperature dependence, indicating that
framework is relatively stiff. However, the ADPs for th
alkali-metal atoms show a strong temperature depende
with ordinate intercept typically slightly less than zero wh
extrapolated to 0 K. The temperature dependence of
ADPs can be viewed as an indication of the degree of
namic~or ‘‘rattling’’ ! disorder amongst the alkali-metal ion

FIG. 3. Temperature dependence of ADPs for Rb8Na16Si136.

re

FIG. 2. Temperature dependence of ADPs for Cs8Na16Si136.
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Very large ADPs for Sr or Eu atoms in tetrakaidecahedra
the type I clathrate compounds Sr8Ga16Ge30 and
Eu8Ga16Ge30 are due to a combination of dynamic disord
and static disorder associated with the presence of four
tential minima within the polyhedron.12–14 In contrast, the
alkali-metal atoms in type II clathrates display only localiz
dynamic disorder about the center of the polyhedra. Wh
both the Cs and Na atoms have large ADPs in Cs8Na16Si136

and Cs8Na16Ge136, in the corresponding Rb/Na compoun
the Rb has even larger ADPs than those seen for Cs.
indicates that as the alkali atom becomes smaller relativ
the size of the hexakaidecahedra, the amplitude of the ato
rattling motion increases. This type of disorder strongly
fluences the lattice thermal conductivity, as has been sh
in type I clathrates12–16 and skutterudites.15,17

It has been previously shown that ADPs can be use
determine characteristic localized vibration frequencies
weakly bound atoms that ‘‘rattle’’ within their atomi
‘‘cages.’’ 18 This approach, which assumes the rattling ato
act as harmonic oscillators, has been successfully applie
compounds with the skutterudite and type I clathrate cry
structures.15,18 The localized vibration of the ‘‘rattler’’ atom
can be described by an Einstein oscillator model such
U5kBT/m(2pv)2 whereU is the isotropic mean-square di
placement,kB is Boltzmann’s constant,m is the mass of the
rattling atoms under the assumption that their cages are
tively rigid and v is the frequency of vibration. The ADP
data can then be used to estimatev of the alkali-metals in-
side their polyhedra. In Table I, we present the frequenc
calculated using this approach for the alkali-metal atoms

FIG. 4. Temperature dependence of ADPs for Cs8Na16Ge136.

FIG. 5. Temperature dependence of ADPs for Rb8Na16Ge136.
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the four compounds that we have examined. These data
Figs. 2–5 indicate that in general the alkali-metal atoms h
more room to rattle inside their polyhedra in the Ge cla
rates as compared to the Si clathrates, thus leading to lo
Einstein frequencies for the alkali-metal atoms in the germ
nium compounds. No substantial difference is observed
the computed Cs and Rb Einstein frequencies within
hexakaidecahedral cavity~see Table I!. This is presumably
because the expected decrease in frequency on reducin
atomic size is counterbalanced by the effect of decreasing
atomic mass. We note that our x-ray analysis did not rev
significant shrinking of the hexakaidecahedra in the R
containing compounds as compared to those with Cs.

Previous theoretical calculations have estimated that
acoustic phonon modes of Si136 ~Ref. 19! and Ge136 ~Ref. 20!
with the type II clathrate structure lie below 100 cm21 and
60 cm21, respectively. The vibrational frequencies of the
kali atoms inside the hexakaidecahedra probably lie clos
or within the acoustic phonon branch. These low-frequen
rattle modes may therefore resonantly scatter acou
phonons and lead to low lattice thermal conductivities.

It has also been shown that ADP data can be used
estimate the physical properties of a material, such as
Debye temperature, speed of sound and the lattice the
conductivity.15,18 Estimates of the Debye temperatures a
the lattice thermal conductivity~kL! calculated from the dif-
fraction data are also shown in Table I. The estimate ofkL

for each compound assumes that only the Cs or Rb atoms
involved in the scattering of the acoustic phonons, and s

FIG. 6. Seebeck Coefficient~square symbols! and resistivity~round sym-
bols! as a function of temperature for polycrystalline Cs8Na16Si136 ~filled
symbols! and Cs8Na16Ge136 ~open symbols!.

TABLE I. Estimate of vibrational frequencies, in cm21, for Cs and Rb
inside the hexakaidecahedra and Na inside the dodecahedra of sto
metric type II Si and Ge clathrates. The Debye temperature, (QD) in K, and
kL, in W/mK, calculated for the four compounds is also shown.

Compound Cs or Rb Na QD k

Cs8Na16Si136 53.4 141 416 1.9
Rb8Na16Si136 55.0 130 400 1.9
Cs8Na16Ge136 41.8 117 230 1.0
Rb8Na16Ge136 42.9 127 220 1.0
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gest that these compounds should possess low lattice the
conductivities. This is of interest for thermoelectric applic
tions.

In Fig. 6 we show the temperature dependence of
resistivity and the Seebeck coefficient over the range 10
300 K for polycrystalline Cs8Na16Si136 and Cs8Na16Ge136.
The Seebeck coefficients are small and indicate that the
jority carriers are electrons, while the temperature dep
dence ofr indicates metallic behavior for both specimen
The r values are somewhat large, particularly f
Cs8Na16Si136, and may be an indication of a high residu
resistivity. This is typically caused by defects within th
crystals or grains, or impurities between grains. Our sing
crystal x-ray analyses did not indicate the presence of la
amounts of defects, however there may be impurities at
grain boundaries of our polycrystalline specimens. Ev
trace amounts of such impurities will result in a large
sidual resistance and we speculate this is the case, par
larly for our Si clathrate specimen. The thermal conducti
ties ~k! for these two specimens are relatively large. Figur
compares the measured thermal conductivity for a polyc
talline Cs8Na16Ge136 specimen with that of diamond struc
tured Ge and Sr8Ga16Ge30. The k values for Cs8Na16Ge136

are smaller than those for diamond Ge, but much larger t
those for Sr8Ga16Ge30. This is due to the electronic contr
bution tok in this metallic compound. Clearly these metal
compounds will not be good thermoelectric materials,
semiconducting type II clathrates should have much
proved thermoelectric properties due to their expected lo
thermal conductivity and higher Seebeck coefficients.

V. CONCLUSIONS

We report temperature dependent single-crystal x-
diffraction data as well as electronic and thermal transp
measurements on type II clathrates containing alkali me

FIG. 7. Thermal conductivity of polycrystalline Cs8Na16Ge136, polycrystal-
line Sr8Ga16Ge30 , single-crystal Ge and vitreous silica (a-SiO2).
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inside the polyhedra that form the crystal structure. Th
compounds are metals and therefore poor thermoelectric
terials. The temperature dependent structural properties i
cate localized dynamic disorder due to the rattling alka
metal atoms. As in the case of type I clathrates, t
represents the potential for a strong acoustic phon
scattering mechanism and therefore a low lattice ther
conductivity. We speculate that semiconductor variants
these compounds may have good thermoelectric propert
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