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We report extended x-ray absorption fine-structure (EXAFS) studies of n- and p-type BagGa,4Ges, samples
(type-I clathrate) at the Ga, Ge, and Ba K edges, to probe the local structure, particularly around the Ba atoms
located inside 20- and 24-atom cages (Bal and Ba2 sites, respectively) composed of Ga/Ge atoms. In agree-
ment with diffraction analysis, we find Ba2 is off center, with a component in the bc plane (0.15 A) compa-
rable to that found in diffraction. However, under the assumption of a stiff cage, we also require a significant
a component. This suggests a coupling or attraction between the Ba2 atoms and the hexagonal rings at the top
or bottom of the cage that encloses the Ba2 site. Further, changing the a component can change the number of
shortest Ba2-Ga/Ge neighbors and hence the coupling of Ba2 to the surrounding cage. Within the cage
structures which enclose both Ba sites, the Ga-Ga/Ge distances are slightly longer, while the Ge-Ga/Ge
distances are slightly shorter than the average distance reported from diffraction. The longer Ga-Ga/Ge dis-
tances indicate that the Bal and Ba2 cages may be dimpled or distorted. At the second Ga/Ge distance, the
local distortions in the Ba clathrate are smaller than those observed in the Eu clathrate, which likely plays a
role in understanding the higher thermal conductivity of Ba clathrates compared to that of Eu clathrates.
However, there is no clear difference in the EXAFS between the n- and p-type materials for either the Ba, Ga,
or Ge K-edge data, which would explain the difference in thermal conductivity between n- and p-type mate-
rials. Finally, an average Einstein temperature for the shortest Ba2-Ga/Ge bonds is comparable to that for
Bal-Ga/Ge. This indicates a large effective spring constant for the closest Ga/Ge atoms to Ba2. We also
develop a simple vibrational model to show explicitly the three types of vibration for Ba2 within the type-2
cage.
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I. INTRODUCTION

An important parameter for describing the usefulness of
materials for thermoelectric applications is the figure of
merit ZT, defined as ZT= TSZO'(_,/ K, where S is the Seebeck
coefficient, T is the temperature, K is the thermal conductiv-
ity, and o, is the electrical conductivity."> One means of
increasing ZT is to use semiconducting materials with a low
lattice thermal conductivity, approaching that of amorphous
materials. This approach has been promising for several sys-
tems such as the filled skutterudites and clathrates, in which
“rattling” atoms in large cagelike structures strongly scatter
phonons.

The type-I clathrates XgGa,cGes, (X=Ba, Sr, Eu; space

group Pm3n) are thermoelectric materials with a low thermal
conductivity below room temperature.>* In this structure, the
Ga and Ge atoms form a lattice of connected cages of two
different sizes—a 20-atom cage and a 24-atom cage. There
are three distinct Ga/Ge sites—M1 (6¢ site), M2 (16i site),
and M3 (24k site); see Fig. 1 for the location of these sites in
the 24-atom cage. The “guest” atoms X (in most of this pa-
per, X=Ba) are located near the centers of the two cages;
25% of the X atoms are in the smaller, 20-atom cage (site 2a,
called X1), while 75% of the X are in the larger, 24-atom
cage (site 6d, called X2). Because of the size mismatch of the
X ions to the semiconductor Ga;4Ges, cage structure, the X
atoms are loosely bound and vibrate inside the cage with
large amplitudes (rattlers). The X atoms scatter phonons
within the Ga/Ge framework, thereby decreasing the mean
free path of the propagating phonons. In agreement with
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neutron-diffraction results,>”’ our previous extended x-ray
absorption fine-structure (EXAFS) studies® indicated that
Eu2 and most of the Sr2 ions are off center (from the 6d site)
approximately along the £b or *c¢ axes. However, our EX-
AFS studies also suggested a small displacement component
along the *a axis with fourfold rotation inversion, to make
the distance to the four closest Ga/Ge atoms (M3 sites)
equal.® Such off-center X2 sites can be described as partially
occupied 24k sites.

The behavior of BagGa,¢Gesq is unusual in that the ther-
mal conductivity varies dramatically when the carrier type
changes from n to p type, although the Ga/Ge ratio varies by
only ~1%.° This raises the question as to the mechanism for
the low thermal conductivity in these clathrates. It has been
speculated that the Ba off-center displacement might be dif-
ferent in the two materials® or that the scattering of holes and

FIG. 1. The site 2 cage (Ba2), showing the locations of the M1,
M2, and M3 Ga/Ge atoms.
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electrons may be different, such that the electronic
contribution'®!! to K changes between n and p carriers.
There is also the possibility that the coupling!? between the
Ba2 atoms and the Ga/Ge cage is weaker in n-type
BagGa,4Ges, than in p-type samples,'? perhaps from differ-
ent site locations of the Ga atoms. Recently in the related
material BagAl,¢Ges, Christensen and Iversen'# showed that
the Ba2 off-center displacement varies dramatically with the
sample preparation. The Ba2 off-center displacements were
found to be in the bc plane for the “normally” grown sample,
while for the “Czochralski-grown” sample the Ba2 displace-
ments were along the a axis, perpendicular to the hexagonal
faces of the Ba2 cage. EXAFS is a powerful atom-specific,
local-structure technique for studying the local atomic dis-
placements (both thermal and static) around a type of atom.
Here we apply it to the BagGa;4Ges system, for both n- and
p-type flux-grown materials. We focus mainly on the thermal
disorder, characterized by an Einstein temperature for the Ba
rattlers or a Debye temperature for the cage structure.

In comparing the rattler vibrations of Ba in the two cages,
observed using different types of measurements, it is impor-
tant to recognize that EXAFS and diffraction measure differ-
ent quantities. EXAFS measures the fluctuation of the bond
length (or more generally the pair distance) between two
atoms; this includes correlations. In many cases, the length
fluctuation of a strong bond can be considerably smaller'
than observed in diffraction thermal parameters which probe
the fluctuations of each atom about a crystallographic point.
When the local environment is anisotropic, the situation be-
comes more complicated. In general, every three-
dimensional oscillator is described by a vibration ellipsoid
with three principal axes. If the system (here one of the
cages) has high symmetry, such that this ellipsoid is approxi-
mately spherical, then all vibrations have about the same
energy and an isotropic model is appropriate. In fact this is
equivalent to using an isotropic model for the U thermal-
parameter ellipsoids in diffraction. For the Bal site such an
isotropic model is a good approximation. To the extent that
the vibrations of the Ga/Ge framework atoms are much
smaller than for Bal—i.e., correlations between Bal and
Ga/Ge displacements are small—then the broadening of the
Bal-Ga/Ge (or Ga/Ge-Bal) pair distribution from EXAFS,
o*(T), and the Bal thermal parameters from diffraction,
U(T), should yield a similar value of the Einstein tempera-
ture.

For Ba2, however, an isotropic model is too simple for
describing the Ba2 vibrations because Ba2 is off center in the
site 2 cage. In this case in general, three vibration frequen-
cies are expected. The shortest bonds will be the strongest
bonds (the off-center displacement arises because of an at-
tractive interaction between Ba2 and the closest cage atoms).
The vibration mode with the largest displacement component
along the shortest bonds will have the smallest values of
0*(T)—and a higher Einstein temperature. In contrast, Ba2
vibration modes that have small components along the bonds
will have much larger vibration amplitudes as 7T increases (a
weaker effective spring constant) and a lower Einstein tem-
perature. In diffraction, using an isotropic thermal-parameter
model for Ba2 (Ref. 6) preferentially sees the larger vibration
amplitudes (bc plane) and will lead to a lower average Ein-
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stein temperature. If a simplified anisotropic model is used
with Uy,=Us3# Uy, it averages over two modes in the bc
plane corresponding to vibrations along the off-center direc-
tion and transverse to it. Such an average will not agree well
with the EXAFS results. The quantity U;; should have a
higher Einstein temperature since most diffraction studies
find a smaller U parameter along this direction. One study
allowed different U,;, #U,,, and # U;; parameters but did
not carry out a full temperature dependence study.'® In Ra-
man spectroscopy, the Raman modes do probe the stretching
of particular bonds. However, when many modes are ob-
served as is the case for the clathrates,'”!8 it may be difficult
to determine which vibration corresponds to which atom
pair.

Other techniques that can probe the partial density of pho-
non states for the X atom (Ba, Eu, or Sr) should also directly
observe the different bond stretching modes. For example,
the anisotropic vibrational behavior in the site 2 cage was
observed by Hermann et al.'® using inelastic nuclear (Moss-
bauer) scattering for the Eu clathrate. They were able to re-
solve the three Eu2 modes in their fits of the Eu partial den-
sity of phonon states. For this clathrate there is good
agreement between the EXAFS Eul and Eu2 (highest) Ein-
stein energies and the corresponding values obtained from
inelastic nuclear scattering. A similar resolution of these
three modes in other clathrates has not yet been achieved to
our knowledge. We return to this issue with respect to the Ba
clathrates in Sec. IV.

To help understand the nature of the three vibration modes
in the type-2 cage, we have developed a simple vibrational
model assuming that only the four closest Ga/Ge neighbors
have a strong bond to the Ba2. This model is presented in
detail in Sec. IV B. It shows that the highest-frequency
modes are approximately along the a axis, while two lower-
frequency modes are in the bc plane.

II. EXPERIMENTAL DETAILS

Single-crystal samples of n- and p-type BagGa,¢Ges, from
the same batches described in detail in Ref. 9 were used as
starting materials in this work. To prepare the EXAFS
samples, the crystals were ground using a mortar and pestle,
passed through a 400-mesh sieve, and then brushed onto
Scotch tape. The tape preferentially holds the smaller grains
(=5 wm) in a thin layer. Two layers of tape were pressed
together (double layer) to encapsulate the powder. For the Ga
and Ge K-edge measurements, two double layers were used,
which gave step heights of 0.35 and 0.44, respectively. Be-
cause the absorption rate goes down quickly with increasing
x-ray energy and the concentration of Ba is lower than that
of Ga/Ge, 30 double layers of tape were needed for the Ba
K-edge measurement. The absorption step height at the Ba K
edge was 0.53.

Transmission EXAFS data at the Ba, Ga, and Ge K edges
of n- and p-type BagGa,;Ge;, powder samples were col-
lected on Beamline 10-2 at the Stanford Synchrotron Radia-
tion Laboratory (SSRL) over a wide temperature range (4—
300 K). The powder samples were mounted in a liquid-He
cryostat, with the tape layers oriented perpendicular (90°) to
the x-ray beam.
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FIG. 2. The Ga K-edge k-space data of n-type BagGa;sGes(. As
the temperature changes from 4 to 300 K, the amplitude of the
oscillations decrease. Solid line—4 K; dashed line—75 K; dotted
line—150 K; dashed-dotted line—225 K; dashed-dotted-dotted
line—300 K. The Ge k-space data are very similar.

For good energy resolution and to cover the wide ranges
of energies from Ga to the Ba K edge (10-38 keV), we used
a double Si(220) monochromator. To reduce the harmonic
content in the x-ray beam, the monochromator was detuned
by 50% for the Ga and Ge K-edge data measurement. For the
Ba K edge, it was detuned slightly to 80% of the beam in-
tensity. The slit was 0.3 mm high and 10 mm wide for all
edges. The energy resolutions, determined mainly by the
height of the slits, were =0.7 eV for the Ga and Ge K edges
and 7 eV for the Ba K edge.

III. EXAFS DATA AND ANALYSIS

The EXAFS data were reduced using the RSXAP
package,?® which implements standard data reduction tech-
niques. First, a pre-edge background is removed. In this cal-
culation, the Victoreen formula is used to ensure that the
slope above the edge after the background subtraction is cor-
rect (i.e., agrees with the Victoreen equation) and is the same
for all traces. An experimental edge position E, was defined
as the energy of the half-height point on the K edge. The
postedge background was then determined using a spline,
with 7 knots for the Ga and Ge K edges and 12 knots for the
Ba K edge [to remove the multielectron excitations and
atomic EXAFS (Refs. 21 and 22); 12 knots did not reduce
the amplitude of the first-neighbor peak for Ba in r space
which occurs above 3 A]. This spline approximates i in
WE)=po[1+x(E)], where x(E) is the oscillatory EXAFS

function. The background-subtracted data x(E) were then
transformed to k space by using the relation k= 2m(E2_ Lo

Examples of the Ga k-space data [kx(k)] are shown in Fig. 2.

Next, the k-space data ky(k) were fast Fourier trans-
formed (FFT) to r space by using a k-space window of k
=3.5-12.0 A~! for the Ga/Ge K edges, with a Gaussian
rounding of the FT window with width of 0.3 A~'. For the
Ba K edge, the FT range is k=3.8—14.2 A~" with a Gaussian
broadening with width of 0.2 A~!.

The EXAFS equation for ky(k) is given by
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(k) = 25 kx(k)

0 (roir ei[2kr+26L.(k)+5,-(k)]
=Im>, A,-J Fi(k,r) 8i(ron") 5 dr,
i 0 r

(1)

A;=NS;, 2)

where g,(ro;,r) is the ith-shell pair distribution function
(PDF) for atoms at a distance ry; from the central atom; these
are Ga, Ge, and Ba for the Ga, Ge, and Ba K edges, respec-
tively. F;(k,r) is the backscattering amplitude, and 8.(k) and
&;(k) are the phase shifts from the central and backscattering
atom potentials, respectively. The amplitude A; is the product
of Sé and the coordination number N;, which is obtained
from diffraction results. S(z), the amplitude reduction factor
(usually between 0.7 and 1), is included to correct for mul-
tielectron effects since multielectron processes contribute to
the edge step height but not to the EXAFS amplitude. How-
ever, experimentally, Sé also corrects for several other small
effects (see Ref. 23). In our fit to the data, we found that for
the best model, if we let S(z) go free at low 7, it would prefer
to stay very close to 1. In subsequent fits we fixed the am-
plitude reduction factor to S3=1.

The data were then fitted in r space to the real and imagi-
nary parts (R and I) of theoretical EXAFS functions (stan-
dards) generated by FEFF 8.20 (developed by Ankudinov ef
al.?*), using the program RSFIT (RSXAP package). In fitting
the EXAFS data, we assumed a Gaussian PDF with a width
o for each bond and constrained bonds with a similar length
and environment to have the same o. Normally in a reason-
able fit, o will get larger as the bond length increases. How-
ever, other parameters can also affect o, particularly the de-
gree of correlation in the atomic vibrations of various atom
pairs. One additional parameter, AE, describes the differ-
ence in edge energy between the value defined for the data
(half height) and the theoretical standard functions (for
which k=0 at E;). It was also determined using the low-T
data and held fixed for fits as a function of 7. Our primary
interests are: (1) the width of the Ga-Ga/Ge and Ge-Ga/Ge
PDFs for the first- and second-neighbor Ga/Ge peaks—this
parametrizes the amount of disorder present in the cage
structure as a function of T; (2) an estimate of the Ba2 off-
center displacement, which determines the distribution of
Ba2-Ga/Ge pair distances in the Ba2 cage; and (3) the widths
of the Bal,2-Ga/Ge PDFs as a function of 7.

A. Ga/Ge data: Fits and results

In Fig. 3 we plot the Fourier-transformed r-space data at
the Ga and Ge K edges for both n- and p-type samples at 4
K; we compare the two edges in Figs. 3(c) and 3(d). Our data
show that the Ga K-edge data for the n- and p-type samples
are the same up to 8 A in r space [Fig. 3(a)]. This indicates
that the local structure around the Ga atoms is essentially
identical for both n- and p-type BagGa,sGes,. Similarly for
the Ge K edge, the nearly identical r-space spectra for n- and
p-type samples [Fig. 3(b)] indicates that the local environ-
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FIG. 3. Fourier-transformed r-space data for (a) the Ga K edge of the n- and p-type samples and (b) the Ge K edge of the n- and p-type
samples. (c) A comparison of Ga and Ge K-edge r-space data for n-type material; (d) a similar comparison for p-type material. The data in
(a) and (b) show almost no difference between the n- and p-type BagGa,¢Ges for either the Ga or Ge K edges. This indicates that the local
structures around the Ga and Ge atoms in n- and p-type samples are essentially the same. (c) and (d) show that the environment about the
Ge atoms appears to be slightly more ordered (larger peak amplitudes) than that about the Ga atoms. The FT k-space window is
3.5-12.0 A~! for Ga/Ge, with a Gaussian rounding with width of 0.3 A=, In this and subsequent figures, the rapid oscillation is the real
part of the transform, R, and the envelope is *VR2+12, where [ is the imaginary part. All plots at 4 K.

ment about Ge is also the same in the two materials. How-
ever, there is a small difference between the local structures
around Ge and Ga: Since Ga and Ge are neighbors in the
Periodic Table, their EXAFSs should be almost identical.
The EXAFS r-space plots in Figs. 3(c) and 3(d) show that
the Ge K data have slightly sharper peaks between 2 and
4 A. This indicates that the disorder about Ge atoms in both
n- and p-type BagGa,4Ges, is smaller than that around Ga
atoms, as found earlier for the (n-type) Sr and Eu clathrates.?

To fit the EXAFS r-space data, we used the neutron
single-crystal diffraction results of Chakoumakos et al.® as
our starting lattice structure for calculating the standard func-
tions. For this clathrate there are three distinct Ga/Ge sites,
which we label M1-M3 and refer to the atoms as Ga/Gel—
Ga/Ge3—see Table I for various pair distances. From previ-
ous results® and our new EXAFS data, the distortions around
the Ga and Ge atoms are small and similar at low tempera-
ture. Consequently we used the same starting structure and
parameters to fit both the Ga and Ge K-edge data for both n-
and p-type BagGa;sGes out to the second Ga/Ge neighbors.

In addition, the Bal atoms at the 2a sites are expected to
be on center;® hence the disorder of the Ga/Ge-Bal distances
should be fairly small (bond lengths of ~3.4-3.6 A). This
small Ga/Ge-Bal peak—on average only 0.87 Bal

neighbors—occurs near 3.2 A in the EXAFS because of the
phase shifts §,.(k) and 8;(k); see Eq. (2). In contrast, for the
Ba2 atoms at the 6d sites, the Ga/Ge-Ba2 distances have a
larger disorder since the Ba2 are expected to be off center by
roughly 0.18 A.25 As a result, there are several Ga/Ge-Ba2
peaks spaced about 0.2 A apart, which are nearly cancelled
out because of interference between the oscillatory parts of

TABLE I. Bond lengths (in angstroms) of X3Ga,;sGes, (X=Ba,
Sr, Eu) calculated using neutron single-crystal- and powder-
diffraction data from Chakoumakos ef al. (Refs. 5 and 6). X1 de-
notes the guest atom at the 2a site; M1 denotes the framework
atoms at the 6¢ site, M2 at the 16i site, and M3 at the 24k site. Note
that the bond lengths are slightly longer for the Ba compound.

BagGa16Ge30 SrgGa16Ge30 EU8G316G630

M1-M3 2.5029 2.4919 2.4843
M2-M?2 2.4414 2.4464 2.4395
M2-M3 2.4958 2.4876 2.4803
M3-M3 2.5415 2.4952 2.4904
M2-X1 3.4385 3.4101 3.4005
M3-X1 3.5534 3.5349 3.5253
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the FT for different 7’s. Only the shortest of the Ga/Ge-Ba2
bonds have a significant amplitude (see Sec. III B). In these
Ga/Ge fits we constrained the Ga/Ge-Ba2 distances to those
obtained in the final fits of the Ba K-edge data and kept the
broadening of these bonds equal. The resulting Ga/Ge-Ba2
peak is very small compared with the Ga/Ge-Bal peak and
can be ignored.

In the Ga and Ge K-edge fits we constrained the FEFF
standards such that the average material remains cubic. The
ratios of the bond lengths between different Mi sites were
kept constant and only an overall expansion/contraction was
permitted. However, we allowed the local distortions (param-
eterized by the PDF width o,) about Ga to be different from
that about Ge. The neighbors around the central Ga or Ge
atom were separated into three shells. The first shell contains
the nearest-neighbor Ga/Ge atoms from 2.441 to 2.542 A
(M2-M2, M2-M3, M1-M3, and M3-M3)—these four over-
lapping peaks sum to form the EXAFS peak observed near
2.2 A. The second shell contains Bal with two distances,
M?2-Bal and M3-Bal (see Table I). It also includes the short-
est Mi-Ba2 distances as described above. In these Ga/Ge fits,
we constrained the Ga/Ge-Ba2 distances to those obtained in
the final fits of the Ba K-edge data (Sec. III B) and kept the
broadening of these bonds equal. The resulting Ga/Ge-Ba2
peak is very small compared with the Ga/Ge-Bal peak and
can be ignored. The third shell includes the farther-neighbor
Ga/Ge atoms from 3.970 to 4.095 A (M2-M2, M1-M2,
M2-M3, and M3-M3)—again these four peaks sum to form
the EXAFS peak near 3.8 A. We constrained the o’s of the
PDFs to be the same for all the peaks in the same shell
except the o’s for the Mi-Ba2 pairs which could be different
from those for the Mi-Bal pairs. We also initially set each of
the pair distances to the structure from diffraction and as-
sumed a random distribution of Ga on the three Mi sites. AE,
was set equal to the average value obtained for the lowest
temperature data, and again, Sé is fixed at 1.

In a second series of fits, we used a single Ga-Ga/Ge
standard function with N=4 (previous fit used four standards
with the N’s summed to 4 and the r’s constrained to maintain
a cubic structure). In these fits we determined an average r
and o the quality of the fits was comparable to the fits
above. The average value of r is identical to the weighted
average of the four peak distances within errors.

In Fig. 4 we show examples of the fits of both the Ga and
Ge K-edge data for the n-type BagGa,sGes, sample. The fits
are very good—comparable fits were obtained for the p-type
sample. The goodness of fit decreases as T increases to 300
K (a factor of 2.5 for the Ge K-edge data, for example) but
the fit is still good.

From the fits we extracted o2 for each shell and plot them
as a function of temperature in Fig. 5. The relative error bar
shown in the figure is determined by the variation of o
obtained from three data traces at a given temperature; the
size of the relative error bar is typically comparable to the
size of the symbols. Systematic errors, which should be the
same for all traces, are roughly +5X 10 A?Z; to first order
such systematic error shifts each of the o*(T) curves verti-
cally. The Ga-Ge/Ga PDF for the first shell has less disorder
(i.e., smaller ¢?) than the Ga-Ge/Ga PDF for the third shell,
which is as expected. We then fitted ¢*(7) for the first-shell
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FIG. 4. r-space fits to the Ga and Ge K-edge data: (a) shows the
4 K Ga K-edge data of n-type BagGa,cGeso and the fit to it; (b)
shows the 4 K Ge K-edge data of the same n-type sample and the fit
to it.

Ga-Ga/Ge pairs to the correlated Debye model. This model is
usually a good approximation for all phonon modes includ-
ing acoustic and optical phonons?® and is given by

) 3 [P w fw
O p=T—— —5 C;; coth dow, (3)
2Mply 2ksT

where wp, is the Debye frequency, C,»j is a correlation func-
tion given by 1-sin(wr;;/c)/(wr;/c), and czz—g, where k&, is
the Debye wave number. The correlated Debye temperature
0,p is hwp/kg. Here o?(T~0) gives the zero-point-motion
value. The slope of o*(T) vs T is very low at low T and
increases at high T (T>0®,.,) to a constant value, deter-
mined by the spring constant, reduced mass, and C;;. See
Refs. 27 and 28 for details.

We obtained correlated Debye temperatures O, of 410 K
for n type and 415 K for p type, which are very comparable
to the ~400 K reported earlier for SrgGa;4Gesy and
EugGa,Ges.2 For the Ge K edge, we have data for only two
temperatures (4 and 300 K) but the results for the first-
neighbor shell are similar to the Ga K-edge results for both
the n- and p-type samples.

From the fits we also obtained the average nearest-
neighbor Ga-Ga/Ge and Ge-Ga/Ge bond lengths. Compared
to the average structure determined in diffraction studies, the
first-shell Ga-Ga/Ge bond length is slightly increased, while
the first-shell Ge-Ga/Ge distance is slightly contracted—the
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FIG. 5. (a) o2 vs T for the first Ga/Ge-Ga/Ge peak (first shell).
(b) 0 vs T for the second Ga/Ge-Ga/Ge peak (third shell)—note
change in vertical scale. (c) o2 vs T for the Ga/Ge-Bal peak (sec-
ond shell). In all plots, the solid symbols are for the n-type samples,
the open symbols are for the p-type samples, and the solid and
dashed lines are the correlated Debye [(a) and (b)] or Einstein
model (c) fits to the data for n-type material. Fits to the p-type
material are similar (slightly stiffer) but not shown. Also, because
the n- and p-type data overlap, we have shifted the temperature of
all the p-type data (open symbols) by 3 K to make them easier to
see. The correlated Debye temperature © ., for the first Ga/Ge-
Ga/Ge peak is 410 K for n type and 415 K for p type. For the
second Ga/Ge-Ga/Ge shell, ® ., is 275 K for both n and p types.
For the Ga-Bal peak, the Einstein temperature @ is ~80 K for n
and p types.
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difference is consistently about 0.02 A for all
temperatures—but with a reproducible error of 0.01 A. This
difference is slightly smaller than the difference between the
covalent radii—Ga is 0.04 A larger. We reanalyzed the Eu
clathrate data and obtained a similar result. The small differ-
ence is consistent with the lack of significant static disorder
for the nearest-neighbor peaks in either the Ga or Ge EXAFS
data [see Fig. 5(a)]—at low T, ¢2(T) arises primarily from
zero-point-motion disorder. Since there are four distinct
Mi-Mj pairs, there might in principle be larger differences
between Ga and Ge for specific pairs but these cannot be
determined from the EXAFS data. Note that in this fit we
have explicitly included the effect of different Mi-M;j bond
lengths by using a weighted sum of appropriate standards
using the values of the bond lengths from diffraction.> Only
the average bond length was allowed to vary and it is this
average that is consistently longer (for every temperature) for
the Ga data.

One difference between the two edges is that in the first
and third (second Ga/Ge shell) shells, o2 for Ga is larger than
for Ge. For example, o2 at 4 K for the third shell is about
20% larger for the Ga edge data compared to the Ge edge
data (see Fig. 5). Consequently the Ga sites are more disor-
dered than the Ge sites at the first and second Ga/Ge distance
within the cages but only slightly. In contrast, for the Eu and
Sr clathrates, the second-neighbor Ga-Ga/Ge peak is consid-
erably more disordered than the corresponding Ge-Ga/Ge
peak.® Since the earlier analysis used old theoretical stan-
dards and slightly different assumptions in the fit, we refitted
the Eu clathrate data by using an identical model to that used
here for the Ba clathrates, to provide a more consistent com-
parison. In these new fits, o2 for the second-neighbor Ga-
Ga/Ge and Ge-Ga/Ge peaks is larger at both edges (i.e., more
disorder) for the Eu clathrate compared to those for the Ba
clathrate. However there is no obvious difference in the
Ga/Ge data [or the extracted o*(T) plots] between the n- and
p-type samples for the Ba clathrate. Note that this disorder
for the second Ga/Ge peak (third neighbor) must be bond
angle disorder and not disorder in the nearest-neighbor dis-
tances as discussed above. The reduction in disorder within
the cage framework for the Ba clathrate compared to that for
the Eu clathrate likely plays a significant role in the in-
creased thermal conductivity for the Ba compound but does
not explain the difference between n- and p-type materials.

For the Ga-Bal peaks, the disorder at low temperature is
small but ¢” increases rapidly with increasing temperature—
see Fig. 5(c). Because the Ba atoms move as local oscillators
within the Ga/Ge-cage structure, we fit this peak to an Ein-
stein model. The Einstein temperature ® is 80 £5 K, close
to the value previously reported for the Eul-Ga/Ge pairs in
EugGa,sGes.® At the Ge edge, o for Ge-Bal is lower than
for Ga-Bal, particularly at 300 K, which indicates a slightly
larger value of ®, ~100 K. However with only two data
points, this value is much less accurate. It suggests that there
may be small differences in the coupling between Ga-Bal
and Ge-Bal. Here, unlike the results for the Ga/Ge peaks,
there is also a consistent but tiny difference between n- and
p-type materials: o2 for p type is a bit lower than that for n
type at nearly every temperature and for both Ga and Ge
edges. This may indicate that the effective bond between Ba
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FIG. 6. Ba K-edge data at 4 K for both n- and p-type
BagGa16Ge30.

and Ga or Ge is slightly stronger for p type, which would
lead to a larger phonon scattering and a lower thermal con-
ductivity. However this result is at the limit of our estimated
errors and needs further verification.

B. Ba K-edge data

In Fig. 6 we show the r-space data for the n- and p-type
samples at 4 K. Note that there is very little difference be-
tween the two traces, which indicates that the local structures
are very similar. The nearest-neighbor Bal-Ga/Ge contribu-
tion occurs near 3.1 A, while the first-shell Ba2-Ga/Ge con-
tributions are spread from about 3.1-4.3 A. The second
peak from 5-5.5 A is primarily a Bal-Ga/Ge second-
neighbor contribution. In this case note that we are averaging
over both Ga and Ge nearest neighbors and cannot distin-
guish between the two.

For the Ba atoms, early diffraction results® showed that
the Bal atoms are on center in the smaller cage (2a site).
Assuming a 6d site (on center) for Ba2 in the larger cage
leads to a large thermal parameter Ujggopic- Alternative mod-
els have the Ba2 displaced from the cage center within the bc
plane; the 24k off-center sites (partial occupancy is 25%) are
displaced from the cage center along the b or ¢ axis, while
the 24; sites are displaced at 45° to the b or ¢ axis. The most
recent x-ray-diffraction and neutron-scattering results sug-
gest that the displacement from the center is between 0.15
and 0.25 A (Ref. 25) with a small a component. However,
the actual Ba2 displacement is not yet understood. Chris-
tensen et al.?® also suggested that the off-center direction
changes with increasing 7 and for some values of 7', analysis
of the diffraction data suggests ring-shaped nuclear density
profiles in the bc plane for the Ba2 position.

EXAFS is extremely sensitive to very small distortions,
and the broadening of a peak by a continuous distribution of
bond lengths over a range of distances on the order of 0.2 A
reduces the peak amplitude dramatically. Consequently the
proposed ringlike distribution of Ba2 sites should very
strongly suppress the Ba2-Ga/Ge multipeak in the EXAFS
r-space data. However, the first peak in the EXAFS data is
too large to be explained by only a Bal contribution; thus
there must be some Ba2 contribution present. A simulation
using ten points around 1/8 of a ring with radius of 0.2 A for
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FIG. 7. The distances from Ba2 to its Ga/Ge neighbors as a
function of the off-center displacement D for (a) the (D,D,0)
model and (b) the (0,0,D) model. The solid lines represent the
distances to atoms at the nearest M3 sites (3.6196 A), the dashed
lines are for atoms at the M1 sites (3.8042 A), the dotted lines for
atoms at the M2 sites (3.9953 A), and the dashed-dotted lines for
atoms at the farther M3 sites (4.1570 A). In most cases, each line
represents more than one atom pair; see Table II. A similar plot for
the (d,D,0) model was given in Ref. 8.

the Ba2, plus the on-center Bal (with a small thermal broad-
ening of 0=0.05 A—close to the zero-point-motion contri-
bution), reduces the peak amplitude to ~50% of the experi-
mental data. (Note that as a result of symmetry, only 1/8 of a
ring is necessary.) Consequently the observed amplitude of
the first peak in the EXAFS data is inconsistent with a uni-
form ring of displaced Ba2 sites for these samples (or for the
previous Eu and Sr clathrate samples).

In the fits a number of constraints are required to have a
reasonable number of variables. For the Bal site, we con-
strained the two Bal-Ga/Ge bond lengths in the first shell to
the crystallographic structure so that only the overall size of
the Bal cage (i.e., the lattice constant) is allowed to vary.
This maintains the cubic structure and imposes the constraint
that Bal is on center. We also use the same o for the two
peaks. The amplitude for Bal-Ga/Ge is set by the number of
neighbors in the crystal structure, the fraction of Ba in the
type-1 cage, and SS: 1. Thus two parameters are used for the
Bal site: a small average change in the Bal-Ga/Ge bond
length, Ar (we report the total r), and o.

For the Ba2 site, a large number of off-center displace-
ment models were tried. We started with the 24k (0,0,D)
and 24j (0,D,D) models used in diffraction®>® in which all
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TABLE II. A comparison of the slopes s; for the various displacement models for Ba2. After each slope
the type of neighbor (M1, M2, or M3) and the degeneracy are also given. The first column gives the
undistorted bond lengths for the four Ga/Ge distances. In general the lines should have curvature but are
nearly straight for small D. The slopes are calculated from the crystal structure by using D=0.1 A.

Bond length  Slope No. (d,D,0) Slope No.
(A)

3.6196 1 -0.443; M3 (4) 1
2 0.256; M3 (2) 2
3 0.695; M3 (2) 3
4
3.8042 4 -0.809; M1 (1) 5
5 0.128; M1 (2) 6
6 0.611; M1 (1) 7
3.9953 7 -0.816; M2 (2) 8
8 -0.510; M2 (2) 9
9 0.485; M2 (2) 10

10 0.881; M2 (2)
4.1570 11 -1.012; M3 (1) 11
12 0.042; M3 (2) 12
13 0.967, M3 (1) 13

(D,D,0) Slope No. (0,0,D)
-1.083; M3 (2) 1 -0.550; M3 (2)
-0.367; M3 (2) 2 -0.326; M3 (2)
0.200; M3 (2) 3 0.375; M3 (2)
1.316; M3 (2) 4 0.588; M3 (2)
~1.414; M1 (1) 5 ~0.694; M1 (1)
0.027; M1 (1) 6 0.026; M1 (2)
0.727: M1 (2) 7 0.720; M1 (1)
~0.654; M2 (2) 8 ~0.842; M2 (2)
0.344; M2 (2) 9 ~0.477; M2 (2)
1.038; M2 (2) 10 0.515; M2 (2)

11 0.857; M2 (2)
~1.131; M3 (1) 12 —0.988: M (1)
0.175; M3 (2) 13 0.024; M3 (2)
0.853; M3 (1) 14 0.989; M3 (1)

the Ba2-Ga/Ge distances are determined by one off-center
displacement parameter (D) for Ba2—see Table II, as in our
earlier work.® In addition we grouped the Ba2-Ga/Ge bonds
that had similar distances into three groups and used the
same o within each of these groups. Thus for Ba2, we need
four parameters—the quantity D and three values for o. Such
constraints are needed to keep the number of varied param-
eters small. We also allowed a fraction of the Ba2 sites to
remain on center. None of these models gave a good fit. In
addition, several of the o parameters were unphysical—very
small (less than required for zero-point motion) or very large
values of o, which makes those peaks negligibly small. This
means that the distribution of Ba2-Ga/Ge distances deter-
mined by these two models does not agree with the data. We
also allowed a front-back distortion and allowed a few Ba2-
Ga/Ge pairs to be unconstrained—this improved the fits but
not greatly. If we allowed the Bal-Ga/Ge distances to be free
parameters, it fits a little better in several models. However
in that case the Bal-Ga/Ge distances shorten significantly by
0.04 A, which is not consistent with either neutron- or
x-ray-diffraction results.

Next, we used the model in which the Ba2 atom is dis-
placed toward the most distant M3 site—the (d,D,0) model
(d=0.154D) (again a 24k site model). This makes the dis-
tances to the four closest M3 sites equal as was used for the
EugGa,¢Gey, system—see Table I1.8 Again we also allowed a
fraction of Ba2 to be on center. These fits generally required
a significant fraction of the Ba to be on center, but the quality
of fit was comparable to the above fits with no significant
improvement. Such fits were motivated originally by the lo-
cal fourfold rotation inversion of the Ba2 cage.

In reviewing the Ba2-cage structure, we realized there is
another off-center displacement that has a single fourfold
rotation inversion symmetry—a displacement toward the
closest M1 site in the hexagonal rings of the cage (again a

24k site). This displacement has a larger a component, with
the displacements given by (D, = D,0) or (-D,0, = D)—see
Table II. The closest Ga/Ge neighbors would be two M3 site
atoms. In using this model, the goodness-of-fit parameter
improved by a factor of 5-10 and the resulting values of o
were no longer unphysical. The fit using this model is far
superior to all the other models we tried and is discussed in
detail in the comparison below for the (D,D,0) and (0,0,D)
models. It should be pointed out that the above model as-
sumes that the cage remains nearly rigid. If a few Ga/Ge
atoms nearest the Ba2 move toward Ba2 (a distortion of the
cage), then a smaller value for the @ component of the Ba2
displacement is sufficient. We return to this in Sec. I'V.

C. Detailed Ba fit constraints: A comparison of the (0,0,D) and
(D,D,0) models

For Ba2, there are four Ba2-Ga/Ge distances for the on-
center case but many more distances for the off-center
models—for example, 13 distances for the (D,D,0) model
and 14 for the (0,0,D) model [plus 13 for the (d,D,0) de-
scribed briefly above]; see Table II. As shown in Fig. 7 for
the (D,D,0) and (0,0,D) models, each Ba2-Ga/Ge distance
is a nearly linear function of the off-center displacement D
for small D. Then Ar;=s;D, where D is the off-center dis-
placement parameter for a given model, Ar; is the change in
the ith Ba2-Ga/Ge distance, and s; is the slope for that dis-
tance shown in Table II. The lines with a negative slope are
associated with the Ga/Ge atoms on the side of the cage
toward which the Ba2 is displaced, which is referred to as the
“front of the cage,” while those lines with positive slope
represent the Ga/Ge atoms on the opposite side of the cage,
which is the “back of the cage.”

In the fits, the Ba2-Ga/Ge distances are constrained ac-
cording to the model being tested—all the distances are re-
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FIG. 8. 4 K Ba K-edge data of n-type BagGa,sGe;, and its fit
using the (D, D,0) model. The fit r range is from 2.8 to 4.3 A; the
k range is from 3.8 to 14.2 A~

lated to the off-center displacement parameter, which is al-
lowed to vary. There is one parameter D if the cage is
assumed to be uniform and two if the front and back of the
cage have different distortions. The amplitude is determined
by the fraction (75%) of Ba in the type-2 site and the number
of neighbors for each distance (see Table II). For o we ex-
pect the shortest bonds to have a small value, while longer
bonds—particularly for motion approximately perpendicular
to the shortest bonds—have larger values. Based on Fig. 7,
we have used three different o’s to fit the Ba2 contribution.
The same constraints were used for both n- and p-type
BagGa,Ges. The overall shift (AE,) of E, is also kept con-
stant for all the fits through the full temperature range. The
value of AE, for the Ba K edge is determined at low tem-
peratures, where the EXAFS data have the best signal-to-
noise ratio. An average value is obtained by averaging the
results from fits of several sweeps at low 7. The fit range for
all the fits is from 2.8 to 4.3 A, and the k range is from 3.8
to 14.2 A~'. Thus there are eight total parameters when us-
ing the (D,D,0) or the (0,0,D) model. This increases by
one if a front-back distortion is allowed and two additional
parameters (an average o and the on-center fraction) are
needed if an on-center fraction is included.

An example of a good fit is shown in Fig. 8; here the
(D,D,0) model fits the data surprisingly well using the con-
straints described above. The off-center displacement pro-
jected onto the bc plane is around 0.15 A for both n- and
p-type BagGa,;(Ges, data, which is consistent with the dif-
fraction results.> No front-back distortion nor any on-center
component is needed, and all the o’s are physical. Note that
below ~2.5 A, multielectron excitations and atomic EXAFS
effects are expected”*?' and a good fit is not expected below
~2.5 A.

In Fig. 9, we plot o> vs T for the Bal- and Ba2-Ga/Ge
bonds and the Einstein fit to them. The Einstein temperatures
for both n- and p-type samples are quite similar at each shell.
These results show that the shortest Ba2-Ga/Ge bonds have
the smallest o—the T dependence is well modeled by an
Einstein temperature—®;=86*+10 K. In this case (for
which we are using the same o’s for several bonds of similar
lengths), there is no obvious difference in the Ba2-Ga/Ge o
between n- and p-type materials.
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FIG. 9. ¢*(T) extracted from Ba K-edge data: (a) the Bal-Ga/Ge
and (b) first-shell Ba2-Ga/Ge. In all the plots, the solid symbols are
for the n-type samples and the open symbols are for the p-type
samples; the solid lines are the Einstein fits to the n-type data. We
show only the fit to the n-type data because the fit to the p-type data
is very similar and hence has the same fit results.

The Einstein temperature for the Bal-Ga/Ge pair from the
Ba K-edge fit is about 100 K for both n- and p-type
BagGa,¢Ges,. This is to be compared with the results from
the Ga and Ge edges; for Ga-Bal, ®;~80 K and for Ge-
Bal, 100 K. Since there are many more Ge atoms than Ga
atoms and the Ga position is a bit more distorted than for Ge,
these results are in reasonable agreement. There may well be
a slight difference between the couplings of Ba to Ga and
Ge, but it cannot be observed in the Ba K-edge data. o*(T)
for the longer Ba2-Ga/Ge bonds shows more disorder and a
reliable value for ®; was not obtained.

IV. DISCUSSION AND CONCLUSIONS

A. Structural results

Fits to the Ga and Ge K-edge data show that the Ga/Ge
cages are slightly disordered. The Ga-Ga/Ge bonds are a bit
longer, while the Ge-Ga/Ge bonds are slightly shorter than
the average distances from diffraction, but the difference is
small, ~0.02 A, and slightly less than reported for the Eu
and Sr samples.® There is more disorder around the Ga atoms
(i.e., o2 is slightly larger for Ga) for both the first and second
Ga/Ge neighbors. However this disorder is substantially
smaller for the Ba clathrate compared to that for the Eu
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clathrate,® particularly for the second neighbors. This likely
plays a role in the higher overall thermal conductivity for the
Ba clathrates compared to the Eu and Sr materials, as re-
ported by many authors—see Ref. 10 and references therein.
The temperature dependence of o for the nearest-neighbor
shell is well described using a correlated Debye model with
0,p~410-415 K, very close to the value of 400 K ob-
served for the Eu and Sr clathrates.

For the Ba environment, the fluctuations in the Ba-Ga/Ge
bond lengths are probed from three perspectives in
EXAFS—from the Ga, Ge, and Ba sites, using Ga, Ge, and
Ba K-edge EXAFSs, respectively. These results may not be
exactly the same because, for example, the spring constants
between Ga and Bal may not be exactly the same as between
Ge and Bal. For the Ba EXAFS, we can obtain only a
weighted average of the two types of bonds. More impor-
tantly the sensitivity to Ba motion is quite different between
the Ba edge data and either the Ga or Ge edge data. For the
latter, Ga and Ge atoms have on average (for random Ga
occupation) only 0.87 Bal neighbors and 1.57 Ba2 neigh-
bors, compared with 4 Ga/Ge neighbors in the first shell and
approximately 11 Ga/Ge neighbors in the second Ga/Ge shell
near 3.8 A. Consequently the Ga-Bal or Ge-Bal peak in the
Ga or Ge r-space plot is much smaller (see Fig. 4, near
3.2 A). Furthermore the small Ba2 peak is smeared out be-
cause of the Ba2 off-center position and is negligible. Thus
no information is available regarding the Ga/Ge-Ba2 bonds,
from the Ga or Ge EXAFS.

In contrast from the Ba K-edge perspective, there are on
average 5 Ga/Ge neighbors corresponding to Ba on the Bal
site and 18 Ga/Ge neighbors for Ba on the Ba2. These give
much larger peaks for Ba-Ga/Ge than for Ga-Ba (or Ge-Ba)
in the Ga (Ge) data, and the Ba2-Ga/Ge contribution is sig-
nificant although broadened. Thus we can obtain an Einstein
temperature for the closest Ga/Ge neighbors for Ba2 and for
Ga/Ge neighbors about Bal.

The Ba EXAFS shows that Bal can be well described as
a rattler atom with an FEinstein temperature @~ 100 K
(similar results of 80-100 K are obtained from the weak
Ga-Bal and Ge-Bal peaks in the Ga and Ge K-edge data).
However the Ba2 site is more complex. First, the overall
amplitude is too small for Ba2 to be on center. Second, simu-
lations show that the amplitude of the Ba EXAFS is much
too large for the Ba2 to be uniformly distributed in a torus-
like distribution. The best fits are obtained using an off-
center model in which the Ba2 is displaced toward the M1
sites—the (D,D,0) model; it is a 24k model with a signifi-
cant *a component.

Why does the (D,D,0) fit significantly better than the
(0,0,D) or the (d,D,0) model? [The goodness-of-fit param-
eter is a factor of 5-10 times better for (D,D,0).] The an-
swer likely arises from the distribution of bond lengths, par-
ticularly the shorter bonds, as shown in Fig. 7. For discussion
purposes consider the bond length distribution at D
=0.15 A. The (D,D,0) model has two bonds at a short dis-
tance of 3.46 A, while the (0,0,D) model has four bonds at
~3.55 A. The next shortest clusters of bonds have five
bonds near 3.6 A for the (D,D,0) model and five bonds
near 3.7 A for the (0,0,D) model. The improved fit for the
(D,D,0) model stems from a smaller number of short bonds
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and a significantly shorter distance for these bonds—shorter
by 0.1 A compared to that for the (0,0,D) model with D
=0.15 A.To investigate this further, we let the three shortest
bond lengths of the (0,0,D) model go free with the ¢’s for
these bonds constrained to be equal (adds three parameters to
the fit). The resulting bond lengths of these three shorter
bonds are quite similar to the three shortest bonds in the
(D,D,0) model. The fit is greatly improved over the
(0,0,D) fit but is still not quite as good as the constrained
(D,D,0) fit; thus more than just the three shortest bonds are
important. However, adding more parameters is not justified
for the fit range and the k range of the data.

The off-center displacement in the bc plane is D
~0.15 A, in good agreement with diffraction results for dis-
placements in this plane. Note that some diffraction results
do allow for an a component of the displacement but it is
small.>® Thus there is some inconsistency in comparisons
with diffraction when considering the @ component. If the
Ba2 is assumed to be on center, the anisotropic U parameter
is large in the bc plane (consistent with a Ba2 displacement
within this plane) but smaller along the a axis.®”?* In con-
trast the (D,D,0) model (under the assumption that the
Ga/Ge cage around the Ba2 is undistorted) requires the same
a-axis displacement component—0.15 A. Similarly, the
more recent diffraction results>> which allow for an a com-
ponent also find it to be small. One way to reconcile these
two results is to allow the Ga/Ge cage to distort slightly [the
(D,D,0) model assumes an undistorted cage]. Ba2 goes off
center because it is attracted to some atoms in the surround-
ing cage—the closest two M3 sites in the (D,D,0) model. If
these two Ga/Ge atoms move toward Ba2 slightly—a slight
buckling of the Ga/Ge cage—then a short Ba2-Ga/Ge dis-
tance can be achieved with a smaller ¢ component for the
Ba2 displacement. If only a few Ga/Ge atoms per cage (such
as the M3 atoms) are involved, it will also have a small
effect on the thermal parameters for the Ga/Ge sites. If some
of these distorted sites contain Ga as suggested for M3
sites,”?” the slightly larger Ga-Ga/Ge distance (observed
from the Ga K-edge measurements) may promote such a
distortion. Varying such a cage distortion would modify the
coupling between the cage phonons and the rattler, but varia-
tions in the coupling are difficult to quantify.

However, note that a reduced number of shortest bonds
between the Ba2 rattler and the Ga/Ge cage would also re-
duce the rattler-cage coupling compared to that for the Eu
case. (Remember that the Einstein temperatures for these
shortest bonds are comparable—® ;~86 K for Ba2 and 93
K for Eu2; within our errors these are the same values, i.e.,
comparable bond strengths.) A variation in the number of
shortest bonds (Ba2-Ga/Ge bonds) as a result of different
distributions of Ga on the M1-M3 sites (i.e., slight changes
in the Ba2 off-center direction depending on which Mi sites
are occupied by Ga) could significantly change the rattler-
cage coupling and hence the thermal conductivity. However,
this requires knowledge of the Ga distribution.

In comparing with other measurements, it is important to
first point out that many analyses have neglected the fact that
in the anisotropic site 2 cage there should be three vibration
frequencies. We noted this previously® and develop a simple
vibrational model in Sec. IV B. Hermann et al.' discussed
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TABLE III. Angles between the four shortest Ba2-Ga/Ge bonds and the a, b, and ¢ axes; e.g., ¢,, is the
angle between bond i and the a axis. If i and j have the same angle, we label it as ¢, j,. In the OODQ model,
we assumed the Ba2 atom is displaced from the center along the ¢ axis with a displacement D=0.2 A, while
in the DDO model, the Ba2 moves off center toward the M1 sites with D=0.15 A, and the total displacement

~0.2 A.

Model P14 b1 b1 2c D344 P3.4p P3.4c
00D 40.0 68.8/111.2 58.0 139.3 54.5/125.5 72.4
DDO 42.7 71.1 53.4/126.6 44.6 113.5 54.7/125.3

this aspect in detail. As noted in Sec. I, they were able to see
the three Eu2 peaks in their fit of the Eu partial density of
phonon states obtained in nuclear inelastic scattering. Her-
mann et al. also compared the Ba vibration energies obtained
from various measurements for Ba, Sr, and Eu—see Table 2
of Ref. 19. For Ba atoms, using inelastic neutron scattering,
they saw a broad peak (at 10.7 meV or ~124 K, with width
of 3 meV) with a low-energy shoulder (4.9 meV). They sug-
gested that the shoulder is the lowest of the three Ba2 peaks,
while the other Ba2 peaks, the Bal peak, and some weight
from Ga/Ge modes overlap in the large peak. The Einstein
energies we find in the EXAFS study range from 80 to 100 K
or from 6.9 to 8.6 meV and are in the energy range for which
Hermann et al. found a deviation in their simple two-peak fit
(see inset of Fig. 1 of Ref. 19). Thus the band of Ba partial
phonon density of states appears to exist from about 3.5 to
9.0 meV, a range nearly identical to that found for the Eu
partial phonon density of states by Hermann et al.

Note that for the Ba clathrate, the rattling energy for the
shortest Ba2-Ga/Ge and Bal-Ga/Ge pairs are comparable. If
we restrict the discussion to the results from the Ba K edge
alone, the shortest Bal-Ga/Ge bonds have a slightly higher
Einstein temperature than for the Ba2-Ga/Ge bonds (100 K
vs 86 K, but with uncertainties of 10 K). However at the Ga
edge the Einstein temperature for Bal-Ga/Ge is lower (80
K). Thus we cannot say conclusively which is larger.

For the Eu and Sr clathrates, we consistently found larger
values of @ for the shortest X2-Ga/Ge bonds; © Ep, 1S
~95 K for the shortest Eu2-Ga/Ge bonds, and © Epy, is
~80 K for Eul. For the Sr clathrate, the difference is some-
what 1arger—®ESr2 is ~127 K for the shortest Sr2-Ga/Ge
bonds and ®ESr1 is ~99 K for Sr1-Ga/Ge. For the Ba system
however, the Ba K-edge data suggest a reversed order,
@EB&1 >0 Ep, While the Ga K-edge data indicate the same
order as in the Eu and Sr clathrates. Thus these are compa-
rable energies, © Egy ™ Q) Epyo’ within our uncertainties. These
results agree quite well with the theoretical results of Gatti et
al.’® They found that for the Ba clathrate, the Bal-cage and
Ba2-cage (shortest bonds) interactions are comparable, while
for the Sr clathrate, the Sr2-cage interaction (shortest bonds)
is larger than for the Srl cage. They also report a reduced
number of stronger X-cage bonding interactions for the off-
center displaced X2 atoms, in agreement with our results.

Several heat-capacity measurements have also found en-
ergies in this range.*!%1316 However Ba atomic displacement
parameters (ADPs) from diffraction studies suggest some-
what higher energies for Bal (10.4—10.7 meV) but the three
Ba2 modes could not be resolved.”'® Bentien et al.” used a

simplified anisotropic model for Ba2 with U,,=Us3 to mini-
mize the number of parameters. This assumes that the spring
constant for vibrations along the off-center direction is com-
parable to that for vibrations transverse to the off-center di-
rection. However this will depend on the details of the
model.

We should point out that an even more complex possibil-
ity might occur for the Ba clathrates. Christensen and
Iversen'# found different off-center Ba2 directions for differ-
ent sample preparations (b or ¢ displacement for normal
growth and an a displacement for Czochralski growth). If a
mixture of such Ba2 off-center displacements occurred in
some samples, the simple models used here would be insuf-
ficient (and a mixture model would require too many param-
eters).

B. Simple anisotropic vibration model for Ba2

In this section we develop a simple three-dimensional
(3-D) vibration model for the off-center Ba2 atom; it could
easily be applied to the off-center Eu or Sr systems. Here we
consider the (0,0,D) and (D,D,0) off-center displacement
models and make the assumption that the main forces on the
rattler atom arise from the four shortest bonds, which are
nearly the same length. Although an approximation, the short
bonds do have the largest effect—and the spring constant
generally decreases rapidly with increasing distance. The
models developed here show the three distinct modes of vi-
bration for the rattler, as described in Sec. I. It also allows a
comparison with the Raman data.

e |' @ Co
o ‘o o)

FIG. 10. Here we plot the relative positions of the four nearest
Ga/Ge atoms (pattern filled circles) in the Ba2-Ga/Ge cage based on
the 00D model. The diagram on the left shows the ab plane projec-
tion; the diagram on the right shows the ac plane projection (here
two Ga/Ge with the same a,c coordination overlap; hence we can
see only two Ga/Ge atoms). The open circle is the Ba2 atom which
is displaced from the origin by 0.2 A along the ¢ axis.
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To set up Newton’s equations for the Ba2 vibrations, we
assume equal spring constants « for the four bonds and write
the equations by using the (a,b,c) coordinate system (see
Fig. 1). If the Ba2 atom is displaced a distance r=r(x,y,z),
where x is a small displacement along the a axis, y is that
along the b axis, etc., from the equilibrium position, then the
equations of motion for the x, y, and z displacements will
depend bilinearly on the cosines of the angles between the
three axes and each bond direction. For the (0,0,D) model
(Fig. 10), the four nearest cage atoms are M3 sites. We define
the angle between the four bond directions and an axis by
¢; o Wwhere a=a, b, or ¢ and i runs over the four bonds. See

X 4 COSZ ¢ia
Mo’y | = k2 | cos ¢y, cos ¢y,
b4 =\ cos ¢y, cos ¢y

The solution to these equations that has the highest vibration
frequency will be in a direction that has the highest compres-
sion of all bonds, while the lowest frequency will be that
which has the smallest compression of the bonds. These
three frequencies yield the three Einstein temperatures dis-
cussed previously. For the angles given in Table III for the
(0,0,D) model, the ratio of the frequencies is w;:w,: o
=1:0.63:0.53, with the highest frequency of 1.55vVk/Mg,,.
This is also the ratio of the Einstein temperatures for the
three modes of vibration. The mode vibration directions are
not quite parallel to the coordinate axes and are given by

0.98 -0.21 0
i=l o |, m=| o | a=|1
0.21 0.98 0

For the DD0 model, the ratio of the three frequencies will be
1:0.5:0.81, with the highest frequency of 1.45vVk/Mpg,. In

this case, the mode directions i, i, and 71 are nearly along the
three coordinate axes a, b, and c, respectively.

Since the small vibrations can be expressed as compo-
nents along the three principal axes,

&= Orid + Or, it + Or A, (5)

and the EXAFS technique is primarily sensitive to the lon-
gitudinal bond changes. We project the distortion onto the
four Ba-Ga/Ge bonds directions:

OF i1+ €;= Or; cos 6+ b, cos b;,,+ or, cos 6;,, (6)

where ¢; is a unit vector pointing along the ith bond direc-
tion. To obtain an averaged distortion o2, we need to square
and average over the four bonds and then sum over the
modes (< > denotes a thermal average):

0't20t= ((Origy - éi)2> (7)

cos ¢y, €S ¢
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Table III for all the angles for the (0,0,D) model.
As an example, for the x motion,

4
Mpg,X=— KE (cos? @i X +COS Py, COS by 1y

=1
+C08 ¢, COS Py 7). (4)

Replacing ¥ by —w?x, etc., leads to a 3 X3 set of coupled
equations that need to be solved to obtain the three vibration
frequencies and eigenvectors (which determine the three
principal axes):

cos ¢;, cos ¢y, cos ¢p;, cos ¢y, \ [ x

cos ¢y, cos ¢ ||y
cos? b

cos’ b,

4 4 4
1 1 1
=<5r12>22 cos® 0+ <5rfn)12 cos? 0, + <5ri>22 cos® 6,
i=1 i=1 i=1

(8)

=07cos? 6+ a2,c0s” 6, + a-cos’ 6, 9

where cos? =334 cos? 6, etc. The resulting temperature
dependence for o is given by

— Ok — Opm
o (T) = a7 cos® 6, coth( 2_KT> + 07 cos? 6, coth(z—KT

— 0
+ 07 cos’ 6, coth(ﬂ). (10)
2kT

Here o'lz(T) has been replaced by 0'120 coth(;T”T) within the
Einstein approximation. In this model 0',20 is proportional to
1/ M ,6;; consequently if we know the ratios of the Einstein
modes, we also know the ratios o7,: 0 02 Then if one or
more Einstein temperatures are available from Raman mea-
surements, we can then simulate the EXAFS ¢*(T) [Eq. (10)]
and determine an average Einstein temperature to compare
with the EXAFS results.

Takasu et al.'® reported Raman studies for the Ba clathrate
and found two modes which they assigned to the rattler
motions—at 34 and 64 cm™!. In their plots for the three
polarizations, there is also a third peak near 45 cm™!, which
was not identified. The ratios of these three modes are
1.0:0.70:0.53. The ratio of the highest to lowest Raman rat-
tler frequency, 1:0.53. is remarkably close to the calculated
ratios above—1:0.53 for the (0,0,D) model and 1.0:0.5 for
the (D,D,0) model. The relative ratio for the unidentified
mode (0.7) is between the middle-frequency results for the
two models—0.63 for (0,0,D) and 0.81 for (D,D,0).

Using the highest Raman rattler frequency (64 cm™,
~93 K), the calculated frequency ratios, and the calculated
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values of cos® 6, we have computed the average value of
o>(T) and fitted it by using an effective Einstein temperature
for comparison with the EXAFS results. The calculated re-
sults are 70 K for the (0,0,D) model and 76 K for the
(D,D,0) model, while the experimental EXAFS result is 86
K. Considering the errors in the EXAFS (10 K), some
error in the Raman results, and the simplicity of the model,
there is remarkable agreement between the Raman results
and the EXAFS results—both in ratios of mode energies and
with the average Einstein temperature observed in EXAFS.
We should note that the vibration modes do depend
strongly on the assumption as to which bonds dominate. For
example, for the (D,D,0) model, the four shortest bonds are
not equal in length and a simpler model would be to use only
the two shortest bonds. Then two modes would compress the
bonds, while one (with a low vibration frequency) would
have very little compression of these bonds. This latter vi-
bration would be in a direction perpendicular to the bonds
(cos® §,~0) and would not contribute significantly to o>.

C. Thermal conductivity

Finally we return to the large difference in the thermal
conductivity between n- and some p-type BagGa;cGes
samples,'” which in part motivated this detailed local-
structure comparison. We find no major difference in the
local structure around Ga, Ge, or Ba between n- and p-type
materials. In both cases the Ba2 site is off center by compa-
rable amounts and the disorder in the Ga/Ge cages is also
similar in the two materials, although significantly smaller
(in these samples) than for the Eu and Sr clathrates. This
helps explain the generally larger thermal conductivity in the
Ba material compared to the Eu material. The EXAFS data at
the Ga and Ge K edges do weakly suggest there may be
differences between n- and p-type materials in the coupling
between the cage phonons and the rattlers—perhaps as a re-
sult of different charge densities in the n- and p-type cages,
different screening,31 or different distributions of Ga on the
Mi sites; but the effect is close to the uncertainty in the
parameters. However it is in the right direction—a stronger
coupling for p-type material would make the p-type thermal
conductivity lower. This effect is not observed in the Ba
K-edge EXAFS because in that case we averaged over Ga
and Ge neighbors and had to constrain many parameters—
particularly the o’s. Small differences would then be washed
out.

Whatever the scattering mechanisms are, the lattice ther-
mal conductivity data*’ show that the scattering rate for
phonons in n-type Ba material is weaker than for p-type Ba,
or for n-type Eu and Sr materials, in the temperature range of
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5-50 K. (We do not address the results below 5 K; Bentien et
al.3! argued that this temperature regime is better described
by strong electron-phonon coupling than by a tunneling
model.) We then have two possibilities:

(1) If the scattering is primarily a lattice effect, then there
must be a change in the coupling between the lattice phonons
and the Ba atoms if the Ba atoms produce most of the pho-
non scattering. Such a change in coupling is hard to measure
as it may not vary the rattling behavior or off-center dis-
placement much. Blake et al.?® found that there is consider-
able electronic screening between the guest atoms (here Ba)
and the cage. If this electronic distribution is changed by
varying the Ga content within the Ga/Ge lattice, the scatter-
ing of phonons by the Ba atoms will change. The smaller
number of shortest Ba2-Ga/Ge bonds (compared to Eu and
Sr samples) observed in the EXAFS data suggests another
way in which this coupling might vary from sample to
sample.

(2) The very strong electron-phonon scattering proposed
by Bentien et al.’' to explain the low-T thermal conductivity
results may also modify the rattler-cage coupling. That is,
they suggested that the significantly lighter charge-carrier ef-
fective mass in n-type Ba clathrate leads to a large reduction
in the electron-phonon coupling, which may reduce the
rattler-cage coupling.

In summary we find that at the local-structure level, the
local distortions about Ga, Ge, and Ba are essentially the
same in both n- and p-type materials. The Ba rattling fre-
quencies along the bond distances are 86 K for Ba2 and
80-100 K for Bal. Note that the Einstein energy for the
shortest Ba2-Ga/Ge bonds will be larger than an average
rattling energy as in principle there should be three degrees
of vibration for the three principle axes of the vibration el-
lipsoid. For the simple model presented, the highest energy
of vibration is roughly along the a axis (the vibration has a
large amplitude along the shortest bonds), and two softer
vibrations are roughly along the b and ¢ axes. In EXAFS, ¢°
is a weighted sum of the components of the three modes
along the bond direction. The EXAFS data suggest that there
may be a slight difference in coupling between n- and p-type
materials—perhaps from changes in the local charge distri-
butions with changes in Ga content. However, additional ex-
periments are necessary to explore these possibilities.
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