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Structural properties and thermal conductivity of crystalline Ge clathrates
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Structural analysis and thermal conductivity data on Sr8Ga16Ge30 and Eu8Ga16Ge30 crystals are reported.

These compounds form in the cubic space groupPm3̄n with lattice parameters of 10.721~2! and 10.703~2! Å
respectively. Single-crystal x-ray diffraction and structural refinement indicate that the randomly distributed Ga
and Ge atoms form a tetrahedrally bonded three-dimensional net in whose cavities the ‘‘guest’’ Sr or Eu atoms
reside. The ‘‘guest’’ atoms in the smaller of these polyhedra~dodecahedra! have spherical thermal ellipsoids
while those in the larger polyhedra~tetrakaidecahedra! display relatively large and highly anisotropic thermal
ellipsoids. The low-thermal conductivity of these compounds at low temperatures is attributable to the disorder
introduced by the dynamic ‘‘rattling’’ introduced by these ‘‘guest’’ atoms inside the polyhedra. The potential
of this material system for thermoelectric applications is also discussed.
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INTRODUCTION

There is now growing interest in ‘‘open structured’’~zeo-
litelike! semiconducting compounds for thermoelectric app
cations due to their characteristically low-thermal cond
tivities. The host atoms in such materials form weak bon
with interstitial atoms occupying ‘‘voids’’ in these struc
tures, thus resulting in localized vibrational modes. Th
localized modes resonantly scatter acoustic-mode, h
carrying phonons. This phenomena is well documented
the skutterudite material system where very low-therm
conductivities were observed upon filling the voids with la
thanide ions.1 The smaller and more massive the lanthan
ion the lower thermal conductivity. Recent inelastic neutr
scattering data support this picture.2

In light of the demonstration that the phonon-glass, el
tron crystal approach3 is of importance in materials researc
for thermoelectric applications, other ‘‘open structured’’ sy
tems are also presently under investigation. Of particular
cent interest are compounds that form the clathrate hyd
crystal lattice structure.4–6 One such compound
Sr8Ga16Ge30, forms in the type-I clathrate structure anal
gous to the gas clathrate hydrate~Cl2!8~H2O!46. Very low
temperature~,1 K! thermal conductivityk measurements on
polycrystals indicate aT2-temperature dependence, simil
to that found in amorphous materials, while higher tempe
ture data indicate a minimum in the 10–30 K range, attr
utable to resonance scattering.4,5 At room temperaturek
;1 W/mK for Sr8Ga16Ge30. Along with relatively high-
electrical conductivity and Seebeck coefficients4–6 these re-
sults demonstrate the potential of these materials for ther
electric applications. In this paper, we report on sing
PRB 610163-1829/2000/61~6!/3845~6!/$15.00
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crystal structural and low temperaturek measurements on
two Ge clathrates, Sr8Ga16Ge30 and Eu8Ga16Ge30, with the
aim of investigating the correlation between the crystal str
ture and the low, glasslikek values observed for these com
pounds.

SAMPLE PREPARATION AND THERMAL
CONDUCTIVITY RESULTS

The Ge-clathrate crystals were similarly prepared, as
lows. Stoichiometric quantities of high purity constituent e
ements were mixed and reacted in pyrolitic boron nitri
~BN! crucibles for three days at 950 C then annealed at 70
for four days. The BN crucibles were themselves sealed
side a fused quartz ampule, which was evacuated and b
filled with argon gas to a pressure of two-thirds of an atm
sphere. The ingots were composed of crystallites w
dimensions of one to three cubic millimeters. The ingo
were stable in air and water but were etched with aqua re
for metallographic analysis. Extensive electron-beam mic
probe analysis on polished surfaces of each sample reve
the exact composition of these crystals and demonstrated
homogeneity throughout each ingot.

Specimens for transport measurements were cut to dim
sion 43131 mm3 by a wire saw using 50 micron tungste
wire to ensure damage free samples. Four-probe elect
resistivity ~r! and steady-state thermal conductivity~k! were
measured in a radiation-shielded vacuum probe with the h
flow measured along the longest axis. Heat losses via c
duction through the lead wires and radiation were de
mined in separate experiments and the data corrected ac
ingly. These corrections were 10–15 % at room tempera
3845 ©2000 The American Physical Society
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and less than 2% below 120 K.
Figure 1 shows the lattice component ofk, kg , for the

two crystalline Ge clathrates computed by subtracting fromk
the Wiedemann-Franz law estimate of the electronic con
bution,ke5L0T/r (L052.4431028 WV/K2), in the range
5,T,100 K. Also shown in Fig. 1 isk of vitreous silica
(a-SiO2).

7 The solid line fits to the data will be described
detail in the next section. We notekg for the Ge clathrates
are more than one order of magnitude lower than that
crystalline Ge~not shown in the figure! and similar in mag-
nitude toa-SiO2. There is also an obvious ‘‘resonance dip
in the Sr8Ga16Ge30 sample in the 20 to 40 K. Eu8Ga16Ge30
has lowerkg at all temperatures and a more pronounc
‘‘dip.’’ As suggested previously,4,5 we anticipate that the
Eu21 ion will have a larger effect onkg than will Sr21 since
Eu21 is more massive. A similar resonance scattering
phonons is likely the principle mechanism determining lo
kg values in the lanthanide-filled skutterudites1 and clathrate
hydrates.3

CRYSTAL STRUCTURE ANALYSIS AND DISCUSSION

Very small single crystals were isolated and investiga
employing an Enraf-Nonius CAD-4 single-crystal diffract
meter with graphite monochrometer and MoKa radiation.
The Laue symmetrym3m was confirmed by the measure
ment of potential equivalents for several reflections. T
structural refinement confirmed the assignment of spa
group Pm3̄n ~no. 223! for these compounds correspondin
to the type-I clathrate structure. Absorption corrections ba
on azimuthal scans were applied. No attempt was mad
distinguish between Ga and Ge although neutron scatte

FIG. 1. Thermal conductivity vs temperature for crystalli
Sr8Ga16Ge30 ~open circles!, Eu8Ga16Ge30 ~open squares! and amor-
phous Ge~dashed line!. Solid lines are fits to the phenomenologic
model described by Eq.~3! and discussed in the text. The fittin
parameters for the Sr~Eu! filled specimens were A59.0
3103 (4.23104) m21 K21, B52031023 (3531023) K22, C1

51.80310231 (2.83310231) m21 K22 s22, C252.91310231

3(4.91310231) m21 K22 s22, D50.6 (2.0) m21 K21, g1

50.8 (0.8),g251.7 (1.8), andl min53.0 (4.5) Å.
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data indicate these to be randomly distributed.8 The TEXSAN

program suite9 incorporating complex atomic scattering fa
tors, was used in all calculations.

Figure 2 is a schematic illustrating the type-I clathra
crystal structure. The~Ga, Ge! framework atoms form bonds
in a distorted tetrahedral arrangement. They form polyhe
that are covalently bonded to each other by shared fa
There are eight polyhedra per cubic unit cell, Ge20 dodeca-
hedra and Ge24 tetrakaidecahedra in a 1:3 ratio. These tw
polyhedra are outlined in Fig. 2. The Sr and Eu atoms res
inside these polyhedra, at the 2a and 6b crystallographic
positions, respectively.

From our single-crystal x-ray diffraction analysis the G
Ge-Ge bond angles range from 106° to 125°, implying bo
ing that is similar to thesp3 hybridization in diamond-
structured germanium. The Ge-Ge bond lengths
Sr8Ga16Ge30 and Eu8Ga16Ge30 are slightly larger than that o
diamond-structured germanium at 2.4498 Å. Employing
results from our structural refinements we can estimate
average radii of the Ge20 and Ge24 polyhedra, assuming the
shortest interatomic distances. These are, respectively, 2
and 2.377 Å for Sr8Ga16Ge30, and 2.183 and 2.365 Å fo
Eu8Ga16Ge30. The sizes of these polyhedra are similar
those found for other type-I Ge clathrates.10–13This seems to
indicate that the cage size is a function of the framew
atoms and not the ‘‘guest’’ atoms. This is quite interesti
since it suggests that appropriate ‘‘guest’’ atoms incorp
rated into the polyhedra might further reducingk towards
kmin ,14 the theoretical minimum thermal conductivity. Th
positions and thermal ellipsoids are given in Tables I and
Note the Ge~1!, Ge~2!, and Ge~3! sites also apply to the Ga
atoms; the Ga and Ge distribution in the structure is assu
random.

Small crystal fragments of the two compounds we
crushed into a fine powder using agate mortar and pestle
transmission electron microscopy~TEM! analysis. A drop of
a suspension of the powder in 99.9% ethanol was dispe

FIG. 2. The type-I clathrate crystal structure. Outlined are
two different polyhedra that form the unit cell with the dodecah
dron in the center and the tetrakeidecahedron to the left.
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TABLE I. Atomic parameters for Sr8Ga16Ge30 in space groupPm3̄n with a lattice parameter of
10.721~2!, one formula unit~54 atoms! per cubic unit cell and a calculated density of 5.381 g/cm3. The
anisotropic thermal parameters are defined byT5exp(22p2SiSjUijhihjai*aj* ). The equivalent isotropic ther
mal parameter is defined byBeq5(8p2/3)S iS jUi j ai* aj* aiaj ).

Atom Sr~1! Sr~2! Ge~1! Ge~2! Ge~3!

site 2a 6d 6c 16i 24k

x 0.0000 0.2500 0.2500 0.18416~8! 0.0000
y 0.0000 0.5000 0.0000 0.1842 0.30888~11!

z 0.0000 0.0000 0.5000 0.1842 0.11714~12!

U11 (Å 2) 0.0159~9! 0.02325~21! 0.0116~13! 0.0104~3! 0.0118~6!

U22 (Å 2) 0.0159 0.1126~29! 0.0125~8! 0.0104 0.0094~6!

U33 (Å 2) 0.0159 0.1126 0.0125 0.0104 0.0107~6!

U12 (Å 2) 0.0000 0.0000 0.0000 20.007~3! 0.0000
U13 (Å 2) 0.0000 0.0000 0.0000 20.0007 0.0000
U23 (Å 2) 0.0000 0.0000 0.0000 20.0007 20.0017~6!

Beq (Å 2) 1.258~12! 6.54~7! 0.96~3! 0.818~4! 0.84~2!
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in a holey carbon film on copper grids. A JEOL 4000E
TEM microscope with a double-tilt lift top entry holder op
erated at 400 KV was used for selected area electron diff
tion ~SAED! and high-resolution electron microscop
~HREM! imaging. Thin crystal fragments were aligned alo
one of the low-index zones and both SAED patterns a
HREM images were recorded on photographic films. Th
results are shown in Fig. 3 for Sr8Ga16Ge30.

Figure 3~a! shows a HREM image oriented along th
^111& zone axis. The dark spots correspond to atom p
tions. The bright spots, hexagonal faces, reveal the ‘‘t
nels’’ formed by the chain of tetrakaidecahedra (Ge24) along
the ^111& direction. Also inset in Fig. 3~a!, at the upper left
hand corner, is a calculated image for a crystal thicknes
70.6 and 2400 Å ~near Scherzer defocus! while in the
middle of this figure a structure model in this orientation
inset. Figure 3~b! is an SAED image in thê111& orientation.
Again a hexagonal pattern is clearly observed. Similar
ages were observed for Eu8Ga16Ge30. The lattice parameter
from this analysis were in agreement with the single crys
x-ray data.
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The specific framework and thermal parameters,
atomic displacement parameters~ADP’s!, are important as-
pects of this structure. Particularly interesting are the an
tropic ADP’s (Ui j ) for the X(2) ‘‘guest’’ atoms, whereX
5Sr or Eu. This is illustrated in Fig. 4 for the Eu8Ga16Ge30
sample and tabulated in Table II. Although Fig. 4 indica
data for the Eu8Ga16Ge30 sample, that for Sr8Ga16Ge30 is
similar however with smaller amplitude ADP’s. Note the d
ference in the ADP’s between theX(2) atoms and theX(1)
atoms in each compound. TheX(1) atoms have symmetric
ADP’s that are slightly larger in magnitude to that of th
~Ga, Ge! framework atoms. TheX(2) atoms exhibit ADP’s
that are almost an order of magnitude larger than those of
other constituent atoms. Large and anisotropic ADP’s
typical of compounds with this type of crystal structure. T
large ADP’s for theX(2) atoms indicate the possibility of
static disorder in addition to the dynamic, or ‘‘rattling’’ mo
tion. The electrostatic potential within the polyhedra are n
everywhere the same and different points may be energ
cally preferred. This would suggest that theX(2) atom can
then tunnel among the different energetically preferred po
-

TABLE II. Atomic parameters for Eu8Ga16Ge30 in space groupPm3̄n with a lattice parameter of
10.703~2!, one formula unit~54 atoms! per cubic unit cell and a calculated density of 6.106 g/cm3. The
anisotropic thermal parameters are defined byT5exp(22p2SiSjUijhihjai*aj* ). The equivalent isotropic ther
mal parameter is defined byBeq5(8p2/3)S iS jUi j ai* aj* aiaj ).

Atom Eu~1! Eu~2! Ge~1! Ge~2! Ge~3!

site 2a 6d 6c 16i 24k

x 0.0000 0.2500 0.2500 0.18386~12! 0.0000
y 0.0000 0.5000 0.0000 0.1839 0.30914~19!

z 0.0000 0.0000 0.5000 0.01839 0.11677~18!

U11 (Å 2) 0.0149~8! 0.0226~20! 0.0132~20! 0.0086~4! 0.0093~8!

U22 (Å 2) 0.0149 0.181~5! 0.0097~12! 0.0086 0.0093~9!

U33 (Å 2) 0.0149 0.1807 0.0097 0.0086 0.0080~8!

U12 (Å 2) 0.0000 0.0000 0.0000 20.0011~5! 0.0000
U13 (Å 2) 0.0000 0.0000 0.0000 20.0011 0.0000
U23 (Å 2) 0.0000 0.0000 0.0000 20.0011 20.0009~9!

Beq (Å 2) 1.174~10! 10.11~9! 0.86~4! 0.682~6! 0.70~2!
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tions. The possibility of a ‘‘freeze-out’’ of the ‘‘rattling’’
motion of Sr21 in Sr8Ga16Ge30 was indicated in our low-
temperaturekg data on polycrystals.4 This data was success
fully fit to a tunnel-states model normally employed to e
plain low temperature data of amorphous materials. T
implication is that static disorder is associated with a spa
distribution of theX(2) ion positions inside the polyhedra.
is plausible that the large measured ADP’s contain bot
static as well as a dynamic component. We may there
reevaluate the structural data in order to include such a
sibility and compare these results to thermal conductiv
data. We rely on recent temperature-dependent ADP’s
Sr8Ga16Ge30 from refinements of neutron diffraction data8 in
modeling our room-temperature data in order to give
most physically reasonable results.

Table III shows the atomic parameters with structural

FIG. 3. HREM image~a! and SAED pattern~b! of a crystal
fragment oriented witĥ 111& zone axis parallel to the electro
beam.
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finements such that theX(2) site is no longer centered in
D2d crystallographic point symmetry but is disordered
four equivalent off-center positions, approximately 0.36 a
0.45 Å away from the center position (1/4,1/2, 0) for Sr~2!
and Eu~2!, respectively. The average crystal symmetry ho
ever remainsPm3̄n. Figure 5 illustrates the case fo
Eu8Ga16Ge30. An attempt to distinguish between the d
namic and static disorder is apparent from this figure.
imposing the fractional occupation of theX(2) site, the
ADP’s are smaller but still much larger than that of the oth
constituents. This is essentially an attempt to remove m
of the static, or positional, disorder from the ADP da
Clearly, both static and dynamic disorder play a role in t
X(2) atom positions in the crystal lattice. Both mechanis
have an effect onkg . We note that this fractional occupatio
of the X(2) site does not change the structural refinem
very much. In addition, good refinement can also
achieved assuming anisotropic ADP’s. These data can
obtained from the authors upon request.

Recently,15 it has been shown that ADP’s can be used
determine characteristic localized vibration frequencies
weakly bound atoms that ‘‘rattle’’ within their atomic
‘‘cages.’’ This approach, which assumes the ‘‘rattling’’ a
oms act as harmonic oscillators, has been successfully
plied to the case of skutterudite compounds.15 The localized
vibration of the ‘‘rattler’’ atom can be described by an Ei
stein oscillator model such thatU5kBT/m(2pn)2 whereU
is the isotropic mean-square displacement,kB is Boltzmann’s
constant,m is the mass of the ‘‘rattling’’ atoms under th
assumption their ‘‘cages’’ are relatively rigid andn the fre-
quency of vibration. The ADP data can then be used to e
mate the ‘‘Einstein temperature’’ of these atoms,TE
5hn/kB , whereh is Planck’s constant. Employing this ap
proach we obtainTE574 and 103 K for Sr~2! and Sr~1!,
respectively, for Sr8Ga16Ge30 andTE553 and 82 K for Eu~2!
and Eu~1!, respectively, for Eu8Ga16Ge30.

It is instructive to employ this partial-occupation model

FIG. 4. Crystal structure projection on a~100! plane of
Eu8Ga16Ge30 illustrating the large anisotropic atomic displaceme
parameters.
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TABLE III. Atomic parameters for Sr8Ga16Ge30 ~top data! and Eu8Ga16Ge30 ~bottom data! modeled with
X(2) ~where X5Sr or Eu! in four equivalent positions within the$100% planes about the center poin
~1/4,1/2,0!. TheX(2) site is therefore 25% occupied. The equivalent isotropic thermal parameter is de
by Beq5(8p2/3)S iS jUi j ai* aj* aiaj ).

Atom X(1) X(2) Ge~1! Ge~2! Ge~3!

site 2a 24k 6c 16i 24k

x 0.0000 0.2524~11! 0.2500 0.18418~7! 0.0000
0.0000 0.2530~7! 0.2500 0.18389~8! 0.0000

y 0.0000 0.4667~5! 0.0000 0.18418 0.30888~11!

0.0000 0.4577~4! 0.0000 0.18399~8! 0.30912~13!

z 0.0000 0.0000 0.5000 0.18418 0.11713~11!

0.0000 0.0000 0.5000 0.18389~8! 0.11673~13!

Beq (Å 2) 1.225~11! 2.34~14! 0.91~3! 0.803~4! 0.86~2!

1.112~9! 2.69~11! 0.73~3! 0.651~5! 0.75~3!
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evaluating ourkg data of these two compounds. We fir
note that mass fluctuation scattering or grain boundary s
tering cannot explain the temperature dependence ofkg of
these compounds. A model that incorporates the dynami
well as static disorder associated with the encapsulated a
is required. In our previous study4 of kg in polycrystals of
these compounds, we employed a phenomenological m
for kg with a phonon mean-free path that is a sum of ter
representing tunnel system~TS!, resonant, and Rayleigh~R!
scattering,4

k5
1

3 E0

vD
nC~v,T!l ~v!dv ~1!

l ~v!5~ l TS
211 l res

211 l R
21!211 l min ~2!

l TS
215A~\v/kB!tanh~\v/2kBT!1~A/2!~kB /\v

1B21T23!21 ~3!

l res
215( Civ

2T2/@~v i
22v2!21g iv i

2v2# ~4!

l R
215D~\v/k!4, ~5!

wherevD is the Debye frequency,C is the heat capacity o
the phonons,v is the average sound velocity,v is the fre-
quency,T the absolute temperature,\ is Planck’s constan
divided by 2p andg is an average deformation potential. Th
lower limit on l is assumed to be a constantl min . The con-
stantsA andB in Eq. ~3! are related to microscopic variable
describing the TS model.16 Their ratio is given byA/B
5n(\v)2/pkB , with n the density of tunnel states per vo
ume strongly coupled to phonons. The TS scattering w
introduced in Ref. 4 to model the glasslikekg}T2 behavior
observed in polycrystals forT,1 K. Though the presen
data for crystals are restricted toT.5 K, we retain this scat-
tering contribution because it influences the computedkg up
to T520 K, and allows for a comparison of the present
parameters with those determined previously for the po
crystals.

The most important difference between the present an
sis and that of Ref. 4 is that we constrain the resona
frequencies to be equal to the two ‘‘Einstein temperature
t-
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el
s

s

t
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e
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obtained from the structural data, withv1 and v2 corre-
sponding to vibrations of theX(1) andX(2) guests, respec
tively. Excellent fits~solid curves in Fig. 1! are found using8

QD5270 K andv52600 m/s. The values for the fit param
eters are listed in the caption of Fig. 1. Allowing a grea
resonance width for the scattering byX(2) vibrations im-
proved the fits; the sameg1 were used for both compound
to limit the parameter variations. The ratio of the resonan
strengths should reflect the relative populations of the t
vibrational modes and their relative scattering strengths.
fit results yieldC1 /C2'1.7 for both compounds; close to th
value of 3 for the relative population of large cages to sm
cages. The values ofA/B and D are a factor of 3 larger fo
the Eu compound than for the Sr compound, suggesting
the former is characterized by a larger density of stron
coupled tunnel systems~n! and greater mass density vari
tions. It is plausible to attribute the TS with the~static! po-
sitional disorder of the guest atoms within the four, nom
nally equivalentX(2) sites within the large cages. Mor

FIG. 5. The static and dynamic disorder of the Eu~2! site in
Eu8Ga16Ge30 is illustrated on a~100! plane for the case of isotropic
atomic displacement parameters.



ra
by

vit
s

di
th
y
rt

ass-
.

and
nal
ent
of

9-

3850 PRB 61G. S. NOLAS, T. J. R. WEAKLEY, J. L. COHN, AND R. SHARMA
definitive conclusions about the resonances and their inte
tions with long-wavelength phonons might be afforded
spectroscopic studies of the guest vibrations.

CONCLUSION

We have attempted to correlate the thermal conducti
with the crystal structural of two crystalline Ge clathrate
Very large anisotropic ADP’s of the Sr21 and Eu21 ions in
the tetrakaidecahedra imply a large positional, or static,
order in addition to the dynamic disorder associated with
‘‘rattling’’ motion of these ions. The disorder induced b
these ions has an enormous effect on the thermal transpo
r.
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these compounds and is the reason for the observed ‘‘gl
like’’ temperature dependence in the thermal conductivity
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