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ABSTRACT 

The thermal conductivity and structural properties of polycrystalline and single 
crystal semiconductor type-1 germanium clathrates are reported. Germanium 
clathrates exhibit thermal conductivities that are typical of amorphous materials. 
This behavior occurs in spite of their well-defined crystalline structure. We employ 
temperature dependent neutron diffraction data in investigating the displacements 
of the “caged” strontium atoms in SrsGaieGeso and their interaction with the 
polyhedral cages that entrap them. Our aim is to investigate the correlation 
between the structural properties and the low, glass-like thermal conductivity 
observed in this compound. 

INTRODUCTION 

The existence of crystalline materials that possess low thermal conductivities, 
similar to that of amorphous solids in a large temperature range, has been known 
for some time. Cahill, Watson and Pohl [l] have enumerated a number of mixed 
crystal systems that possess glass-like thermal conductivities. These crystalline 
systems have a number of properties in common, as outlined in a recent review [2]. 
One characteristic is the presence of atoms or molecular groups having two or more 
“semi-stable” positions and the absence of long-range correlation between their 
positions or orientations. Resonance scattering of phonons by these “rattling” 
entities can also produce a plateau in thermal conductivity, K, reminiscent of that 
produced by structural disorder in amorphous systems. The relationship between 
glass-like K and the theoretical minimum thermal conductivity, rch,.,, was first 
pointed out by Slack [3]. 
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There is presently an interest in semiconducting compounds that possess glass- 
like K values for thermoelectric applications. The concept of a “phonon glass and 
an electron crystal” (PGEC) is at the heart of this interest [2]. PGEC materials 
possess electronic properties normally associated with good semiconductor 
materials but K values typical of amorphous solids. These characteristics can 
potentially enhance the thermoelectric figure of merit Z=S20/rc (where S is the 
Seebeck coefficient and CJ is the electrical conductivity). 

The application of the PGEC concept first came to light with research on the 
skutterudite material system [4]. In lanthanide-filled skutterudites, as the size 
(mass) of the “guest” ion decreases (increases), the reduction in the lattice thermal 
conductivity, us, decreases. The reduction in ~g is due to ,resonant scattering of 
phonons via localized low-frequency vibrations of the “guest” lanthanide ions, as 
has been recently corroborated by inelastic neutron scattering data [5]. These 
results motivated our hypothesis that the PGEC concept could be realized in 
semiconducting clathrates [6-lo]. 

Germanium compounds forming clathrate hydrate-type crystal structures 
possess low, glass-like rcs [7, 91. Low temperature (<lK) K measurements on 
polycrystalline SrsGaieGeso (see Figure 1) indicate a T2-temperature dependence, 
similar to that of amorphous materials, while higher temperature data indicate a 
minimum in the lo-50 K range, attributable to resonance scattering. Recently these 
results were corroborated by single crystal transport measurements [ 111. In this 
report we employ neutron diffraction refinement of site occupancies of 
SrsGaisGesc, along with low temperature Kg data, with the aim of illustrating the 
correlation between the structural properties and phonon scattering. 
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Figure 1: Thermal conductivity versus teinperature of a SrsGaleGe3,, polycrystalline sample 
(open circles), single crystal Ge (dot-dashed line), amorphous Ge (a-Ge, solid circles), 

vitreous silica (a-SiOz, dashed line) and the calculated kti of Ge (solid line). 
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EXPERIMENTAL PROCEDURE 

Specimens of SrsGalsGeso were prepared by mixing and reacting stoichiometric 
quantities of the high purity elements for three days at 950 “C inside a pyrolytic 
boron nitride crucible that was itself sealed inside a fused quartz ampoule. This 
ampoule was evacuated and ‘back-filled with high purity argon gas to 0.068 MPa. 
The resulting boules consisted of single crystal grains of l-5 mm in length that 
were stable in air and water. These crystals were ground to fine powder for x-ray 
and neutron-diffraction data using an alumina mortar and pestle. 

Neutron-diffraction data were collected using the HB-4 high-resolution powder 
diffractometer at the High-Flux Isotope Reactor (HFII$) ‘at Oak Ridge National 
Laboratory. Neutrons with a wavelength of 1.5005( 1) A were used and data were 
collected between 11” and 135” 20. The sample was sealed in a vanadium can (9 
mm I.D. by 5 cm) with He exchange gas for data collection from 10K to 295 K 
using a closed-cycle He refrigerator. Input for the Rietveld refinement program 
was prepared by interpolating a constant step-size data set from the raw data. The 
data were also corrected for the variation in detector counting efficiencies, which 
were determined using a vanadium standard. Structure refinements were made by 
the Rietveld method using the GSAS software [ 121. The coherent scattering 
lengths used were: Sr (7.02 fm), Ge (8.19 fm), and Zn (5.68 fm) [13]. 

For K measurements single crystal and polycrystalline samples were employed. 
In the case of the polycrystalline samples a boule was ground to fine powder and 
hot pressed inside a graphite die at 650 C and 22 000 lbs/in2 for 2 hours in an argon 
atmosphere. Samples were then cut from this pellet to dimensions 2X2X5 mm3 
with a wire saw using 50 micron tungsten wire to ensure damage free specimens. 
Four-probe electrical resistivity (p) and steady state K were measured in a 
radiation-shielded vacuum probe with the heat flow measured along the longest 
axis. Heat losses via conduction through the lead wires and radiation were 
determined in separate experiments and the data corrected accordingly. These 
corrections were lo-15% at room temperature and less than 2% below 120K. 

STRUCTURAL RESULTS AND DISCUSSION 

For the Rietveld refinements, the starting model was taken from the Ba analog 
reported by Eisenmann et al. [14]. The structure has two distinct sites for the 
alkaline earth atoms and the cage framework contains three distinct metal sites 
occupied by Ge and Ga. The distribution of the Ge and Ga over the framework 
sites cannot be determined using conventional x-ray diffraction data; but using 
neutron diffraction data a model where Ga and Ge are fully disordered gives the 
best overall fit. From the initial refinements, the isotropic atomic displacement 
parameter (U,) for Sr(2) is enormous, suggesting that a fractionally occupied split 
atom site might be more appropriate. Moreover, anisotropic refinement of the 
displacement parameters indicates a much smaller displacement amplitude in the 
<loo> directions than the perpendicular directions. This suggests that the Sr(2) 
position at l/4,1/2,0 could also be described by splitting it into four positions 
within the { 100) planes, as shown in Figure 2. Within the space group Pml)n a 
fourfold splitting of the Sr(2) sites can be accomplished in two ways, using either 
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of the adjacent 24k or 24j Wyckoff sites. Either one gives essentially the same 
refinement result [ 1.51. Since the mean %(2)-M (M = Ga or Ge) distance is shortest 
for the 24j position, it might be energetically more favored. We therefore chose 
this model for our quantitative analyses. The minimum separation between near- 
neighbor Sr(2) atoms is 5.36 w in the single-site model. 

From the temperature dependence of U, for SrsGarhGesa, shown in Figure 3, 
the apparent U, is enormous for Sr(2) in the single-site model, and the low 
temperature intercept would imply a large positional disorder. With Sr(2) 
fractionally occupying a split site, its U, value is dramatically reduced, but still 
remains the largest of all the atoms in the crystal. The split-site model effectively 
accounts for the positional disorder. Unconstrained refinement of the Sr(2) site 
occupancy indicates no deficiency at the Sr(2) position for either model. The Uq 
for the Sr(1) site is also large, but more on par with the M sites due to its smaller 
sized coordination environment. 

Figure 2: Sr(2) coordination enviroqment projected along (100) for Sr8Ga16Ge30 showing the 
atomic displacement probability for the single site (a) and split-site (b) positions in the 24k 

crystallographic sites. 
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Figure 3: Temperature dependent isotropic atomic displacement parameters (U,,) from 
neutron diffraction data for powder SrsGa16Ge30 using the single-site and split-site models. 

THERMAL CONDUCTIVITY RESULTS AND I?ISCXJSSJQN 

Mass fluctuation scattering or grain boundaries cannot explain the temperature 
dependence of us of this compound. A model that incorporates the dynamic as 
well as static disorder associated with the encapsulated Sr atoms is required. We 
therefore analyze the data by incorporating the structural observations in 
phenomenological fits of the tcs data to a kinetic theory expression with a phonon 
mean-free path that is a sum of terms representing a tunnel system (TS), resonant 
scattering (res), and Rayleigh (R) scattering [9, 161 
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Ic, = f, C(w)Z(co)dw, 

Z(w) = (I,-’ + z,-’ + 1,-y’ + Iti,, 

(1) 

(2) 

z -I-Afiw 
TS - - tanh(Ao/ 2k,T) 

Jb 

(.e,v-’ = c Cio2T 2 

i (Wi2 - co2)2 + ‘/pi2w2 ’ 

(3) 

(4) 

ZR-’ = D(fiolk,)4. (5) 

In these equations, C is the heat capacity of the phonons, kB is Boltzmann’s 
constant, v is the average sound velocity, o is the frequency, T the absolute 
temperature, h is Plan&s constant divided by 2n and y is an average deformation 
potential. The lower limit on 2 is assumed to be a constant, Iti,. The constants A and 
B are related to microscopic variables describing the TS model [ 161. The 
phenomenological resonance terms are of the form employed previously [9]. 

We may employ our structural results in determining some of these parameters. 
Recently [ 15, 171 it has been shown how the high temperature slope of U,, data, 
3h2/(4rc2Mk,0,2), can be used to estimate the Debye temperature, 0,. Either the 
room temperature Ue4 values or the slopes dU,,(T)/dT can be used to calculate a 
weighted average value. The average atomic mass is used for M, and the “rattling” 
atom is excluded. Given O,, the average velocity of sound can be estimated by v, = 
(0,k,2&)l(67r2n)‘” where n is the number of atoms per unit volume. The localized 
vibration of the “rattler” is more appropriately described as an’Einstein oscillator, 
U = k,T,/m(2xv)2, where T, is the Einstein temperature and m is the mass of the 
“rattler”. Using these expressions we estimate Or,=270 K, v=2600 m/s, 
T,[Sr(2)]=85 K and T,[Sr(l)]=119 K (from our split-site model). Since the phonon 
scattering in materials like this tends to be dominated by the localized vibrations of 
the “rattling” atom [S], the heat-carrying phonon mean-free-path should depend on 
the distance between the “rattlers”. We therefore let Z,,,=5& i.e. the approximate 
minimum separation between near-neighbor single-site model Sr(2) atoms. Figure 
4 shows the results of our phenomenological fit to the low temperature K, data for 
the Sr,Ga,,Ge,, polycrystal clathrate shown in Figure 1 computed by subtracting 
from K the Wiedemann-Franz law estimate of the electronic contribution, rc,=L,T/p 
(L,=2.44x10e* V2 /K2). We also show single crystal K~ data to a temperature of 5 K 
but include a fit to this data to lower temperatures using similar parameters. 

We note that the data is better fit by two resonance terms for each of the unique 
Sr atoms in the structure. The rattle motion should be “frozen-out” for T<q,, but 
tunneling of the Sr(2) atoms between their fo,ur equivalent sites at low temperatures 
is plausible, and modeled here by TS scattering that reproduces the K~ ot .T2 
behavior at T < 1 K. The TS parameters employed in the fits (Figure 4) are 
comparable to those found for other amorphous materials [ 161. 
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Figure 4: Single crystal (open squares) and polycrystal (open circles) Sr8Ga16Ge30 lattice 
thermal conductivity data along with the fits to the data (solid lines), as described in the text. 

CONCLUSION 

The low, glass-like K values in the Ge-clathrate compounds, along with 
promising electronic properties, provides evidence as to why these compounds are 
of growing, interest as potential thermoelectric materials. The glass-like K of 
SrsGareGesa can be attributed to the static as well as dynamic disorder introduced 
by the Sr atoms in the dodecahedral and tetrakaidecahedral “cages” in this crystal 
structure. The structure data help elucidate the possible mechanisms that effect the 
heat transport in these materials. In addition, the useful application of structural 
data in analyzing thermodynamic quantities is evident form these results and 
represents a powerful tool for materials research. 
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