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Structural properties and thermal conductivity of crystalline Ge clathrates
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Structural analysis and thermal conductivity data ogG8ysGe;g and EyGa¢Gesg crystals are reported.
These compounds form in the cubic space gr@umgn with lattice parameters of 10.7) and 10.708) A
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 polyhadi@decahedpahave spherical thermal ellipsoids
while those in the larger polyhedttetrakaidecahedyalisplay 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.

INTRODUCTION crystal structural and low temperatuke measurements on
two Ge clathrates, §6aGe;; and EyGagGes,, with the

There is now growing interest in “open structure(¢eo-  aim of investigating the correlation between the crystal struc-
litelike) semiconducting compounds for thermoelectric appli-ture and the low, glasslike values observed for these com-
cations due to their characteristically low-thermal conduc4ounds.
tivities. The host atoms in such materials form weak bonds
with interstitial atoms occupying “voids” in these struc-
tures, thus resulting in localized vibrational modes. These
localized modes resonantly scatter acoustic-mode, heat-
carrying phonons. This phenomena is well documented in The Ge-clathrate crystals were similarly prepared, as fol-
the skutterudite material system where very low-thermalows. Stoichiometric quantities of high purity constituent el-
conductivities were observed upon filling the voids with lan-ements were mixed and reacted in pyrolitic boron nitride
thanide iond. The smaller and more massive the lanthanideBN) crucibles for three days at 950 C then annealed at 700 C
ion the lower thermal conductivity. Recent inelastic neutronfor four days. The BN crucibles were themselves sealed in-
scattering data support this pictifre. side a fused quartz ampule, which was evacuated and back-

In light of the demonstration that the phonon-glass, elecfilled with argon gas to a pressure of two-thirds of an atmo-
tron crystal approachis of importance in materials research sphere. The ingots were composed of crystallites with
for thermoelectric applications, other “open structured” sys-dimensions of one to three cubic millimeters. The ingots
tems are also presently under investigation. Of particular rewere stable in air and water but were etched with aqua regia
cent interest are compounds that form the clathrate hydratier metallographic analysis. Extensive electron-beam micro-
crystal lattice structur&® One such compound, probe analysis on polished surfaces of each sample revealed
SreGaygGey, forms in the type-l clathrate structure analo- the exact composition of these crystals and demonstrated the
gous to the gas clathrate hydrai€l,)s(H,O)4 Very low  homogeneity throughout each ingot.
temperaturé<1 K) thermal conductivityc measurements on Specimens for transport measurements were cut to dimen-
polycrystals indicate &2-temperature dependence, similar sion 4x 1x 1 mn? by a wire saw using 50 micron tungsten
to that found in amorphous materials, while higher temperawire to ensure damage free samples. Four-probe electrical
ture data indicate a minimum in the 10—30 K range, attrib-resistivity (p) and steady-state thermal conductivit) were
utable to resonance scatterihy. At room temperaturex measured in a radiation-shielded vacuum probe with the heat
~1W/mK for SpGaeGe;, Along with relatively high-  flow measured along the longest axis. Heat losses via con-
electrical conductivity and Seebeck coefficiéntshese re- duction through the lead wires and radiation were deter-
sults demonstrate the potential of these materials for thermanined in separate experiments and the data corrected accord-
electric applications. In this paper, we report on single-ingly. These corrections were 10—15 % at room temperature

SAMPLE PREPARATION AND THERMAL
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FIG. 1. Thermal conductivity vs temperature for crystalline
SrgGayeGey (open circley, EwGa ¢Geyo (open squargsand amor- FIG. 2. The type-l clathrate crystal structure. Outlined are the
phous Gedashed ling Solid lines are fits to the phenomenological two different polyhedra that form the unit cell with the dodecahe-
model described by E(3) and discussed in the text. The fitting dron in the center and the tetrakeidecahedron to the left.
parameters for the @&u) filled specimens were A=9.0
X10° (4.2x10% m™1K™% B=20x10% (35x10°% K2 C,  data indicate these to be randomly distributéthe TExsAN
=1.80x107%'(2.83x107%) m™K™?s?  C,=2.91x10°*"  program suitdincorporating complex atomic scattering fac-
X(4.91x107%) m*K?s? D=0.6 (20) m'K™, y;  tors, was used in all calculations.

=0.8 (0.8),7,=1.7(1.8), and;;=3.0 (4.5) A. Figure 2 is a schematic illustrating the type-l clathrate
crystal structure. ThéGa, Ge framework atoms form bonds
and less than 2% below 120 K. in a distorted tetrahedral arrangement. They form polyhedra

Figure 1 shows the lattice component &f x4, for the  that are covalently bonded to each other by shared faces.
two Crystalllne Ge clathrates Computed by Subtractln_g from .There are e|ght po|yhedra per cubic unit Ce||,2§,éodeca_
the Wiedemann-Franz law estimate of the electronic contrihedra and Gg tetrakaidecahedra in a 1:3 ratio. These two
bution, ke=LoT/p (Lo=2.44x10"% WQ/K?), inthe range polyhedra are outlined in Fig. 2. The Sr and Eu atoms reside
5<T<100K. Also shown in Fig. 1 isc of vitreous silica jnside these polyhedra, at thea2and @ crystallographic
(a-Si0,).” The solid line fits to the data will be described in positions, respectively.
detall in the next section. We noteg for the Ge clathrates From our Sing|e-crysta| X-ray diffraction ana|y5i5 the Ge-
are more than one order of magnitude lower than that fotze-Ge bond angles range from 106° to 125°, implying bond-
crystalline Ge(not shown in the figuneand similar in mag- ing that is similar to thesp® hybridization in diamond-
nitude toa-SiO,. There is also an obvious “resonance dip” structured germanium. The Ge-Ge bond lengths in
in the SgGay¢Gesp sample in the 20 to 40 K. BGaeGey  SryGaGey, and EwGayGey, are slightly larger than that of
has lowerk, at all temperatures and a more pronouncecdiamond-structured germanium at 2.4498 A. Employing the
“dip.” As suggested previousl§;’ we anticipate_that the results from our structural refinements we can estimate the
EW?* ion will have a larger effect o than will SP* since  average radii of the Ggand Gg, polyhedra, assuming the
Ew" is more massive. A similar resonance scattering ofshortest interatomic distances. These are, respectively, 2.197
phonons is likely the principle mechanism determining lowand 2.377 A for $Ga,Geyo, and 2.183 and 2.365 A for
Kg values in the lanthanide-filled skutteruditesd clathrate EusGa¢Gey, The sizes of these polyhedra are similar to

hydrates’ those found for other type-l Ge clathrat@s**This seems to
indicate that the cage size is a function of the framework
CRYSTAL STRUCTURE ANALYSIS AND DISCUSSION atoms and not the “guest” atoms. This is quite interesting

since it suggests that appropriate “guest” atoms incorpo-

Very small single crystals were isolated and investigatedated into the polyhedra might further reducirgtowards
employing an Enraf-Nonius CAD-4 single-crystal diffracto- , . 14 the theoretical minimum thermal conductivity. The
meter with graphite monochrometer and Mar radiation.  positions and thermal ellipsoids are given in Tables | and I.
The Laue symr.netryn3.m was confirmed by the measure- Note the Gél), Ge(2), and G¢3) sites also apply to the Ga
ment of potential equivalents for several reflections. Theytoms; the Ga and Ge distribution in the structure is assumed
structural refinement confirmed the assignment of spacgzndom.
group Pm3n (no. 223 for these compounds corresponding  Small crystal fragments of the two compounds were
to the type-I clathrate structure. Absorption corrections basedrushed into a fine powder using agate mortar and pestle for
on azimuthal scans were applied. No attempt was made tmansmission electron microscopyEM) analysis. A drop of
distinguish between Ga and Ge although neutron scattering suspension of the powder in 99.9% ethanol was dispersed
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TABLE I. Atomic parameters for $6aGe;, in space groupPm3n with a lattice parameter of
10.7212), one formula unit(54 atomg per cubic unit cell and a calculated density of 5.381 ﬁlcﬁhe
anisotropic thermal parameters are definedl’byexp(—ZﬂinEjU” hihja,-*af). The equivalent isotropic ther-
mal parameter is defined @eq=(8w2/3)2i2juijai*a}* a;a;).

Atom Si(1) Sir(2) Ge(1) Ge2) Ge(3)
site 2a 6d 6¢C 16 24k
X 0.0000 0.2500 0.2500 0.184B3 0.0000
y 0.0000 0.5000 0.0000 0.1842 0.308BB
z 0.0000 0.0000 0.5000 0.1842 0.11712
Ui (A?) 0.01599) 0.0232521) 0.011613 0.01043) 0.01186)
Uy (A?) 0.0159 0.112@9) 0.01258) 0.0104 0.009¢)
Uss(A?) 0.0159 0.1126 0.0125 0.0104 0.016)7
U, (A2?) 0.0000 0.0000 0.0000 —0.0073) 0.0000
Ui3(A?) 0.0000 0.0000 0.0000 —0.0007 0.0000
Uys(A?) 0.0000 0.0000 0.0000 —0.0007 —0.00176)
Beq(A?) 1.25812) 6.547) 0.963) 0.8184) 0.8412)

in a holey carbon film on copper grids. A JEOL 4000EX The specific framework and thermal parameters, or
TEM microscope with a double-tilt lift top entry holder op- atomic displacement parametdsDP’s), are important as-
erated at 400 KV was used for selected area electron diffragects of this structure. Particularly interesting are the aniso-
tion (SAED) and high-resolution electron microscopy tropic ADP’s (Uj;) for the X(2) “guest” atoms, whereX
(HREM) imaging. Thin crystal fragments were aligned along =Sr or Eu. This is illustrated in Fig. 4 for the FBaGes
one of the low-index zones and both SAED patterns andample and tabulated in Table Il. Although Fig. 4 indicates
HREM images were recorded on photographic films. Theselata for the EgGa;sGe;y sample, that for $GaGey is
results are shown in Fig. 3 for §a,Gey. similar however with smaller amplitude ADP’s. Note the dif-
Figure 3a) shows a HREM image oriented along the ference in the ADP’s between th§2) atoms and th&(1)
(111) zone axis. The dark spots correspond to atom posiatoms in each compound. Th&g1) atoms have symmetric
tions. The bright spots, hexagonal faces, reveal the “tunADP’s that are slightly larger in magnitude to that of the
nels” formed by the chain of tetrakaidecahedra {fp@long  (Ga, Ge framework atoms. Th&(2) atoms exhibit ADP’s
the (111) direction. Also inset in Fig. @), at the upper left that are almost an order of magnitude larger than those of the
hand corner, is a calculated image for a crystal thickness afther constituent atoms. Large and anisotropic ADP’s are
70.6 and —400 A (near Scherzer defocusvhile in the  typical of compounds with this type of crystal structure. The
middle of this figure a structure model in this orientation islarge ADP’s for theX(2) atoms indicate the possibility of a
inset. Figure &) is an SAED image in th€l11) orientation.  static disorder in addition to the dynamic, or “rattling” mo-
Again a hexagonal pattern is clearly observed. Similar imtion. The electrostatic potential within the polyhedra are not
ages were observed for s, (Geso. The lattice parameters everywhere the same and different points may be energeti-
from this analysis were in agreement with the single crystatally preferred. This would suggest that tK¢2) atom can
x-ray data. then tunnel among the different energetically preferred posi-

TABLE I1l. Atomic parameters for EyGasGesg in space groupPm3n with a lattice parameter of
10.7032), one formula unit(54 atoms per cubic unit cell and a calculated density of 6.106 ﬁlcﬁhe
anisotropic thermal parameters are definedl'byexp(—ZﬂinEjUij hih;afa}"). The equivalent isotropic ther-
mal parameter is defined @eq=(8w2/3)2i2juijai*a}‘ a;a;).

Atom Eu1) Eu(2) Gel) Ge?2) Ge3)
site 2a 6d 6¢C 16 24k
X 0.0000 0.2500 0.2500 0.1838Q) 0.0000
y 0.0000 0.5000 0.0000 0.1839 0.30919)
z 0.0000 0.0000 0.5000 0.01839 0.116
Uy, (A?) 0.01498) 0.022620) 0.013220) 0.00864) 0.00938)
U, (A?) 0.0149 0.18(5) 0.009712) 0.0086 0.009®)
Uas(A?) 0.0149 0.1807 0.0097 0.0086 0.0080
U, (A?) 0.0000 0.0000 0.0000 —0.00115) 0.0000
Ui3(A?) 0.0000 0.0000 0.0000 —0.0011 0.0000
Uy (A?) 0.0000 0.0000 0.0000 —0.0011 —0.00099)

Beq(A?)

1.17410)

10.119)

0.864)

0.6826)

0.702)
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FIG. 4. Crystal structure projection on €00 plane of
EuGa,Gey illustrating the large anisotropic atomic displacement
parameters.

finements such that th€(2) site is no longer centered in a
D,q4 crystallographic point symmetry but is disordered in
four equivalent off-center positions, approximately 0.36 and
0.45 A away from the center position (1/4,1/2,0) foxZr
and Ey2), respectively. The average crystal symmetry how-

ever remainsPm3n. Figure 5 illustrates the case for
EusGa¢Geyp. An attempt to distinguish between the dy-
namic and static disorder is apparent from this figure. By
imposing the fractional occupation of thé(2) site, the
ADP’s are smaller but still much larger than that of the other
constituents. This is essentially an attempt to remove much
of the static, or positional, disorder from the ADP data.
Clearly, both static and dynamic disorder play a role in the
X(2) atom positions in the crystal lattice. Both mechanisms
have an effect om,. We note that this fractional occupation
of the X(2) site does not change the structural refinement
(b) very much. In addition, good refinement can also be
achieved assuming anisotropic ADP’s. These data can be
obtained from the authors upon request.

Recently®® it has been shown that ADP’s can be used to
determine characteristic localized vibration frequencies for
tions. The possibility of a “freeze-out” of the “rattling” weakly bound atoms that “rattle” within their atomic
motion of SF" in SrGasGey, was indicated in our low- “cages.” This approach, which assumes the “rattling” at-
temperaturecy data on polycrystal$ This data was success- oms act as harmonic oscillators, has been successfully ap-
fully fit to a tunnel-states model normally employed to ex- plied to the case of skutterudite compound3he localized
plain low temperature data of amorphous materials. Theibration of the “rattler” atom can be described by an Ein-
implication is that static disorder is associated with a spatia$tein oscillator model such that= kg T/m(27v)? whereU
distribution of theX(2) ion positions inside the polyhedra. It is the isotropic mean-square displacemé&ptis Boltzmann’s
is plausible that the large measured ADP’s contain both &onstantm is the mass of the “rattling” atoms under the
static as well as a dynamic component. We may thereforassumption their “cages” are relatively rigid andthe fre-
reevaluate the structural data in order to include such a posuency of vibration. The ADP data can then be used to esti-
sibility and compare these results to thermal conductivitymate the “Einstein temperature” of these atom$g
data. We rely on recent temperature-dependent ADP’s forhv/kg, whereh is Planck’s constant. Employing this ap-
SrsGayGeyo from refinements of neutron diffraction dita proach we obtainTg=74 and 103 K for S2) and Sf1),
modeling our room-temperature data in order to give therespectively, for §Ga,sGe;gandTg=53 and 82 K for E(R)
most physically reasonable results. and Eyl), respectively, for EgGa;¢Ges.

Table Il shows the atomic parameters with structural re- It is instructive to employ this partial-occupation model in

FIG. 3. HREM image(a) and SAED patternb) of a crystal
fragment oriented with{111) zone axis parallel to the electron
beam.
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TABLE lll. Atomic parameters for $Ga;sGe;, (top data and EyGa, ¢Ge;, (bottom dat@ modeled with
X(2) (where X=Sr or EU in four equivalent positions within th¢l00 planes about the center point
(1/4,1/2,0. The X(2) site is therefore 25% occupied. The equivalent isotropic thermal parameter is defined

by Beq: (87T2/3)E|2]U|]a;k ar aiaj).

Atom X(1) X(2) Gedl) Ge2) Ge3)
site 2a 24k 6¢c 16 24k
X 0.0000 0.25241.1) 0.2500 0.1841@) 0.0000
0.0000 0.253@) 0.2500 0.1838®) 0.0000
y 0.0000 0.466(5) 0.0000 0.18418 0.3088B1)
0.0000 0.457®) 0.0000 0.1839®) 0.3091213)
z 0.0000 0.0000 0.5000 0.18418 0.1171B
0.0000 0.0000 0.5000 0.1838Y 0.1167313)
Beq(A?) 1.22511) 2.3414) 0.91(3) 0.8034) 0.862)
1.1129) 2.6911) 0.733) 0.6515) 0.753)

evaluating ourk, data of these two compounds. We first

obtained from the structural data, with; and w, corre-

note that mass fluctuation scattering or grain boundary scasponding to vibrations of th&(1) andX(2) guests, respec-

tering cannot explain the temperature dependence,obf

tively. Excellent fits(solid curves in Fig. lare found using

these compounds. A model that incorporates the dynamic a®,=270K andv= 2600 m/s. The values for the fit param-
well as static disorder associated with the encapsulated atoresers are listed in the caption of Fig. 1. Allowing a greater

is required. In our previous stutlpf kg in polycrystals of

resonance width for the scattering B4(2) vibrations im-

these compounds, we employed a phenomenological modgkoved the fits; the samg; were used for both compounds
for k4 with a phonon mean-free path that is a sum of termgo limit the parameter variations. The ratio of the resonance

representing tunnel syste(S), resonant, and RayleigiR)
scatterind;

1 wp
K=§fo vC(w,T)(w)dw (1)
(@)=t +|esH1r") ™+ I min 2)

|16 =A(fo/kg)tanh A w/2kgT) + (Al2) (kg I o

+B T %1 ©)
let=2, Ciw?T[(w?— 0?2+ yj0?w?] (4)
Ir'=D(fhwlk)?, 6

wherewp is the Debye frequencyC is the heat capacity of
the phononsy is the average sound velocity, is the fre-
guency,T the absolute temperaturg, is Planck’s constant
divided by 27 andy is an average deformation potential. The
lower limit on | is assumed to be a constdgf,. The con-
stantsA andB in Eq. (3) are related to microscopic variables
describing the TS modéf. Their ratio is given byA/B
=n(Av)? mkg, with n the density of tunnel states per vol-

ume strongly coupled to phonons. The TS scattering was

introduced in Ref. 4 to model the glasslil«(:‘,;ocT2 behavior
observed in polycrystals fof <1 K. Though the present
data for crystals are restricted To>5 K, we retain this scat-
tering contribution because it influences the computgdp

to T=20K, and allows for a comparison of the present fit

parameters with those determined previously for the poly-

crystals.

strengths should reflect the relative populations of the two
vibrational modes and their relative scattering strengths. The
fit results yieldC, /C,=~ 1.7 for both compounds; close to the
value of 3 for the relative population of large cages to small
cages. The values &/B and D are a factor of 3 larger for
the Eu compound than for the Sr compound, suggesting that
the former is characterized by a larger density of strongly
coupled tunnel system@) and greater mass density varia-
tions. It is plausible to attribute the TS with thistatio po-
sitional disorder of the guest atoms within the four, nomi-
nally equivalentX(2) sites within the large cages. More

The most important difference between the present analy- FIG. 5. The static and dynamic disorder of the(Busite in
sis and that of Ref. 4 is that we constrain the resonanc&u,Ga;Gey, is illustrated on &100) plane for the case of isotropic
frequencies to be equal to the two “Einstein temperatures”atomic displacement parameters.
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definitive conclusions about the resonances and their interathese compounds and is the reason for the observed “glass-
tions with long-wavelength phonons might be afforded bylike” temperature dependence in the thermal conductivity.
spectroscopic studies of the guest vibrations.
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