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We present a detailed extended x-ray absorption fine structure 共EXAFS兲 analysis of the thermoelectric
clathrates Eu8Ga16Ge30 and Sr8Ga16Ge30, both of which have an unusually low thermal conductivity attributed
to a “rattler” motion of the filler atoms Eu and Sr. The EXAFS results show that the Ga/ Ge lattice is quite stiff
with a high correlated Debye temperature ⬃400 K. Eu is on-center in the site 1 cage but off-center
共0.445± 0.020 Å兲 in the large cage called the Eu2 site. The results for Sr are similar, but ⬃75% are off-center
0.40± 0.05 Å and ⬃25% are on-center in the Sr2 site. Both results are in reasonable agreement with diffraction
results. The temperature dependence of the nearest neighbor pair distribution widths yield low Einstein temperatures 共80± 10 and 100± 10 K for Eu1 and Sr1, respectively, and 95± 10 and 125± 10 K for the shortest
Eu2 - Ga/ Ge and Sr2 - Ga/ Ge pairs兲. In contrast, the more distant Eu2 / Sr2 - Ga/ Ge pair distributions within the
Eu2 / Sr2 cage are strongly disordered even at low T, indicating considerable local disorder. This indicates that
the off-center Eu or Sr atom is bonded to the side of the site 2 cage. This has two important implications for
the thermal conductivity: it increases the coupling between the “rattler” vibrations and the lattice phonons and
it introduces a symmetry-breaking large mass defect.
DOI: 10.1103/PhysRevB.71.024202

PACS number共s兲: 72.20.Pa, 61.10.Ht, 66.70.⫹f

I. INTRODUCTION

Recently, a number of materials with open crystal structures, such as the skutterudites and some filled clathrates,
have attracted attention because of their potential as thermoelectrics. When voids in these structures are filled with another type of atom 共e.g., Ce, Eu, Sr兲, the thermal conductivity, , is greatly reduced and can approach that of a glass. A
low value of  is a prerequisite for improving the figure of
merit ZT for a thermoelectric 共defined as ZT= TS2e / 兲,
where S is the Seebeck coefficient, T is temperature, and e
is the electrical conductivity.1–3 Some existing thermoelectrics can have ZT close to 1—a goal is to increase ZT by a
factor of 3 or more. To do so we need a better understanding
of these materials on a fundamental level. Slack4 introduced
the idea of an electron-crystal/phonon-glass to describe the
high electrical and low thermal conductivity characteristics
of an ideal thermoelectric material. For these open crystal
structures, the main lattice-framework provides the high
electrical conductivity 共often semiconductor-like兲 while the
low thermal conductivity is attributed to the scattering of
phonons by the filler atom located within “cages” of the
structure. The addition of filler atoms changes the properties
considerably.5–8
For the filled type-I clathrates 共e.g., Eu8Ga16Ge30兲 the
ideal material should be an intrinsic semiconductor; each Ga
is defficient by one electron 共16 per formula unit兲 while Eu
and other +2 filler ions provide two electrons 共again 16 per
formula unit兲; if the compound is stoichiometric and the distribution of atoms homogeneous, there is no net doping. An
alternative way to view this Zintl material is as a highly
compensated semiconductor. The filler atoms are donors—
they donate electrons to the Ga/ Ge framework and the filler
atom is expected to have a net positive charge. Ga atoms in
Ge form p-type donors—and if p-type carriers become delocalized, then Ga should have a net negative charge.
1098-0121/2005/71共2兲/024202共19兲/$23.00

However, the actual charge on the rattler atom has been a
recent question of debate. Although experimental papers
treat Sr, Ba, and Eu as +2 ions,9,10 early calculations of the Sr
clathrate suggested that Sr was essentially neutral11—and an
x-ray absorption near-edge structure 共XANES兲 paper appeared to agree.12 More recent calculations by Gatti et al.13
indicate that Sr and Ba in these clathrates are largely ionic,
but the partioning of charge in their model is based on
quantum mechanics and not geometric considerations. In
addition, XANES might not be a good way to probe
the valence issue for many semiconducting/Zintl materials.
We have carried out extended x-ray absorption fine structure 共EXAFS兲 experiments on a large number
of skutterudites of the form LT4X12 共L = Ce, Eu, Yb; T
= Fe, Ru, Os; X = P , Sb兲;14–16 XANES studies on the same
samples show that for Fe, Ru, Os, and Sb, the absorption
edge in the skutterudite sample overlaps that of the elemental
metal very well.17 A resolution of the discrepancy between
Zintl and more ionic materials is outside the scope of this
paper but may depend on similar arguments to those of Gatti
et al.13
A more important question that has not really been addressed is the effective charge on the Ga atoms. Gatti et al.13
argue that the rattler-cage interaction must be electrostatic
because of the electron charge transfer from the rattler atom
to the Ga/ Ge framework, but they do not discuss variations
of electron density on the Ga and Ge atoms. If the electrons
are highly delocalized one might treat the cage as having a
uniform negative charge; however, if the Ga are partially
negative then the rattler will be more attracted to them and
that would determine the strongest bonds. We return to this
possibility in the Discussion section.
A complication to the above ideas is that for most investigations of filled-clathrate materials, defects and nonstoichiometry usually result in n-type semiconducting behavior. For
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such n-type materials, a low thermal conductivity has been
observed9,10 with filler atoms Ba, Sr, or Eu, which occupy
two cages in the clathrate structure, referred to as sites 1 and
2.10,18 In these materials all three atoms have large thermal
parameters in diffraction studies 共but much larger for Eu and
Sr兲. The temperature dependence indicates that these atoms
vibrate with low energies; consequently they fit the description of “rattler” atoms. It is well known that such oscillators
can resonantly scatter phonons for phonon frequencies near
the vibration frequency of the “rattler.”1 However, for n-type
Ba8Ga16Ge30, the temperature dependence of the thermal
conductivity is more like that of a crystal 关i.e., 共T兲 has a
peak at low T, near 20 K兴10 while the Eu and Sr versions are
more glasslike with a plateau region above 200– 250 K and a
decreasing thermal conductivity at lower T, with another
small dip/plateau region near 20– 30 K.9,10 In addition, the
magnitude of the thermal conductivity for a given filler atom
共in n-type materials兲 varies considerably between samples at
low T.9,10,19,20
The difference between the behavior for the Ba and the
Eu/ Sr n-type systems is not well understood—but appears to
be related to Eu and likely Sr having a large off-center
displacement9,10,21–23 in the Eu2 and Sr2 sites, while Ba2 is
on-center.10 For the off-center case, there are then several
equivalent off-center positions 共here 4兲 and in general the
off-center atom 共Eu and Sr兲 can tunnel between equivalent
sites, as is well known for off-center systems in the alkali
halides. For heavy off-center defects such as Ag and Cu, the
tunneling24,25 is very slow 共⬍20 GHz兲 compared to phonon
frequencies and therefore the tunneling states should only
scatter phonons at low T, 艋1 K. The tunneling frequencies
have not yet been determined in the clathrates 共an upper
limit, Ⰶ1 K, has recently been determined26兲 but little else is
known about them.
Very recently, p-type single crystal material has been prepared by growing the crystal in a Ga-rich environment. For
p-type Ba8Ga16Ge30, the thermal conductivity is greatly reduced and has a slight dip/plateau region near 20 K, similar
to that for the Eu and Sr systems.19 Unfortunately there is, as
of yet, no structural information about this p-type material,
particularly as to whether the Ba is, or is not, displaced offcenter within site 2. Bentien et al.19 note that there is an
unusually wide range in the thermal conductivity reported
for Ba8Ga16Ge30 at low T; 共T兲 is quite high for some n-type
materials and nearly two orders of magnitude lower for the
p-type material at 10 K.10,19,20 Although Sales et al.10 find Ba
on-center in their single crystal samples, Bentien et al.19
question that result and instead suggest that the wide variation in the properties of the filled clathrates at low T is primarily the result of changes in phonon/charge-carrier scattering; however, they do not explain why two n-type samples of
nearly the same carrier concentration and effective mass can
have carrier scattering lengths that vary by an order of magnitude. Until detailed structural measurements for a range of
Ba samples are available, this issue cannot be resolved.
In this paper, we present a detailed local structure study of
n-type Eu8Ga16Ga30 and Sr8Ga16Ga30 to address several issues. First, using EXAFS, the off-center displacement can be
directly measured and the Einstein frequency determined for
the 共radial兲 rattler mode vibration of Eu2 or Sr2 toward the

nearest neighbor Ga/ Ge. This is different from the isotropic
thermal parameters for Eu and Sr measured in diffraction.
Assuming the tunneling frequencies are of the same order as
observed in the alkali halides, the tunneling will be slow and
quasistatic from the perspective of the phonons, and an offcenter Eu2 or Sr2 will form a bond to the nearest Ga/ Ge
atoms—we show that the PDF for this short bond is well
defined, with a fairly low static broadening and a temperature dependent width, well described by a correlated Einstein
model. The resulting correlated Einstein temperatures E are
larger than the lowest value reported in diffraction 共an isotropic average兲 but agree quite well with peaks in the Raman
spectra.
We argue that the off-center rattlers produce two effects of
importance for lowering the thermal conductivity of thermoelectric materials: 共1兲 the off-center atom is bound to the
nearest Ga/ Ge atoms in the cage and hence its local mode
vibrations are more strongly coupled to the phonons of the
Ga/ Ge lattice than for an on-center atom, and 共2兲 the random
occupation of the four off-center positions by the heavy Eu
or Sr atoms produces a symmetry-breaking heavy mass defect that should scatter intermediate phonon wavelengths
effectively.
The outline of the paper is as follows: in Sec. II we provide some of the experimental details about the samples and
the EXAFS technique. The data are presented in Sec. III, and
the detailed fits, including the constraints used, are described
in Secs. IV and V. The results are discussed and compared
with other measurements in Sec. VI, which also includes a
discussion of the implications for thermal conductivity. The
conclusions are summarized in Sec. VII.
Background: Clathrate structure

The clathrate crystal structure 共space group Pm3n兲 is
composed of two polyhedral groups 共cages兲 made up of
34.78% Ga and 65.21% Ge 共i.e., a 16:30 ratio in the stoichimetric compound兲. Each of the cages encloses a Eu/ Sr atom.
The first 共smaller兲 cage, referred to as the Eu1 / Sr1 site, contains 20 Ga/ Ge atoms and holds 25% of the Eu/ Sr. For this
site, the Eu/ Sr atom remains on-center. The more numerous
Eu2 / Sr2 cage 共75% of the Eu/ Sr兲, shown in Fig. 1, contains
24 Ga/ Ge atoms and is formed of three types of crystallographic sites 关M1共6c兲, M2共16i兲, and M3共24k兲兴.18,27 This
cage is proposed to house a rattler atom 共Eu or Sr兲.
Neutron diffraction studies on n-type material suggest that
the Eu2 / Sr2 rattlers are displaced off-center to one of two
Wyckoff sites, 24k or 24j. 24k is equivalent to Eu2 being
displaced along the ±b̂ or ±ĉ axes, see Fig. 1. We call this a
共0 , 0 , ⌬兲 or 共0 , ⌬ , 0兲 displacement. The 24j displacement
model has the Eu2 displaced equally along the b̂ and ĉ axes,
toward the midpoint between two M2 sites 共Fig. 1兲. This is
called a 共0 , ⌬ , ⌬兲 displacement. The magnitudes of the displacement ⌬ from neutron diffraction are ⬃0.4 and ⬃0.3 Å
for Eu8Ga16Ge30 and Sr8Ga16Ge30, respectively.18,27
In addition, the neutron diffraction thermal ellipses also
show significant broadening along the â axis; consequently a
small displacement along the â axis is also possible. Adding
a small â component leads to a modified 24k displacement
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scattering amplitude of the photoelectron from neighbors i 共it
includes mean-free path effects兲, and gi共r0i , r兲 is the 共Gaussian兲 pair distribution function for the atoms at a distance r0i.
The phase shifts, ␦c共k兲 and ␦i共k兲, correspond to the central
and backscattering atom potentials, respectively. The amplitude Ai is defined by Ai = NiS20 where Ni is the coordination
number of shell i and S20 is the amplitude reduction factor
that arises from many-body effects and small corrections to
the effective mean-free path in the theoretical functions. The
parameters C3 and C4 describe the asymmetry and the kurtosis of the PDF and usually can be neglected unless the
k-range is very long. Finally, the photoelectron wave vector k
is defined by k = 冑2me共E − E0兲 / ប2, where E0 is the binding
energy for the absorption edge under study.
III. XAFS DATA
FIG. 1. The Eu2 / Sr2 cage showing the M-sites 共from Refs. 18
and 27兲; M1 site—white; M2 site—diagonal lines; near M3 site—
diagonal crosshatch; distant M3 site—horizontal lines.

model, 共␦ , ⌬ , 0兲, discussed in detail in Sec. IV A. The reason
we consider other models is that the forces that move the
atom off-center are determined by the minima in the local
potential, which are dominated by a few nearest neighbors
assuming the interactions with the nearest neighbors are essentially equivalent.
II. EXPERIMENTAL DETAILS

XAFS data were collected as a function of temperature at
the Stanford Synchrotron Radiation Laboratory 共SSRL兲 for
the Sr, Ga, and Ge K-edges, and the Eu LIII-edge of
Eu8Ga16Ge30 and Sr8Ga16Ge30. The measurements were carried out on beamline 4-3 using Si 220 monochromator crystals. The monochromator was detuned 50% to reduce harmonics; the slit height was 0.7 mm for all edges, giving
energy resolutions of 0.5, 1.3, 1.3, and 2.8 eV for the Eu LIII
and Ga, Ge, and Sr K-edges, respectively. At each temperature, the sample position was reset 共because of thermal
expansion/contraction of the probe兲 so that the region of the
sample studied remained the same 共within ⬃50 兲. The data
were reduced using standard procedures29–31 to yield XAFS
oscillations as a function of k.

A. Samples

The sample preparation has been reported earlier.10 The Sr
material is identical to that investigated in Ref. 27 while the
Eu version is prepared the same way as the samples studied
in Ref. 18. For the EXAFS samples, a small amount of single
crystal material was ground and then passed through a 400mesh sieve. Next, the resulting fine powder was spread onto
Scotch tape using a fine brush. In this process the larger of
the fine particles were removed; typical remaining particle
size is ⬍10 . Several layers of tape were then stacked to
make samples with an absorption step height between 0.3
and 1 for the different edges.
B. XAFS technique

The experimental EXAFS function  is obtained from the
absorption data using the equation  = 共 − 0兲 / 0, where 
is the absorption coefficient for the edge 共pre-edge background removed兲 and 0 is the background 共embedded atom兲
function.28
The EXAFS equation we use in analyzing the data is
k共k兲 =

兺i ki共k兲 = Im 兺i kAie2/3k C
4

⫻

冕

⬁

0

Fi共k,r兲

3
4i i关2␦c共k兲+␦i共k兲−4/3k C3i兴

gi共r0i,r兲ei2kr
dr,
r2

e

共1兲

where i is the XAFS function for shell i, Fi共k兲 is the back-

A. Eu LIII- and Sr K-edges

Plots of the Eu k-space and r-space data at low, mid, and
high temperature are shown in Figs. 2共a兲 and 2共b兲. Figure
2共a兲 shows the high quality of the Eu k-space data from
3.00 to 11.00 Å−1. The amplitude at high k decreases rapidly
with increasing temperature and above 11.00 Å−1 little
XAFS signal remains for much of the temperature range.
Consequently, we used a k-range of 3.50 to 10.50 Å−1 for the
Fourier transform 共FT兲 to generate the r-space data; examples are shown in Fig. 2共b兲. The Sr k-space data are
shown in Fig. 3共a兲. Again the amplitude at high k decreases
rapidly with T; here we used a k-space range of
3.50 to 11.50 Å−1 to generate the FTs. Some examples of the
Sr r-space data are shown in Fig. 3共b兲.
Within the two cage structures there are several different
Eu/ Sr- Ga/ Ge distances 共see Table I兲 ranging from
3.4 to 4.5 Å. A peak in the XAFS r-space data is always
shifted slightly to lower r, typically by 0.3 Å, because of a
well known phase factor. For both the Sr and Eu edges the
sum of the peaks near ⬃3.15 Å in Figs. 2共b兲 and 3共b兲 共corresponding to distances near 3.5 Å兲 is large at low temperatures indicating little disorder 共small broadening兲 for the
shorter Eu/ Sr- Ga/ Ge nearest neighbor distances. The amplitude of this peak which has contributions from both cages is
strongly temperature dependent, decreasing by ⬃75% between 15 and 310 K. This implies that the shorter Eu/ Sr
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FIG. 2. 共a兲 The Eu LIII-edge k-space data for three different
temperatures. 共b兲 The Fourier transform of the data in 共a兲 for a
transform range of 3.50– 10.50 Å−1, with a 0.3 Å−1 Gaussian
broadening. In this and other Fourier transform 共FT兲 plots, the envelope is defined as ±冑FT2R + FTI2, where FTI is the imaginary part
and FTR the real part of the FT. The high frequency curve inside the
envelope is FTR. The first peak 共⬃3 – 4.4 Å兲 represents the shell of
neighboring atoms 共the cages兲 surrounding the central Eu atom
while the second and third peaks 共above 5 Å兲 represent more distant Ga/ Ge neighbors outside these cages.

- Ga/ Ge pairs are connected by relatively weak springs compared to the stiffness of the Ga/ Ge structure 共see Sec. V C.
In contrast, the amplitude of the sum of the peaks in the
3.5– 4.4 Å range is very low and shows little temperature
dependence. The peaks that contribute in this range correspond to the longer Sr/ Eu- Ga/ Ge distances within the
Sr2 / Eu2 cages. The small amplitude at low T implies that a
large amount of static disorder is present for these Eu/ Sr
- Ga/ Ge pairs; the vibrational motions of these more distant
Ga/ Ge neighbors relative to Eu2 / Sr2 may also be uncorrelated or possibly negatively correlated.
The peak between 5.00 and 6.00 Å also shows a strong
temperature dependence, indicating that the longer Eu/ Sr
- Ga/ Ge pair-distances are ordered at low T but become partially thermally disordered at 300 K. This peak corresponds
to distances outside of the Ga/ Ge cage immediately surrounding the Eu/ Sr.
It is also interesting that with the exception of a phase
change of the real part of the FT 共FTR兲, the shapes of the Eu

FIG. 3. 共a兲 The Sr K-edge k-space data for three different temperatures. 共b兲 The Fourier transform over a k-range of
3.50– 11.50 Å−1, with a 0.3 Å−1 Gaussian broadening. Here again
the first peak represents the nearest neighbor shell of atoms 共the
cages兲 surrounding the central Sr atom while the second and third
peaks represent Ga/ Ge neighbors outside these cages.

and Sr r-space data are similar. This reflects their similar
local structure.
B.

FEFF7

simulations for Eu/ Sr

Further understanding can be developed by first simulating the XAFS data using a sum of theoretical EXAFS functions 共standards兲, without any fits to the experimental data.
These are calculated using the computer program FEFF732
共developed by Rehr and co-workers兲, which calculates the
theoretical XAFS functions i, defined in Sec. II B.
Theoretical EXAFS standards were generated for the
Eu1 / Sr1 on-center sites and the Eu2 / Sr2 共0 , 0 , ⌬兲, 共␦ , ⌬ , 0兲,
and 共0 , ⌬ , ⌬兲 off-center models. Of the 20 Ga/ Ge atoms surrounding an Eu1 / Sr1, eight are at a distance of 3.41 Å and
12 are at ⬃3.52 Å. The site 2 cage contains 24 Ga/ Ge, but
since the central Eu2 / Sr2 is off-center, the positions and degeneracies of these standards are more complex and depend
on the magnitude of the displacement. They are discussed in
more detail in Sec. IV A.
In Figs. 4共a兲 and 4共b兲 the simulations for the Eu1 / Sr1 site
are shown assuming the same broadening of each of the
cage-neighbor pair distribution functions. For realistic values
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TABLE I. Examples of nearest neighbor distances 共in Å兲 from Eu/ Sr to Ga/ Ge when Sr2 is displaced
0.35 Å and Eu2, 0.45 Å.
Sr1

Sr2共0 , 0 , ⌬兲

Sr2共␦ , ⌬ , 0兲

Eu1

Eu2共0 , 0 , ⌬兲

Eu2共␦ , ⌬ , 0兲

3.4094
3.5242

3.4019
3.4827
3.5435
3.6821
3.7250
3.7985
3.7989
3.8045
3.8139
4.0374
4.1596
4.1648
4.2767
4.4963

3.4415
3.4444
3.5030
3.6865
3.6928
3.7959
3.8043
3.8366
3.8366
4.0019
4.1507
4.1733
4.2860
4.4890

3.4005
3.5253

3.3443
3.4492
3.4688
3.5898
3.6940
3.7601
3.7622
3.7992
3.8537
4.1030
4.1625
4.2058
4.3538
4.5834

3.3959
3.3998
3.4158
3.6041
3.6828
3.7112
3.7499
3.8481
3.9020
4.0583
4.1736
4.1947
4.3656
4.5744

of  the amplitude of the Eu1 / Sr1 standard at 3.10 Å is not
large enough to model the experimental data. Therefore the
Eu2 / Sr2 sites must also contribute at this distance.

Similarly, Figs. 5共a兲, 5共b兲, 6共a兲, and 6共b兲 show uniformly
broadened standards 共 = 0.10 Å兲 for the 共0 , 0 , ⌬兲 and
共␦ , ⌬ , 0兲 models at various Eu2 / Sr2 off-center positions. The
共0 , ⌬ , ⌬兲 standards are not shown because they were found to
be poor models for the data. For a significant off-center displacement, the Eu2 / Sr2 - Ga/ Ge standards have considerable
amplitude in the 3.0– 3.2 Å region 共with  = 0.10 Å兲 and
make up for the missing amplitude that would arise if one
attempted to model this range of distances using only the
Eu1 / Sr1 site. Also note the changing phase shift of FTR as
the off-center displacement increases from 0.0 to 0.3 Å.
Consequently, when combined with the Eu1 / Sr1 contribution, the phase of the resultant is shifted slightly in opposite
directions 共near 3.15 Å兲 for off-center displacements of 0.0
and 0.3 Å 共see Figs. 5 and 6兲. Only for the off-center case
does the phase 共and the amplitude兲 of the resultant agree
with the data. This is direct evidence of the necessity for
Eu2 / Sr2 to be off-center.
However, the overall shape of this uniformly broadened
simulation for the Eu2 site does not describe the experimental data well over the entire range from 3 to 4.4 Å. In contrast to the results for the short distances, the simulations for
the longer Eu/ Sr- Ga/ Ge distances 共3.6– 4.4 Å兲 must be
broadened significantly 共 ⬃ 0.20 Å兲 to match the amplitude
of the data. This suggests that there is a large static disorder
and/or the vibrations are uncorrelated for the longer Eu
- Ga/ Ge and Sr- Ga/ Ge pair-distances in the Eu2 / Sr2 cage.
It also should be noted that the FEFF7 calculations yield a
non-negligible Eu1 / Sr1 multiple scattering contribution between 3.00 and 4.20 Å 共see Fig. 4兲 that must be included in
the detailed fits.
C. Ga/ Ge XAFS data

FIG. 4. 共a兲 The Eu1 single and multiple scattering FEFF7 standards with a uniform broadening of  = 0.10 Å. 共b兲 The Sr1 single
and multiple scattering standards with  = 0.07 Å.

Plots of the Ga and Ge r-space data 共K-edge兲 for the
Eu8Ga16Ge30 and Sr8Ga16Ge30 samples are shown in Figs.
7共a兲, 7共b兲, 8共a兲, and 8共b兲 for three different temperatures. For
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FIG. 5. 共a兲 A sum of the Eu2 FEFF7 standards for the 共0 , 0 , ⌬兲
model using off-center displacements 0.00, 0.35, and 0.45 Å. 共b兲 A
similar sum for Sr2 using off-center displacements of 0.00, 0.20,
and 0.30 Å.

both samples, the data looks almost identical for each edge.
This is expected since Ga and Ge are neighbors in the periodic table 共Z = 31 and 32兲. Also, because the data look identical for both samples, it shows that the type of rattler atom
has little effect on the behavior of the Ga/ Ge cages.
The first two peaks in these plots occur at ⬃2.10 and
3.66 Å and correspond to the two shortest Ga/ Ge- Ga/ Ge
distances in the structure. The weak temperature dependence
of the first peak implies that the bonds between the nearest
neighbor Ga/ Ge atoms are stiff while the stronger temperature dependence for the second peaks shows that the effective spring constant between second neighbor Ga/ Ge atoms
is softer. This is not unexpected because small changes in the
bond angles would produce significant changes in the second
neighbor distances even if the bond lengths were constant.
Additionally, a very small peak 共near 3.0 Å in Figs. 7 and
8兲 should correspond to the Ga/ Ge- Eu/ Sr distances. However, no obvious peak is present at this distance—it is severely broadened—and is not included in the fits.
IV. DETAILED FITTING PROCEDURES AND
CONSTRAINTS

The general fitting procedures are similar for each edge.
Appropriate FEFF7 functions are first calculated for each peak

FIG. 6. 共a兲 A sum of the Eu2 FEFF7 standards for the 共␦ , ⌬ , 0兲
model 共 = 0.1 Å兲 using off-center displacements of 0.00, 0.35, and
0.45 Å. 共b兲 The same sum for Sr2 using off-center displacements of
0.00, 0.20, and 0.30 Å.

as described above for the simulations and then summed
together with variable parameters to mimic the data using a
program called RSFIT31 共formerly called FIT兲; this program
fits in r-space. However, each local environment will require
a different set of constraints. In general there can be six
parameters varied for each peak 关see Eq. 共1兲兴: the amplitude
NS2o, the atom-pair distance r, the width of the pairdistribution function , the asymmetry parameter C3, the
kurtosis parameter C4, and small changes in the edge energy,
⌬Eo which determine where k = 0 occurs for the photoelectron. Usually C3 and C4 have little influence on the XAFS
k-space data until k is quite large; consequently when the FT
range is short, as is the case here, they can often be neglected. Although some asymmetry 共C3兲 might be expected
for the off-center sites at high T, there are not enough free
parameters to obtain a unique fit including the C3 parameter
because of the complicated clathrate structure. Thus we will
not discuss the C3 and C4 parameters further for this system.
The amplitude parameter NS2o is determined at low T.
Since we know the coordination number N from diffraction
data, this is a measure of the parameter S2o which describes
many body effects. This parameter is then kept constant for
fits at higher temperatures to minimize the effect of the correlations between the amplitude and the width .
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FIG. 7. 共a兲 The Ga K-edge r-space data for Eu8Ga16Ge30 at three
different temperatures. 共b兲: The Ge K-edge r-space data for the
same sample.

FIG. 8. 共a兲 The Ga K-edge r-space data for Sr8Ga16Ge30 at three
different temperatures. 共b兲 The Ge K-edge r-space data for the same
sample.

A. Eu/ Sr

equal. This is expected from local symmetry arguments,
since if the nearest neighbors dominate the local potential,
any minima will be at a point that is equidistant from them;
consequently that is where the Eu2 most likely would be
found. For this reason, it might be the more physically plausible model. This argument assumes the bonding to Ga and
Ge are comparable; a significant difference in bonding
strength, plus the nonuniform Ga/ Ge distribution would
change it.
Twenty pair-standards were used in the fit. Three represent Eu1 - Ga/ Ge pairs 共one of which is the multiple scattering contribution兲, 15 represent Eu2 - Ga/ Ge pairs; again one
is the sum of the small multiple scattering contributions. Another represents a composite peak for a possible on-center Eu
atom contribution and the last represents the tails of the
peaks at higher r, which have a small contribution within the
fit range. Many constraints are needed to keep the number of
parameters below the maximum possible number of degrees
of freedom33—they are described below. All multiple scattering peaks are constrained such that the distances, amplitudes,
etc. are consistent with the single scattering peaks.
The ’s are constrained according to the cage they are
associated with. The two ’s for the Eu1 cage are set equal
while the 16 for the Eu2 cage are separated into four different Eu2 subgroups as shown in Fig 9. The Eu2 groupings are
motivated by the argument that the Eu2 - Ga/ Ge standards
for the short bonds must have small ’s while those that
contribute at high r should have large 共static兲 ’s to account
for the apparent disorder in the data between 3.5 and 4.4 Å
共see Figs. 2 and 3兲.

Here we first describe the constraints for the Eu2 sites; the
constraints for the Sr2 site are nearly identical. Neutron diffraction studies indicate a displacement of the Eu2 within the
plane of the Eu2 cage 共i.e., the bc plane in Fig. 1兲 with four
off-center displacements 共the 24j and 24k sites兲. The
24j-site, our 共0 , ⌬ , ⌬兲 model, assumes that the Eu2 is displaced equally along the ±b̂ and ±ĉ axes in the bc plane,
toward the midpoint between two M2 sites. Our XAFS
analysis indicates that this type of displacement agrees
poorly with the data and therefore is not considered further
here; we return to this result in the Discussion. A similar
result was found in diffraction studies.18,27 The second type
of displacement used in diffraction studies 共24k兲—our
共0 , 0 , ⌬兲 model—assumes that the Eu2 is displaced along
either the ±b̂ or ±ĉ axis, toward a point just above or below
the more distant M3 site 共see Fig. 1兲.
However, the Eu2 cage does not have simple four-fold
local symmetry but rather four-fold rotation-inversion symmetry about the a-axis if the Ga/ Ge difference is ignored.
共Since the Eu2 - Ga and Eu2 - Ge standards are very nearly
identical we cannot differentiate various distributions of Ga
on the different crystallographic sites.兲 Our third off-center
displacement model retains the rotation-inversion
symmetry—it is a displacement toward the most distant M3
site in the cage, i.e., a ±b̂ displacement ⌬, plus a small component ␦, in the ±â directions 共␦ = 0.154 ⌬兲; we label this
model 共␦ , ⌬ , 0兲. For this type of displacement the distances
to the four equivalent nearest neighbors 共M3 sites兲 are also
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FIG. 9.  groups for the fits: Closest neighbors 共M3/M1兲—
white; second nearest neighbors 共M2/M3兲—diagonal lines; middle
neighbors 共M1/M2/M3兲—crosshatch; distant neighbors 共M2/M3兲—
horizontal lines.

The Eu1 positions are all constrained to their relative crystallographic proportions so that only the overall
size of the Eu1 cage is allowed to vary. This maintains
the cubic structure and imposes the constraint that Eu1 / Sr1
is on-center.
As shown in Fig. 10 the Eu2 positions are more complex.
Here, each line represents a Eu-cage-neighbor distance as a
function of the Eu off-center displacement. In most cases the
lines represent more than one atom pair, i.e., they are degenerate. Those lines that have a negative slope are associated
with the Ga/ Ge atoms on the side of the cage toward which
the Eu2 is displaced; similarly, those that have a positive
slope represent the Ga/ Ge atoms on the opposite side of the
cage. These two groups are referred to as “front of the cage”
and “back of the cage,” respectively. It should be noted that
while the four nearest M3’s are represented by two twofold
degenerate lines in the 共0 , 0 , ⌬兲 case, they collapse onto each
other in the 共␦ , ⌬ , 0兲 case, i.e., when ␦ = 0.154 ⌬.
In the fits the Eu2 u Ga/ Ge pair distances are constrained
to correspond to a stiff Ga/ Ge framework 共see Sec. IV B
where we show the variations of the Ga/ Ge atomic positions
are of order 0.03 Å兲 by applying the following argument.
Assume there are two lines with slopes a and b 共as in Fig.
10兲; then for small changes in the pair-distances ⌬ri,
⌬r1 = a⌬x,

共2兲

⌬r2 = b⌬x,

共3兲

where ⌬x is the change in off-center displacement. Consequently,
b
⌬r2 = ⌬r1 .
a

共4兲

If every line with negative slope is constrained to some
“master” line 共with slope a兲 then the positions of each of
these Eu2 standards are crystallographically consistent with
the closest half of the Eu2 cage being rigid and requires only
one parameter to describe all the pair distances in the front of
the cage. A similar set of constraints can be made for the

FIG. 10. The distances from Eu2 to its Ga/ Ge neighbors as a
function of the off-center displacement for the 共0 , 0 , ⌬兲 and 共␦ , ⌬ , 0兲
models. The negative sloping line that has the smallest r-value at a
displacement of 0.40 Å is the “master” line for the “front of the
cage” group. The positive sloping line that has the smallest r-value
at 0.40 Å is the “master” line for the “back of the cage” group.

back of the cage using a positive slope master line.
Using these constraints, two types of fits were carried out:
共1兲 the cage was assumed to be undistorted and one offcenter distance was allowed, and 共2兲 a front-back distortion
of the cage was permitted by allowing slightly different offcenter displacements for the front and back of the cage.
The amplitude of each standard is constrained to maintain
the known number of Ga/ Ge neighbor atoms at each pair
distance, which are obtained from neutron diffraction. This
constraint is imposed by setting the ratio of the amplitudes to
be that required by the diffraction data. These fractional amplitudes are then multiplied by a constant S2o to account for
multielectron effects.
Since the overall Eo shift of the data should be constant,
the Eo shifts for all the standards are constrained to be equal
for all fits through the full temperature range. The value of
Eo is determined at low temperatures where the XAFS signal
has the best signal-to-noise ratio; an average value for Eo is
obtained by averaging the results from fits of several scans at
low T.
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For fits with some of the Eu2 共or Sr2兲 assumed to be on
center, the on-center Eu2 fraction is fixed and a single parameter  is allowed to vary for this peak. The fraction is
then varied in a series of fits.
The final component in the fit from 2.5 to 4.2 Å is a nonvariable standard that is a sum of the Eu1 and Eu2 peaks
above the fit range. This is done by independently fitting the
peak between 5.00 and 6.00 Å using a sum of the higher-r
Eu1 and Eu2 peaks for each temperature. The results are then
included as fixed contributions in the fits to the first multipeak to account for these small tails of the higher r peaks.
B. Ga/ Ge

Fits were made for the Ga and Ge K-edge data for both
samples. These fits are easier to set up because the main
peaks at 2.491 and 3.970– 4.001 Å are composed exclusively
of on-center Ga/ Ge- Ga/ Ge standards. They include four
standards for the Ga1 / Ge1 site, four for the Ga2 / Ge2 site,
and five for the Ga3 / Ge3 site. The ’s and displacements for
each site are constrained within their own group. The amplitudes and Eo’s are constrained by the methods outlined for
the Eu and Sr fits. For these fits, the lattice is assumed to be
composed exclusively of either Ga or Ge since their FEFF7
generated standards are almost identical for the peaks at 2.49
and 3.97– 4.00 Å. Trial fits with a mixture of Ga- Ga and
Ga- Ge standards did not make a significant difference for
the Ga/ Ge K-edge data; this is expected because the atomic
number only changes by 1. EXAFS cannot differentiate between random or clustered distributions of Ga on the Ga/ Ge
sites.
V. FIT RESULTS
A. Eu

For the Eu data, the fits show that when a small fraction
of on-center Eu2 is included, this component is broadened
such that its peak-amplitude in r-space goes to ⬃0. For this
reason, only fits that do not include an on-center Eu2 are
presented. Figure 11 shows the excellent fits of the Eu data
for the 共0 , 0 , ⌬兲 and 共␦ , 0 , ⌬兲 models at 15 K. In these fits we
have used ten free parameters with the constraints as described above. The differences between the fits to the two
models are small and there is no significant variation in the
goodness-of-fit parameter C2 共proportional to the statistical
2 parameter兲. Therefore, from the perspective of a single
trace, EXAFS is not sensitive enough to make a clear distinction between the models.
In these fits the Eu1 - Ga/ Ge distances agree within
0.01 Å with the average values from diffraction for a rigid
Ga/ Ge lattice and need no further discussion. The fit of the
Eu1 site is very robust and is essentially unchanged for the
various Eu2 off-center models. For the Eu2 site, the offcenter distance is varied—plus a possible front/back distortion of the Ga/ Ge cage. Figure 12 shows the Eu2 displacement as a function of T obtained from fits with a front/back
cage distortion. The displacement ⌬ is nearly temperature
independent and equal to 0.445± 0.020 Å for both models;
␦ = 0.07 Å. A plot of displacement for the “back of the cage”

FIG. 11. Top: The excellent fit 共dots兲 to the Eu data for the
共0 , 0 , ⌬兲 model. Bottom: The corresponding fit of the Eu data for
the 共␦ , ⌬ , 0兲 model. The fit range is 2.5– 4.2 Å. The fits are indistinguishable except for a small variation between 4.1 and 4.2 Å.

atoms is not presented because the peaks they are associated
with are strongly broadened and thus the off-center displacement for the “back of the cage” has a very large error
共艌0.10 Å兲. Consequently, a comparable fit result can be obtained when no front/back distortion is allowed. This outcome reflects the fact that the Eu2 - Ga/ Ge pairs in the front
of the cage are more highly ordered 共a stronger bonding of
Eu to the nearest cage atoms兲 and therefore dominate the
observed XAFS signal for the Eu2 site. This is consistent
with the theoretical calculations of Blake et al.34 who note
that 共for the Sr case兲 the bonding to the nearest neighbors in
the cage is strengthened 共i.e., the Ga- Ge orbitals are stabilized兲 when the Sr moves off-center.
For understanding the rattling behavior of Eu in the Eu2
sites, the more important quantities are the 2i for each of the
atom pairs 关 is the width of the pair distribution function
共PDF兲兴. These parameters are plotted as a function of temperature in Fig. 13 for several atom pairs. Fits of these data
to an Einstein model 关Eq. 共5兲 below兴 were carried out for
each pair and the results are tabulated in Table II. Both the 2
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FIG. 12. The magnitude of the off-center displacement of Eu2
toward the “front of the cage” on an expanded vertical scale. Closed
square: 共␦ , ⌬ , 0兲. Open square: 共0 , 0 , ⌬兲.

vs T plots and the Einstein temperatures from the fits show
that the vibration properties are similar for the two Eu2 offcenter models.
The Einstein model assumes a single vibration mode frequency and is often used for optical phonons or local modes.
For this model, E2 is given by

E2 =

ប2
⌰E
,
coth
2M RkB⌰E
2T

共5兲

where M R is the reduced mass, ⌰E is the Einstein temperature, and kB is Boltzmann’s constant. At high temperatures
共⌰E / T 艋 0.3兲, E2 共T兲 ⬀ T.
In general there is also some static distortion. Then
2
2 = E2 + static
.

共6兲

For the 2共T兲 fits, it is necessary to fix the Eu reduced
mass M R because the data are not good enough to yield a
definite minima in C2 when there are three free variables
2
兲. Since the Ga/ Ge lattice is expected to
共M R, E, and static
be stiff relative to Eu vibrations, the Eu reduced mass is fixed
2
and E are
at its atomic mass 共⬃152 g / mol兲 while static
allowed to vary.
As shown in Table II the fits for the Eu1 site 关Fig. 13共a兲兴
using the two different Eu2 off-center models yield E ⬃ 78
2
is a factor of 2 smaller for the
and ⬃82 K. Note that static
共␦ , ⌬ , 0兲 model than for the 共0 , 0 , ⌬兲 model. Since the Eu1
site should have little to no static disorder, this result sup-

ports the 共␦ , ⌬ , 0兲 model. The C2 parameters from the Einstein fits for the Eu1 site are also a factor of 2 smaller for the
共␦ , ⌬ , 0兲 model and provide further support for this model.
Table II also shows output parameters from fits of 2 vs T
for the Eu2 “closest neighbor” group 关see Fig. 13共b兲兴. These
’s are associated with the four nearest M3 site Ga/ Ge atoms, toward which Eu2 is displaced; E is ⬃93 and ⬃96 K
2
is
for the two models. Note that for these neighbors, static
smaller for the 共0 , 0 , ⌬兲 model than for the 共␦ , ⌬ , 0兲 model.
This reflects the partial overlap between the Eu1 - Ga/ Ge
peak and “closest neighbor” Eu2 - Ga/ Ge peak. Therefore it
is unclear from the fits as to which site the static disorder
belongs.
Fits to the Eu2 next nearest neighbors 共near M2/M3兲—not
shown—are quite similar to those for the Eu2 “closest neighbor” site, though they have much larger errors as a result of
the large scatter in 2. For both models, E is ⬃100 K. However, the rest of the Eu2 pair distribution functions are
strongly disordered, 共T兲 for the remaining groups 共“middle
of cage” and “distant M2/M3”兲 is large, ⬃0.04 Å2, and
nearly independent of T. Since 2 is large even at low temperature, the broadening must be dominated by a large static
component, including possible distortions of the cage because of variations in the Ga distributions, that obscures temperature dependent contributions. For this reason, no information about thermal vibrations can be extracted from these
peaks. Because there is considerable static disorder for the
longer pair distances in the Eu2 cage we argue that there is
likely also some disorder for the closest neighbor PDF; consequently the larger static disorder for the closest neighbors
for the 共␦ , ⌬ , 0兲 model described above is consistent with the
other fits that support this model.
Finally, Einstein model fits for the Eu1 contribution to the
peak between 5.00 and 6.00 Å 关Fig. 13共c兲兴 yields E near
80 K, consistent with the nearest neighbor results. This is in
fact a self-consistency check since 2共T兲 for both the nearest
neighbor and further neighbors about the Eu1 site will be
dominated by the large amplitude vibrations of the Eu atom.
For the Eu2 site contribution to this peak 共⬃5 to 6 Å兲, 2共T兲
is very large 共2 ⬃ 0.04 Å2兲; consequently the amplitude of
the Eu2 contribution is negligible compared to that for Eu1.

B. Sr

The first fits to the Sr data assumed only an off-center
displacement for the Sr2 site. Figure 14 shows that this
model cannot fit the data 共at 15 K兲, particularly in the region
between 3.4 and 3.8 Å where the phase in the real part of the
transform fits poorly. No variation in the size of the Sr2 cage,
or a front/back distortion of the cage, nor the difference between the various off-center models would fit in this region.
In contrast, Fig. 15 shows the excellent fit for the 共␦ , ⌬ , 0兲
off-center model 关fit to the 共0 , 0 , ⌬兲 is similar兴 at 15 K when
⬃25% of the Sr2 are on-center. The superiority of this fit is
underlined by the fact that its C2 parameter is 100 times
lower than for the fit without an on-center component. For
the fits that include an on-center component, it is difficult to
find any difference between the two models in the EXAFS
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TABLE II. Output parameters from fits to 2 vs T for the Eu1
and Eu2 sites assuming the Ga/ Ge lattice is rigid and M R for Eu is
at its atomic mass 共151.965 g / mol兲. C2 is the goodness-of-fit parameter. S2o is not precisely known; a change in S2o shifts the plots in
2
Fig. 13 up or down and mainly changes static
. For this reason, the
2
errors given are relative errors; error for static
⬃ 0.001 Å2. The
same S2o is used for all fits so that the results for different models
can be compared, i.e., 共0 , 0 , ⌬兲 vs 共␦ , ⌬ , 0兲.
Site/Model

2
static
共Å2兲

E共K兲 ± 10 K

C2共10−7兲

Eu1共␦ , ⌬ , 0兲
Eu1共0 , 0 , ⌬兲
Eu2 : closest共␦ , ⌬ , 0兲
Eu2 : closest共0 , 0 , ⌬兲

0.0010
0.0024
0.0090
0.0056

78
82
93
96

2.9
5.6
6.1
7.9

data. Visually they are identical and their C2 parameters are
comparable.
Figure 16 shows plots of the Sr off-center displacement ⌬
for the “front of the cage” for a fit where a front/back distortion is allowed. The displacement is nearly temperature independent and equal to 0.40± 0.05 Å; ␦ = 0.06 Å. A nearly
identical result is obtained if no distortion is allowed, but
with a larger error 共±0.10 Å兲. Note that since only ⬃75% of
the Sr2 are off-center, the average Sr2 displacement when the
on-center fraction is included is ⬃0.30 Å in agreement with
diffraction studies.18,27
2 is plotted as a function of T for the various Sr
- Ga/ Ge pairs in Fig. 17. Einstein fits are made to 2共T兲
using Eqs. 共5兲 and 共6兲; because of the stiffness of the Ga/ Ge
lattice, the reduced mass is again fixed at the rattler atomic
2
and E are allowed
mass 共M R for Sr ⬃87 g / mol兲, and static
to vary 共see Table III兲.
In the following discussion, the results are reported assuming that 25% of the Sr2 are on-center at all temperatures.

FIG. 13. 共a兲 2 vs T for the Eu1 site. 共b兲 2 vs T for the Eu2
“closest neighbors” site. 共c兲 2 vs T for the Eu “further neighbors”
site.

FIG. 14. The poor fit 共dots兲 to the Sr data for the 共␦ , ⌬ , 0兲 model
when no on-center Sr2 component is included. The main difficulty
occurs near 3.5 Å where the phase of the fit does not fit the data;
this r-range corresponds to the middle distances for the Sr2 site.
The fit range is from 2.5 to 4.2 Å.
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FIG. 15. Fit to the Sr data at 15 K for the 共␦ , ⌬ , 0兲 model. The fit
include a 25% on-center Sr2 component; fit range is from
2.5 to 4.2 Å.

This is a rough approximation that requires some discussion.
Fits show that the Sr2 on-center percentage appears to increase slightly between 15 and 200 K from 25± 8% to
35± 8%. This variation changes the Sr2 on-center  but does
not significantly affect any other parameters. When the oncenter contribution is allowed to change with temperature, E
for the on-center Sr2 site drops to ⬃120± 20 K, a ⬃30 K

FIG. 16. Magnitude of the off-center displacement ⌬ of Sr2
toward the “front of the cage.” Closed square: 共␦ , ⌬ , 0兲. Open
square: 共0 , 0 , ⌬兲 models. Note the small vertical scale.

FIG. 17. 2 vs T for 共a兲 the Sr1 site; 共b兲 the Sr2 “closest neighbors” site; and 共c兲 the Sr “further neighbors” site.
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TABLE III. Output parameters from fits to 2 vs T for the Sr1
and Sr2 sites assuming the Ga/ Ge lattice is rigid, M R for Sr is near
its atomic mass 共87.62 g / mol兲, and 25% of the Sr2 are on-center.
Site/Model

2
static
共Å2兲

E共K兲 ± 10 K

C2共10−7兲

Sr1共␦ , ⌬ , 0兲
Sr1共0 , 0 , ⌬兲
Sr2 closest共␦ , ⌬ , 0兲
Sr2 closest共0 , 0 , ⌬兲
Sr2 on-center共␦ , ⌬ , 0兲
Sr2 on-center共0 , 0 , ⌬兲

0.0014
0.0002
0.0039
0.0002
0.0041
0.0031

102
95
128
126
156
147

6.9
13.7
6.7
6.0
4.0
3.8

decrease compared to the values in Table III; hence there is a
large error for this E because of the uncertainty in the oncenter fraction.
As shown in Table III, E for the Sr1 site is ⬃100 K for
both models 关Fig. 17共a兲兴; however, C2 for the Sr1 site is
considerably smaller for the 共␦ , ⌬ , 0兲 model than for the
共0 , 0 , ⌬兲 model, which supports the 共␦ , ⌬ , 0兲 model, as found
2
is small
above for the Eu1 site. The static contribution static
for both models; because it is near the noise level 共0.001 Å2
at low T兲 it does not provide any differentiation between the
models.
For the Sr2 “closest neighbor,” E is near 130 K 关Table III
and Fig. 17共b兲兴. Here, the C2 parameters are comparable but
2
static
is considerably larger for the 共␦ , ⌬ , 0兲 model as also
found for the Eu2 site. Since the Sr2 site is expected to have
2
component based on the disorder in the
a significant static
Sr2 cage further neighbors, this again is more consistent with
the 共␦ , ⌬ , 0兲 model.
2 values for all the other Sr2 groups 共“near M2/M3,”
“middle of cage,” and “distant M2/M3”兲 are uniformly large
共2 ⬃ 0.025兲; again the large static disorder at low temperature obscures any temperature dependent contributions. This
is again consistent with calculations34—the Sr2 - Ga/ Ge
bonds are strengthened for the short distances and weakened
for the long bonds.
Finally the fit of 2共T兲 for the Sr peak between 5.00 and
6.00 Å 关Fig. 17共c兲兴 yields E near 100 K for the Sr1 site,
again consistent with E for the nearest neighbor peak. The
contributions to this peak from Sr2 sites is small, as 2 is
near 0.04 Å2 for all temperatures.
C. Ga/ Ge

Excellent fits to the first two shells of the Ga/ Ge
- Ga/ Ge data were obtained and are shown in Fig. 18; these
peaks occur near 2.2 and 3.6 Å 共actual average distances
2.49 and ⬃4.0 Å兲; each is the sum of several closely spaced
peaks. In addition, weak Ga/ Ge- Eu/ Sr peaks are also expected near 3.2 Å, but have a negligible amplitude. In these
fits, C2 is slightly better for the Ge edge fits than for the Ga
edge fits. This reflects the poorer fit for the Ga data for the
intermediate region between the main peaks 共2.6– 3.2 Å兲.
Fits were also attempted using additional single Ga- Ga/ Ge
and Ga- Eu 共Ga- Sr兲 peaks in this intermediate region. None
of these additional peaks fit the data well in this region and

gave unexpected 共unphysical兲 atom-pair distances. More
complex models involving several peaks were not considered. From these fits we have obtained 2共T兲 for Ga and Ge
in each sample, and the average bond distance of the neighbors about Ga and Ge.
Using Eqs. 共5兲 and 共6兲, fits of 2共T兲 were made for the
two main peaks 共2.2 and 3.6 Å兲 for each sample. Since a pair
of Ga/ Ge- Ga/ Ge atoms is expected to behave similarly
to two equivalent masses connected by a stiff spring, M R
should be one-half the average atomic mass of
Ga/ Ge 共69.72/ 72.61 g / mol兲. For the peak at 2.2 Å, C2 indeed has a minima when M R is one-half the Ga/ Ge atomic
mass. However, for the pair distribution at 3.6 Å, the error in
2 is too large to yield a clear C2 minima. For this reason M R
is fixed at one-half the atomic mass for this further neighbor
peak.
As shown in Table IV, E for the peak at 2.2 Å is essentially the same for Ga and Ge in the two samples,
⬃311– 314 K for Ga and ⬃322– 326 K for Ge. For the Ga
and Ge K-edge second neighbor peak at 3.6 Å, E is also
about the same, ⬃167– 180 K for Ga and ⬃172– 188 K for
Ge. These values indicate that while the first neighbor
Ga/ Ge- Ga/ Ge pairs are quite stiff, the second neighbors are
much softer, suggesting the presence of bond angle disorder.
An interesting aspect is that the Ge edge data show considerably less static disorder for the Ge- Ga/ Ge second
neighbors at 3.6 Å than for the corresponding Ga- Ga/ Ge
neighbors from the Ga edge data. This effect is clear in Fig.
2
is quite large at low T. Consequently, the
19共b兲 where Ga
bond angle disorder about the Ga atom must be much larger
than around the Ge atom. To investigate this effect, fits were
attempted using various distributions of Ga or Ge on the M1,
M2, and M3 sites as suggested in a recent study.22 In these
fits, we used two standards to fit the second peak of the Ga
K-edge data 共a similar procedure was used for the Ge edge
data兲. Unfortunately, C2 for these fits was not significantly
better than it was for a random distribution of Ga/ Ge. However, the fits did suggest 共with a large amount of error兲 that
the Ge- Ga and Ga- Ge mixed-pair contributions are more
disordered than the Ga- Ga or Ge- Ge pairs for the second
neighbors.
Although the Einstein approximation fits the data fairly
well, it makes more sense to use the correlated Debye model
for the Ga/ Ge lattice—this model describes the acoustic
phonons at all possible k-vectors up to the Brillouin zone
boundary 共but also includes correlations in the local atomic
vibrations兲. These are the phonons that should dominate the
thermal behavior for the Ga/ Ge framework with Debye corresponding to the highest 共longitudinal兲 acoustic phonon frequency in the crystal. Since EXAFS is primarily sensitive to
radial vibrations it is less sensitive to the transverse modes.
As shown in Fig. 19共c兲, the Debye model fits very well
共better than the fit with an Einstein model兲 Debye is near
400 K for the nearest neighbor peak 共2.2 Å兲 in the Ga
K-edge data for Sr8Ga16Ge30. Since plots of 2 vs T for the
nearest neighbor peak 共2.2 Å兲 for both samples and for both
Ga and Ge edges are essentially identical within the errors
关see Figs. 19共a兲 and 19共b兲兴, all these peaks must also have
Debye near 400 K.
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FIG. 18. Fits to: 共a兲 the Ga K-edge data for Eu8Ga16Ge30 at T = 4 K; 共b兲 The Ge K-edge data for Eu8Ga16Ge30 at T = 4 K; 共c兲 the Ga
K-edge data for Sr8Ga16Ge30 at T = 4 K; and 共d兲 the Ge K-edge data for Sr8Ga16Ge30 at T = 4 K. In each case the solid line is the experimental
data and the points are the fit. Note that the Ga data are fit over a k-range of 3.50– 11.50 Å−1 while the Ge data are fit over a k-range of
3.50– 14.50 Å−1. In these fits, a Ga/ Ge- Sr2 / Eu2 peak was not included.

The detailed fits also provide an independent estimate of
the distortions in the Ga/ Ge framework; they show that the
Ga- Ga/ Ge bonds are slightly longer than the Ge- Ga/ Ge

bonds at all temperatures, by about 0.03 Å. The results are
the same for both Sr and Eu clathrates—the Ga- Ga/ Ge
bonds are slightly longer and the Ge- Ga/ Ge slightly shorter

TABLE IV. Output parameters from fits to 2 vs T for the Ga/ Ge- Ga/ Ge neighbors at 2.2 and 3.6 Å for
Eu8Ga16Ge30 and Sr8Ga16Ge30, where the Ga/ Ge reduced mass is one-half the average atomic mass 共34.9 and
2
36.3 g / mol兲. Errors on static
⬃ 0.0002 Å2.
Sample

Atom/Site

2
static
共Å2兲

E共K兲 ± 5 K

C2共10−9兲

Eu8Ga16Ge30

Ga/ 2.2
Ga/ 3.6
Ge/ 2.2
Ge/ 3.6

Å
Å
Å
Å

0.0003
0.0035
0.0002
0.0003

314
167
326
172

0.87
88.09
0.39
78.77

Sr8Ga16Ge30

Ga/ 2.2
Ga/ 3.6
Ge/ 2.2
Ge/ 3.6

Å
Å
Å
Å

0.0002
0.0047
0.0003
0.0005

311
180
322
188

0.02
44.55
0.27
6.80
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than the average value obtained in diffraction. From the fits
to 2共T兲 we find that the distribution of static distortions is
also very small;  ⬃ 0.015 Å for nearest neighbors and
⬃0.06 Å for the second peak 共see Table IV兲. Thus the cage
distortions up to the second neighbors are very small compared to the Eu and Sr off-center displacements.
VI. DISCUSSION
A. Eu/ Sr rattlers

FIG. 19. 共a兲 2 vs T for the Ga/ Ge nearest neighbor sites at 2.2
and 3.6 Å for Eu8Ga16Ge30. 共b兲 2 vs T for the Ga/ Ge nearest
neighbor sites at 2.2 and 3.6 Å for Sr8Ga16Ge30. Errors:
±0.00012 Å2 for first neighbors and ±0.0007 Å2 for second neighbors. 共c兲 Debye fit to Ga K-edge data from Sr8Ga16Ge30 for the
Ga/ Ge- Ga/ Ge peak at 2.2 Å in the r-space data 共actual bond
length, 2.49 Å兲.

The low value of E for the Eu1 / Sr1 site 共⬃80 K for Eu1
and ⬃100 K for Sr1兲 from EXAFS indicates that Eu1 / Sr1 is
loosely bound inside the cage and also acts like a rattler. In
agreement with neutron diffraction results, the Eu1 / Sr1 data
can be modeled using no off-center displacement.18,27 Additionally, since the Eu1 peak can be well modeled using only
one  for the two Eu1 - Ga/ Ge distances 共see Fig. 18兲, the
bonding must be comparable for each Eu1 - Ga/ Ge pair.
Therefore the Eu1 vibrations are nearly isotropic—the same
argument can be made for Sr1. The values found by EXAFS
for E are consistent with some recent Raman scattering results; for Eu8Ga16Ge30 there is a Raman peak at
56 cm−1共81 K兲 which compares well with E共Eu1兲 ⬃ 80 K.
For Sr8Ga16Ge30 the Raman peak at 65 cm−1共94 K兲 is close
to E共Sr1兲 = 100 K.35
The interaction between Eu2 共or Sr2兲 and the cage is more
complex. In agreement with neutron diffraction results, the
Eu2 and most of the Sr2 are off-center approximately along
the ±b̂ or ±ĉ axes;18,22,27 specifically, the EXAFS results indicate that the Eu2 / Sr2 atoms are not displaced towards the
M2 site Ga/ Ge atoms. The EXAFS results also suggest that
the off-center Eu2 / Sr2 likely has a small displacement along
the ±â axis to make the distance to the four nearest neighbors
M3 sites equal. The magnitude of the â displacement
共0.06 to 0.07 Å兲 is within the thermal distribution found in
neutron diffraction studies.18,27
Additionally, the different Eu2 / Sr2 - Ga/ Ge pairs in the
site 2 cage have distinctly different thermal behavior as evidenced in the 2 vs T plots. This variation in 2 with r for
the Eu2 and Sr2 sites can be seen in the raw EXAFS data as
illustrated in Fig. 20, where the Eu1 or Sr1 contributions
have been subtracted from the original data at 15 K; for the
Sr K-edge, the on-center Sr2 contribution has also been subtracted. Here the Eu2 / Sr2 experimental results are compared
with a uniformly broadened Eu2 or Sr2 peak 共 = 0.10 Å兲,
calculated 共FEFF7兲 using off-center displacements of 0.45 and
0.35 Å for Eu2 and Sr2, respectively.
This comparison emphasizes the changing disorder within
the Eu2 / Sr2 cage as r increases. Ordered pairs 共small ,
large amplitude兲 occur at low r while disordered pairs 共large
, small amplitude兲 appear at high r. Since a small  represents positively correlated motion36 between a Eu2 / Sr2
- Ga/ Ge pair 共i.e., the Eu2 and Ga/ Ge pairs move in the
same direction兲, this picture emphasizes the fact that both
Eu2 and Sr2 are bonded to the “closest neighbors” in the
cage, the M3 sites, consistent with theoretical calculations.
Fits of 2共T兲 to an Einstein model yield E values of ⬃95
and ⬃125 K for Eu8Ga16Ge30 and Sr8Ga16Ge30. These values
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FIG. 20. 共a兲 The Eu2 standard vs the Eu2 fit. 共b兲 The Sr2 standard vs the Sr2 fit.

compare quite well with the Raman spectroscopy peaks
found at 69 cm−1共101 K兲 and 86 cm−1共125 K兲 for
Eu8Ga16Ge30 and Sr8Ga16Ge30, respectively.9
In contrast, the large 2共T兲 for the more distant neighbors
in the cage, particularly at low temperatures, indicates that
the static disorder for these pairs is very large. Therefore
there must be very weak bonding between Eu2 / Sr2 and
these more distant Ga/ Ge neighbors in the cage. The first
shell XAFS r-space data is sensitive primarily to radial motions of neighbors; vibrations of the rattler that are nearly
perpendicular to the nearest neighbor bonds might well have
lower Einstein temperatures 关such as the low frequency
modes found in Raman scattering studies at 23 cm−1共33 K兲
and 32 cm−1共46 K兲 for Eu8Ga16Ge30 and Sr8Ga16Ge30,
respectively9兴 but are masked in the EXAFS data by the large
amount of static disorder for the more distant Ga/ Ge neighbors in the Eu2 / Sr2 cage.
The behavior of 2共T兲 for the other Eu2 / Sr2 - Ga/ Ge
groups is different for the Eu and Sr compounds. For the Eu2
site, the PDF for the second nearest neighbors 共mixture of
M2/M3 sitres兲 has a well-defined 2 vs T plot that yields a
E comparable to that for the “closest neighbors.” In contrast,
the “M2/M3” Sr2 - Ga/ Ge pair distribution has a 2 that is
uniformly large and similar to the “middle of cage” and “distant M2/M3” Eu2 / Sr2 - Ga/ Ge pair distributions. Consequently the Eu is bonded to a few more neighbors on the end
of the cage and the off-center displacement may be more
stable.

This raises the question as to why they might be different;
one way to address it is to consider the atomic radii 共ionic
and covalent兲 of Eu, Sr, Ga, and Ge. The covalent radii of Ga
and Ge are 1.22 and 1.26 Å, respectively. Consequently, a
cage that is rich in Ga would be slightly smaller. The ionic
radius of Eu is also nearly the same as that of Sr 共but in
lower coordinated sites兲;22 however, the difference in radii is
much larger for empirical radii37 关Eu− 1.86 Å , Sr− 2.0 Å兴
which might be the reason all the Eu is off-center with a
slightly larger off-center displacement. Note that the shortest
Eu2 - Ga/ Ge and Sr2 - Ga/ Ge bonds 共about 3.4 Å兲 are much
too long to be simple covalent or highly ionic bonds; the
empirical atomic radii give a more comparable bond length,
but are still short by 0.1– 0.3 Å. Varying amounts of ionicity/
covalency and the large coordination number may be important factors.
Another possibility is that the potential for Sr2 is very
close to the crossover point from off-center to on-center behavior as observed earlier for Ag+ ions in RbCl 共Ref. 38兲 and
KI.39 Near the crossover point a system becomes very sensitive to pressure—tiny strains can move the system from offcenter to on-center. Because there is some disorder in the
cage around the Sr atom, the local strains might be the determining factor as to whether a particular Sr2 atom is on- or
off-center.
However, the most crucial aspect likely concerns the nature of the bonding between the rattler atom and the site 2
cage. This in turn depends on several properties of these
systems—some of which have not yet been discussed in detail. 共1兲 What is the distribution of Ga on the Ge sites? Is it
sample dependent? 共2兲 What is the net charge on the Ga, are
they 共slightly兲 negatively charged? 共3兲 Does the possibility of
an off-center displacement in site 2 depend on local variations in the stoichiometry?
Point 共1兲 has been partially addressed for a few samples.
Although there is relatively little scattering contrast between
Ga and Ge both for x rays and neutrons, anomolous 共resonant兲 scattering near an absorption edge 共here the Ga and Ge
edges兲 can provide such contrast. Zhang et al.22 used this
technique to examine the Ga distribution in a Sr8Ga16Ge30
共and also a mixed Sr/ Eu sample兲. In the Sr sample 共likely
n-type although not reported兲 they find a preference for Ga
occupation on the 6c site 共M1兲 共76% Ga, 24% Ge兲 and a low
共essentially reversed兲 occupation of the 16i site 共M2兲 共24%
Ga, 76% Ge兲. The more plentiful 24k site 共M3兲 has 43% Ga,
57% Ge. Based on these percentages, there are more Ga
atoms in the 24-atom site 2 cage than in the site 1 cage, and
the site 2 distribution of Ga is as follows: 3 Ga 共out of 4兲 on
the M1 site, 1.9 Ga 共out of 8兲 on the M2 site, 3.44 Ga 共out of
8兲 on the closest M3 site, and 1.72 Ga 共out of 4兲 on the more
distant M3 site. The theoretical calculations of Gatti et al.13
support this general trend, although they did not make calculations for a wide range of Ga distributions.
Let us assume for now that this distribution is similar for
many of the clathrates. Then the EXAFS 共and diffraction兲
result, that the Eu and Sr are off-center towards the 24k
positions and not the 24j positions, i.e., towards the nearest
neighbor M3 sites and not the M2 sites, would suggest that
the Eu2 and Sr2 atoms do not bind to the Ge 共M2兲 sites, but
rather to the nearest neighbor M3/M1 sites 共see nearest
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neighbors in Fig. 9兲 which have a high fraction of Ga. Since
recent calculations indicate that the interaction between the
rattler atom and the site 2 cage is ionic, this suggests that
point 共2兲 above may be correct, that the Ga is negatively
charged. This argument is clearly not definitive but points
out the need to know whether the ionic bonding discussed by
Gatti et al.13 requires the Ga atoms to be negative, and of
course, whether this experimental Ga distribution is representative of many systems. A further complication is whether
or not the Ga are uniformly distributed on the M3 sites—if
there is a strong ionic attraction between the rattler and Ga
atoms then the Ga atoms might be clustered on a subset of
M3 sites close to the off-center atom 共in the the extreme case
there might be only one off-center direction兲. This clearly
will change with the strength of the interactions and hence to
the type of rattler. Clearly new experiments and further calculations are needed on a range of samples.
Finally we note that if the interaction between the rattler
atom and the site 2 cage is via the Ga atoms, then the number
of Ga atoms in a particular cage will be very important, and
the off-center displacement within the site 2 cage for some
rattlers may depend on the number of Ga present, point 共3兲
above 共and hence on whether the system is n-type or p-type兲.
The EXAFS result, that some of the Sr2 appear to be oncenter, might then be explained by a variation in stoichiometry in the sample.
B. Ga/ Ge framework

The first neighbors in the Ga/ Ge lattice are modeled using
the Debye model with Debye ⬃400 K for the acoustic
phonons. These are the phonons that should dominate
the thermal behavior for the Ga/ Ge framework. It is not
surprising that Debye in EXAFS is comparable to 共slightly
larger than兲 the highest Raman mode observed at
260 cm−1共377 K兲.
The second peak is more disordered. E for this peak is
⬃176 K for both the Eu and Sr samples. Since it is clear that
there can be very little variation in the first neighbor bonding, this result indicates that there is some fluctuation of the
bond angle between Ga/ Ge- Ga/ Ge second neighbors. In addition, there is greater static disorder for the Ga edge data
than for the Ge edge data. Since the lattice has approximately
twice as many Ge as Ga, this result possibly suggests that the
larger number of mixed linkages 共i.e., Ga- Ge- Ge or Ga
- Ge- Ga兲 for the Ga edge may be the reason for the larger
bond bending disorder.
C. Implications for thermal conductivity

One of the novel characteristics of the Eu and Sr clathrates is their very low, glasslike thermal conductivity which
makes them attractive candidates for potential thermoelectric
applications. In contrast, the n-type Ba material has a significantly higher lattice conductivity overall and a peak at low
temperature, more typical of crystalline materials. However,
very recent thermal conductivity measurements19 on p-type
Ba8Ga16Ge30 are more similar to Sr8Ga16Ge30 and have a
dip/plateau region near 20 K suggestive of a strong increase
between the coupling of the Ba rattler and the lattice. Al-

though Bentien et al.19 suggest that this is primarily the result of phonon-electron/hole coupling, it could also be explained by an increased coupling due to stronger Ba
- Ga/ Ge bonds if the Ba is off-center in the p-type material,
but on-center in n-type material. It is therefore crucial that
structural data be obtained for a range of Ba 共and other兲
clathrates with different carrier concentrations, from n- to
p-type.
The off-center displacement of a rattler in the site 2 cage
is the result of stronger bonds between the rattler and a few
atoms in the cage, as compared to the weaker, longer bonds
共to more or all of the cage neighbors兲 when the rattler is
on-center. The EXAFS results confirm these stronger bonds
for Sr2 共Eu2兲 as do theoretical calculations.34 Here we note
共neglecting for the moment the rattling motion兲 that if a rattler atom is bonded to the side of the cage it produces a large
symmetry-breaking mass defect which should scatter
phonons very efficiently; in contrast an on-center atom does
not break the symmetry and would not scatter phonons 共a
small distortion of the on-center position arising from defects, etc., will produce a weak scattering and is included in
Rayleigh scattering兲. This leads to a contribution to 共T兲 that
has a linear T dependence at low T. In addition, the stronger
bonds to a few atoms for the off-center case increases the
coupling between the rattler vibrations and the framework
phonons, and hence increases the resonant scattering contribution when the rattler is off-center.40
Several mechanisms have now been suggested to explain
the low T dependence of the lattice thermal conductivity
in the clathrates; 共1兲 tunneling41 which probably is only important at very low T, and 共2兲 a varying phonon/chargecarrier scattering19 that may be sample dependent, and the
symmetry breaking off-center mass defect 共plus enhanced
phonon-rattler coupling兲 for off-center atoms described
briefly above.40 Because of the large variation in the thermal
conductivity from sample to sample, that has been observed
recently, detailed structural and transport measurements
on the same material for a range of sample preparations will
be needed to understand the rather complex low T behavior for 共T兲.
VII. CONCLUSIONS

The Ga/ Ge network forms a relatively rigid lattice—the
correlated Debye temperature for the nearest neighbor bonds
is ⬃400 K indicating stiff bonds; it is the same for both Ga
and Ge atoms, and for both samples. This value is primarily
a measure of the longitudinal vibration modes and is comparable to the highest Raman modes observed in these systems.
It is larger than the average D obtained when a measurement
averages over both acoustic and transverse modes such as the
heat capacity 共⬃300 K10兲 and the isotropic U parameters
共271 K18兲. The main disorder within the cages of this lattice
can be inferred from the broadening of the second neighbor
Ga- Ga/ Ge 共or Ge- Ga/ Ge兲 PDF; this peak has considerable
disorder—and when combined with the stiff nearest neighbor
bonds indicates bond-bending disorder. The broadening of
this PDF for the Ga K-edge data is particularly large at low
T, indicating that much of the static bond-bending disorder is
related to the Ga atoms.
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The filler atoms Sr and Eu in these n-type materials are
located inside the two cages 共sites 1 and 2兲. In both sites they
are loosely bound and have large amplitude radial vibrations
at quite low temperatures 共E ⬃ 80 and 100 K for Eu1 and
Sr1; 95 and 125 K for the shortest Eu2 and Sr2 bonds兲.
Vibrations transverse to the bond 共for Eu2 / Sr2兲 are not easily observed but likely would lead to still lower values for E
as observed in diffraction. Consequently Sr and Eu atoms on
both sites form rattler atoms which can scatter phonons effectively. The EXAFS results show that Eu is off-center, approximately 0.45 Å, in agreement with earlier diffraction results; however, the overall results suggest that the
displacement is not just in the b̂ĉ plane but also may have a
small component along the â axis 关our 共␦ , ⌬ , 0兲, model兴—
this displacement has the four-fold rotation-inversion symmetry of the site 2 cage, but this would change if there is Ga
clustering on the M3 site.
For the Sr, the fit of the EXAFS data is poor unless a
fraction 共⬃25% 兲 of the Sr are on-center. Then the off-center
displacement is about 0.4 Å; however, the average displacement over all Sr is 0.3 Å, in good agreement with the diffraction results. Again the overall results are better with the
共␦ , ⌬ , 0兲 off-center displacement model.
An important result from the EXAFS analysis is that the
broadening of the Eu2 - Ga/ Ge or Sr2 - Ga/ Ge pair distribution functions is not uniform—the PDF for the shortest bond
to the cage has a fairly small static disorder and a typical
temperature dependence for 2共T兲, described well using an
Einstein model. In contrast the PDF’s for the more distant
Eu2 - Ga/ Ge or Sr2 - Ga/ Ge pairs have a large static disorder
and little T dependence. This indicates that the Eu2 or 共offcenter兲 Sr2 atoms are bonded to the side of the cage, and
hence are more strongly coupled to a few cage atoms than
for an on-center position. This bonding also adds a mass
defect on the side of the cage for the off-center case; it is
randomly distributed over the four possible off-center sites.
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The bonding to the side of the cage has very important
consequences for the thermal conductivity. Since the offcenter atoms are more strongly coupled to a few cage atoms
they will have a larger effect in scattering phonons than oncenter atoms. This needs to be included in understanding the
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skutterudites—be prepared with off-center rattler atoms?
共We have shown that for many of the filled Sb skutterudites,
the rattler is in fact on-center.兲16 These and other questions
must be answered before we can begin to optimize the properties of these materials for thermoelectric applications.
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