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We present a detailed extended x-ray absorption fine structuresEXAFSd 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
s0.445±0.020 Åd 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 tem-
peraturess80±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 pairsd. In contrast, the more distant Eu2/Sr2-Ga/Ge pair distributions within the
Eu2/Sr2 cage are strongly disordered even at lowT, 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.
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I. INTRODUCTION

Recently, a number of materials with open crystal struc-
tures, such as the skutterudites and some filled clathrates,
have attracted attention because of their potential as thermo-
electrics. When voids in these structures are filled with an-
other type of atomse.g., Ce, Eu, Srd, the thermal conductiv-
ity, k, is greatly reduced and can approach that of a glass. A
low value of k is a prerequisite for improving the figure of
merit ZT for a thermoelectricsdefined as ZT=TS2se/kd,
whereS is the Seebeck coefficient,T is temperature, andse
is the electrical conductivity.1–3 Some existing thermoelec-
trics 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 conductivitysoften semiconductor-liked 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 clathratesse.g., Eu8Ga16Ge30d the
ideal material should be an intrinsic semiconductor; each Ga
is defficient by one electrons16 per formula unitd while Eu
and other +2 filler ions provide two electronssagain 16 per
formula unitd; if the compound is stoichiometric and the dis-
tribution 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 formp-type donors—and ifp-type carriers become delo-
calized, then Ga should have a net negative charge.

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,9,10early calculations of the Sr
clathrate suggested that Sr was essentially neutral11—and an
x-ray absorption near-edge structuresXANESd paper ap-
peared to agree.12 More recent calculations by Gattiet 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 struc-
ture sEXAFSd experiments on a large number
of skutterudites of the form LT4X12 sL=Ce,Eu,Yb;T
=Fe,Ru,Os;X=P,Sbd;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 ad-
dressed is the effective charge on the Ga atoms. Gattiet 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 inves-
tigations of filled-clathrate materials, defects and nonstoichi-
ometry usually result inn-type semiconducting behavior. For
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suchn-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 studiessbut much larger for Eu and
Srd. The temperature dependence indicates that these atoms
vibrate with low energies; consequently they fit the descrip-
tion 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, forn-type
Ba8Ga16Ge30, the temperature dependence of the thermal
conductivity is more like that of a crystalfi.e., ksTd has a
peak at lowT, near 20 Kg10 while the Eu and Sr versions are
more glasslike with a plateau region above 200–250 K and a
decreasing thermal conductivity at lowerT, 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
sin n-type materialsd varies considerably between samples at
low T.9,10,19,20

The difference between the behavior for the Ba and the
Eu/Srn-type systems is not well understood—but appears to
be related to Eu and likely Sr having a large off-center
displacement9,10,21–23in the Eu2 and Sr2 sites, while Ba2 is
on-center.10 For the off-center case, there are then several
equivalent off-center positionsshere 4d and in general the
off-center atomsEu and Srd 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 slows,20 GHzd compared to phonon
frequencies and therefore the tunneling states should only
scatter phonons at lowT, ø1 K. The tunneling frequencies
have not yet been determined in the clathratessan upper
limit, !1 K, has recently been determined26d but little else is
known about them.

Very recently,p-type single crystal material has been pre-
pared by growing the crystal in a Ga-rich environment. For
p-type Ba8Ga16Ge30, the thermal conductivity is greatly re-
duced 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 thisp-type material,
particularly as to whether the Ba is, or is not, displaced off-
center within site 2. Bentienet al.19 note that there is an
unusually wide range in the thermal conductivity reported
for Ba8Ga16Ge30 at low T; ksTd is quite high for somen-type
materials and nearly two orders of magnitude lower for the
p-type material at 10 K.10,19,20Although Saleset al.10 find Ba
on-center in their single crystal samples, Bentienet al.19

question that result and instead suggest that the wide varia-
tion in the properties of the filled clathrates at lowT is pri-
marily the result of changes in phonon/charge-carrier scatter-
ing; however, they do not explain why twon-type samples of
nearly the same carrier concentration and effective mass can
have carrier scattering lengths that vary by an order of mag-
nitude. 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 is-
sues. First, using EXAFS, the off-center displacement can be
directly measured and the Einstein frequency determined for
the sradiald 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 off-
center 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 tempera-
ture dependent width, well described by a correlated Einstein
model. The resulting correlated Einstein temperaturesuE are
larger than the lowest value reported in diffractionsan iso-
tropic averaged 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 thermo-
electric materials:s1d 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, ands2d the random
occupation of the four off-center positions by the heavy Eu
or Sr atoms produces a symmetry-breaking heavy mass de-
fect that should scatter intermediate phonon wavelengths
effectively.

The outline of the paper is as follows: in Sec. II we pro-
vide 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 structuresspace groupPm3nd is
composed of two polyhedral groupsscagesd made up of
34.78% Ga and 65.21% Gesi.e., a 16:30 ratio in the stoichi-
metric compoundd. Each of the cages encloses a Eu/Sr atom.
The firstssmallerd cage, referred to as the Eu1/Sr1 site, con-
tains 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 cages75% of the Eu/Srd, shown in Fig. 1, contains
24 Ga/Ge atoms and is formed of three types of crystallo-
graphic sitesfM1s6cd, M2s16id, and M3s24kdg.18,27 This
cage is proposed to house a rattler atomsEu or Srd.

Neutron diffraction studies onn-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
s0,0,Dd or s0,D ,0d displacement. The 24j displacement

model has the Eu2 displaced equally along theb̂ and ĉ axes,
toward the midpoint between two M2 sitessFig. 1d. This is
called as0,D ,Dd displacement. The magnitudes of the dis-
placementD 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 theâ axis; consequently a
small displacement along theâ axis is also possible. Adding
a small â component leads to a modified 24k displacement
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model,sd ,D ,0d, 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 es-
sentially equivalent.

II. EXPERIMENTAL DETAILS

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 400-
mesh 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 m. 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 functionx is obtained from the
absorption data using the equationx=sm−m0d /m0, wherem
is the absorption coefficient for the edgespre-edge back-
ground removedd andm0 is the backgroundsembedded atomd
function.28

The EXAFS equation we use in analyzing the data is

kxskd = o
i

kxiskd = Im o
i

kAie
2/3k4C4ieif2dcskd+diskd−4/3k3C3ig

3 E
0

`

Fisk,rd
gisr0i,rdei2kr

r2 dr, s1d

wherexi is the XAFS function for shelli, Fiskd is the back-

scattering amplitude of the photoelectron from neighborsi sit
includes mean-free path effectsd, andgisr0i ,rd is thesGauss-
iand pair distribution function for the atoms at a distancer0i.
The phase shifts,dcskd and diskd, correspond to the central
and backscattering atom potentials, respectively. The ampli-
tude Ai is defined byAi =NiS0

2 whereNi is the coordination
number of shelli and S0

2 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
parametersC3 and C4 describe the asymmetry and the kur-
tosis of the PDF and usually can be neglected unless the
k-range is very long. Finally, the photoelectron wave vectork
is defined byk=Î2mesE−E0d /"2, whereE0 is the binding
energy for the absorption edge under study.

III. XAFS DATA

XAFS data were collected as a function of temperature at
the Stanford Synchrotron Radiation LaboratorysSSRLd for
the Sr, Ga, and GeK-edges, and the EuLIII -edge of
Eu8Ga16Ge30 and Sr8Ga16Ge30. The measurements were car-
ried out on beamline 4-3 using Si 220 monochromator crys-
tals. The monochromator was detuned 50% to reduce har-
monics; 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 EuLIII
and Ga, Ge, and SrK-edges, respectively. At each tempera-
ture, the sample position was resetsbecause of thermal
expansion/contraction of the probed so that the region of the
sample studied remained the sameswithin ,50 md. The data
were reduced using standard procedures29–31 to yield XAFS
oscillations as a function ofk.

A. Eu LIII - and Sr K-edges

Plots of the Euk-space andr-space data at low, mid, and
high temperature are shown in Figs. 2sad and 2sbd. Figure
2sad shows the high quality of the Euk-space data from
3.00 to 11.00 Å−1. The amplitude at highk decreases rapidly
with increasing temperature and above 11.00 Å−1 little
XAFS signal remains for much of the temperature range.
Consequently, we used ak-range of 3.50 to 10.50 Å−1 for the
Fourier transformsFTd to generate ther-space data; ex-
amples are shown in Fig. 2sbd. The Sr k-space data are
shown in Fig. 3sad. Again the amplitude at highk decreases
rapidly with T; here we used ak-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. 3sbd.

Within the two cage structures there are several different
Eu/Sr-Ga/Ge distancesssee Table Id ranging from
3.4 to 4.5 Å. A peak in the XAFSr-space data is always
shifted slightly to lowerr, 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. 2sbd and 3sbd scor-
responding to distances near 3.5 Åd is large at low tempera-
tures indicating little disorderssmall broadeningd for the
shorter Eu/Sr-Ga/Ge nearest neighbor distances. The ampli-
tude of this peak which has contributions from both cages is
strongly temperature dependent, decreasing by,75% be-
tween 15 and 310 K. This implies that the shorter Eu/Sr

FIG. 1. The Eu2/Sr2 cage showing the M-sitessfrom Refs. 18
and 27d; M1 site—white; M2 site—diagonal lines; near M3 site—
diagonal crosshatch; distant M3 site—horizontal lines.
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-Ga/Ge pairs are connected by relatively weak springs com-
pared to the stiffness of the Ga/Ge structuressee 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 corre-
spond to the longer Sr/Eu-Ga/Ge distances within the
Sr2/Eu2 cages. The small amplitude at lowT 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 uncorre-
lated 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 lowT but become par-
tially thermally disordered at 300 K. This peak corresponds
to distances outside of the Ga/Ge cage immediately sur-
rounding the Eu/Sr.

It is also interesting that with the exception of a phase
change of the real part of the FTsFTRd, the shapes of the Eu

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 simulat-
ing the XAFS data using a sum of theoretical EXAFS func-
tions sstandardsd, without any fitsto the experimental data.
These are calculated using the computer programFEFF732

sdeveloped by Rehr and co-workersd, which calculates the
theoretical XAFS functionsxi, defined in Sec. II B.

Theoretical EXAFS standards were generated for the
Eu1/Sr1 on-center sites and the Eu2/Sr2s0,0,Dd, sd ,D ,0d,
ands0,D ,Dd off-center models. Of the 20 Ga/Ge atoms sur-
rounding 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 de-
generacies 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. 4sad and 4sbd 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

FIG. 2. sad The Eu LIII -edgek-space data for three different
temperatures.sbd The Fourier transform of the data insad for a
transform range of 3.50–10.50 Å−1, with a 0.3 Å−1 Gaussian
broadening. In this and other Fourier transformsFTd plots, the en-
velope is defined as ±ÎFTR

2 +FTI
2, 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 peaks,3–4.4 Åd represents the shell of
neighboring atomssthe cagesd surrounding the central Eu atom
while the second and third peakssabove 5 Åd represent more dis-
tant Ga/Ge neighbors outside these cages.

FIG. 3. sad The SrK-edgek-space data for three different tem-
peratures. sbd The Fourier transform over ak-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 atomssthe
cagesd surrounding the central Sr atom while the second and third
peaks represent Ga/Ge neighbors outside these cages.
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of s 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. 5sad, 5sbd, 6sad, and 6sbd show uniformly
broadened standardsss=0.10 Åd for the s0,0,Dd and
sd ,D ,0d models at various Eu2/Sr2 off-center positions. The
s0,D ,Dd standards are not shown because they were found to
be poor models for the data. For a significant off-center dis-
placement, the Eu2/Sr2-Ga/Ge standards have considerable
amplitude in the 3.0–3.2 Å regionswith s=0.10 Åd 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 contribu-
tion, the phase of the resultant is shifted slightly in opposite
directionssnear 3.15 Åd for off-center displacements of 0.0
and 0.3 Åssee Figs. 5 and 6d. Only for the off-center case
does the phasesand the amplituded 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 experimen-
tal data well over the entire range from 3 to 4.4 Å. In con-
trast to the results for the short distances, the simulations for
the longer Eu/Sr-Ga/Ge distancess3.6–4.4 Åd must be
broadened significantlyss,0.20 Åd 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 theFEFF7calculations yield a
non-negligible Eu1/Sr1 multiple scattering contribution be-
tween 3.00 and 4.20 Åssee Fig. 4d that must be included in
the detailed fits.

C. Ga/Ge XAFS data

Plots of the Ga and Ger-space datasK-edged for the
Eu8Ga16Ge30 and Sr8Ga16Ge30 samples are shown in Figs.
7sad, 7sbd, 8sad, and 8sbd for three different temperatures. For

TABLE I. Examples of nearest neighbor distancessin Åd from Eu/Sr to Ga/Ge when Sr2 is displaced
0.35 Å and Eu2, 0.45 Å.

Sr1 Sr2s0,0,Dd Sr2sd ,D ,0d Eu1 Eu2s0,0,Dd Eu2sd ,D ,0d

3.4094 3.4019 3.4415 3.4005 3.3443 3.3959

3.5242 3.4827 3.4444 3.5253 3.4492 3.3998

3.5435 3.5030 3.4688 3.4158

3.6821 3.6865 3.5898 3.6041

3.7250 3.6928 3.6940 3.6828

3.7985 3.7959 3.7601 3.7112

3.7989 3.8043 3.7622 3.7499

3.8045 3.8366 3.7992 3.8481

3.8139 3.8366 3.8537 3.9020

4.0374 4.0019 4.1030 4.0583

4.1596 4.1507 4.1625 4.1736

4.1648 4.1733 4.2058 4.1947

4.2767 4.2860 4.3538 4.3656

4.4963 4.4890 4.5834 4.5744

FIG. 4. sad The Eu1 single and multiple scatteringFEFF7 stan-
dards with a uniform broadening ofs=0.10 Å. sbd The Sr1 single
and multiple scattering standards withs=0.07 Å.
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both samples, the data looks almost identical for each edge.
This is expected since Ga and Ge are neighbors in the peri-
odic tablesZ=31 and 32d. Also, because the data look iden-
tical 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 tempera-
ture dependence for the second peaks shows that the effec-
tive 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 peaksnear 3.0 Å in Figs. 7 and
8d should correspond to the Ga/Ge-Eu/Sr distances. How-
ever, no obvious peak is present at this distance—it is se-
verely broadened—and is not included in the fits.

IV. DETAILED FITTING PROCEDURES AND
CONSTRAINTS

The general fitting procedures are similar for each edge.
AppropriateFEFF7functions are first calculated for each peak

as described above for the simulations and then summed
together with variable parameters to mimic the data using a
program calledRSFIT31 sformerly calledFITd; 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 peakfsee Eq.s1dg: the amplitude
NSo

2, the atom-pair distancer, the width of the pair-
distribution functions, the asymmetry parameterC3, the
kurtosis parameterC4, and small changes in the edge energy,
DEo which determine wherek=0 occurs for the photoelec-
tron. UsuallyC3 and C4 have little influence on the XAFS
k-space data untilk is quite large; consequently when the FT
range is short, as is the case here, they can often be ne-
glected. Although some asymmetrysC3d might be expected
for the off-center sites at highT, there are not enough free
parameters to obtain a unique fit including theC3 parameter
because of the complicated clathrate structure. Thus we will
not discuss theC3 andC4 parameters further for this system.

The amplitude parameterNSo
2 is determined at lowT.

Since we know the coordination numberN from diffraction
data, this is a measure of the parameterSo

2 which describes
many body effects. This parameter is then kept constant for
fits at higher temperatures to minimize the effect of the cor-
relations between the amplitude and the widths.

FIG. 5. sad A sum of the Eu2FEFF7 standards for thes0,0,Dd
model using off-center displacements 0.00, 0.35, and 0.45 Å.sbd A
similar sum for Sr2 using off-center displacements of 0.00, 0.20,
and 0.30 Å.

FIG. 6. sad A sum of the Eu2FEFF7 standards for thesd ,D ,0d
modelss=0.1 Åd using off-center displacements of 0.00, 0.35, and
0.45 Å. sbd The same sum for Sr2 using off-center displacements of
0.00, 0.20, and 0.30 Å.
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A. Eu/Sr

Here we first describe the constraints for the Eu2 sites; the
constraints for the Sr2 site are nearly identical. Neutron dif-
fraction studies indicate a displacement of the Eu2 within the
plane of the Eu2 cagesi.e., thebc plane in Fig. 1d with four
off-center displacementssthe 24j and 24k sitesd. The
24j-site, our s0,D ,Dd model, assumes that the Eu2 is dis-

placed equally along the ±b̂ and ±ĉ axes in thebc 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 studiess24kd—our
s0,0,Dd 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 sitessee Fig. 1d.

However, the Eu2 cage does not have simple four-fold
local symmetry but rather four-fold rotation-inversion sym-
metry about thea-axis if the Ga/Ge difference is ignored.
sSince the Eu2-Ga and Eu2-Ge standards are very nearly
identical we cannot differentiate various distributions of Ga
on the different crystallographic sites.d 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 displacementD, plus a small com-
ponentd, in the ±â directions sd=0.154Dd; we label this
model sd ,D ,0d. For this type of displacement the distances
to the four equivalent nearest neighborssM3 sitesd are also

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 plau-
sible 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 repre-
sent Eu1-Ga/Ge pairssone of which is the multiple scatter-
ing contributiond, 15 represent Eu2-Ga/Ge pairs; again one
is the sum of the small multiple scattering contributions. An-
other represents a composite peak for a possible on-center Eu
atom contribution and the last represents the tails of the
peaks at higherr, 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 scatter-
ing peaks are constrained such that the distances, amplitudes,
etc. are consistent with the single scattering peaks.

The s’s are constrained according to the cage they are
associated with. The twos’s for the Eu1 cage are set equal
while the 16 for the Eu2 cage are separated into four differ-
ent 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 smalls’s while those that
contribute at highr should have largesstaticd s’s to account
for the apparent disorder in the data between 3.5 and 4.4 Å
ssee Figs. 2 and 3d.

FIG. 7. sad The GaK-edger-space data for Eu8Ga16Ge30 at three
different temperatures.sbd: The Ge K-edge r-space data for the
same sample.

FIG. 8. sad The GaK-edger-space data for Sr8Ga16Ge30 at three
different temperatures.sbd The GeK-edger-space data for the same
sample.
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The Eu1 positions are all constrained to their rela-
tive 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 degen-
erate. 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 thes0,0,Dd case, they collapse onto each
other in thesd ,D ,0d case, i.e., whend=0.154D.

In the fits the Eu2uGa/Ge pair distances are constrained
to correspond to a stiff Ga/Ge frameworkssee Sec. IV B
where we show the variations of the Ga/Ge atomic positions
are of order 0.03 Åd by applying the following argument.
Assume there are two lines with slopesa and b sas in Fig.
10d; then for small changes in the pair-distancesDr i,

Dr1 = aDx, s2d

Dr2 = bDx, s3d

whereDx is the change in off-center displacement. Conse-
quently,

Dr2 = Dr1
b

a
. s4d

If every line with negative slope is constrained to some
“master” line swith slope ad 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

back of the cage using a positive slope master line.
Using these constraints, two types of fits were carried out:

s1d the cage was assumed to be undistorted and one off-
center distance was allowed, ands2d a front-back distortion
of the cage was permitted by allowing slightly different off-
center 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 am-
plitudes are then multiplied by a constantSo

2 to account for
multielectron effects.

Since the overallEo shift of the data should be constant,
theEo 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 forEo is
obtained by averaging the results from fits of several scans at
low T.

FIG. 9. s groups for the fits: Closest neighborssM3/M1d—
white; second nearest neighborssM2/M3d—diagonal lines; middle
neighborssM1/M2/M3d—crosshatch; distant neighborssM2/M3d—
horizontal lines.

FIG. 10. The distances from Eu2 to its Ga/Ge neighbors as a
function of the off-center displacement for thes0,0,Dd andsd ,D ,0d
models. The negative sloping line that has the smallestr-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 smallestr-value
at 0.40 Å is the “master” line for the “back of the cage” group.
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For fits with some of the Eu2sor Sr2d assumed to be on
center, the on-center Eu2 fraction is fixed and a single pa-
rameters 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 non-
variable 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 multi-
peak to account for these small tails of the higherr peaks.

B. Ga/Ge

Fits were made for the Ga and GeK-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. Thes’s and displacements for
each site are constrained within their own group. The ampli-
tudes andEo’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 theirFEFF7

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/GeK-edge data; this is expected because the atomic
number only changes by 1. EXAFS cannot differentiate be-
tween 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 inr-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 thes0,0,Dd andsd ,0 ,Dd models at 15 K. In these fits we
have used ten free parameters with the constraints as de-
scribed above. The differences between the fits to the two
models are small and there is no significant variation in the
goodness-of-fit parameterC2 sproportional to the statistical
x2 parameterd. Therefore, from the perspective of a single
trace, EXAFS is not sensitive enough to make a clear dis-
tinction 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 off-
center distance is varied—plus a possible front/back distor-
tion of the Ga/Ge cage. Figure 12 shows the Eu2 displace-
ment as a function ofT obtained from fits with a front/back
cage distortion. The displacementD is nearly temperature
independent and equal to 0.445±0.020 Å for both models;
d=0.07 Å. A plot of displacement for the “back of the cage”

atoms is not presented because the peaks they are associated
with are strongly broadened and thus the off-center displace-
ment for the “back of the cage” has a very large error
sù0.10 Åd. Consequently, a comparable fit result can be ob-
tained when no front/back distortion is allowed. This out-
come reflects the fact that the Eu2-Ga/Ge pairs in the front
of the cage are more highly orderedsa stronger bonding of
Eu to the nearest cage atomsd and therefore dominate the
observed XAFS signal for the Eu2 site. This is consistent
with the theoretical calculations of Blakeet al.34 who note
that sfor the Sr cased the bonding to the nearest neighbors in
the cage is strengthenedsi.e., the Ga-Ge orbitals are stabi-
lizedd when the Sr moves off-center.

For understanding the rattling behavior of Eu in the Eu2
sites, the more important quantities are thesi

2 for each of the
atom pairsfs is the width of the pair distribution function
sPDFdg. These parameters are plotted as a function of tem-
perature in Fig. 13 for several atom pairs. Fits of these data
to an Einstein modelfEq. s5d belowg were carried out for
each pair and the results are tabulated in Table II. Both thes2

FIG. 11. Top: The excellent fitsdotsd to the Eu data for the
s0,0,Dd model. Bottom: The corresponding fit of the Eu data for
the sd ,D ,0d model. The fit range is 2.5–4.2 Å. The fits are indis-
tinguishable except for a small variation between 4.1 and 4.2 Å.
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vs T plots and the Einstein temperatures from the fits show
that the vibration properties are similar for the two Eu2 off-
center models.

The Einstein model assumes a single vibration mode fre-
quency and is often used for optical phonons or local modes.
For this model,sE

2 is given by

sE
2 =

"2

2MRkBQE
coth

QE

2T
, s5d

whereMR is the reduced mass,QE is the Einstein tempera-
ture, andkB is Boltzmann’s constant. At high temperatures
sQE/Tø0.3d, sE

2sTd~T.
In general there is also some static distortion. Then

s2 = sE
2 + sstatic

2 . s6d

For the s2sTd fits, it is necessary to fix the Eu reduced
massMR because the data are not good enough to yield a
definite minima inC2 when there are three free variables
sMR, uE, andsstatic

2 d. Since the Ga/Ge lattice is expected to
be stiff relative to Eu vibrations, the Eu reduced mass is fixed
at its atomic masss,152 g/mold while sstatic

2 and uE are
allowed to vary.

As shown in Table II the fits for the Eu1 sitefFig. 13sadg
using the two different Eu2 off-center models yielduE,78
and ,82 K. Note thatsstatic

2 is a factor of 2 smaller for the
sd ,D ,0d model than for thes0,0,Dd model. Since the Eu1
site should have little to no static disorder, this result sup-

ports thesd ,D ,0d model. TheC2 parameters from the Ein-
stein fits for the Eu1 site are also a factor of 2 smaller for the
sd ,D ,0d model and provide further support for this model.

Table II also shows output parameters from fits ofs2 vs T
for the Eu2 “closest neighbor” groupfsee Fig. 13sbdg. These
s’s are associated with the four nearest M3 site Ga/Ge at-
oms, toward which Eu2 is displaced;uE is ,93 and,96 K
for the two models. Note that for these neighbors,sstatic

2 is
smaller for thes0,0,Dd model than for thesd ,D ,0d 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 neighborssnear M2/M3d—not
shown—are quite similar to those for the Eu2 “closest neigh-
bor” site, though they have much larger errors as a result of
the large scatter ins2. For both models,uE is ,100 K. How-
ever, the rest of the Eu2 pair distribution functions are
strongly disordered,ssTd for the remaining groupss“middle
of cage” and “distant M2/M3”d is large, ,0.04 Å2, and
nearly independent ofT. Sinces2 is large even at low tem-
perature, the broadening must be dominated by a large static
component, including possible distortions of the cage be-
cause of variations in the Ga distributions, that obscures tem-
perature dependent contributions. For this reason, no infor-
mation 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; con-
sequently the larger static disorder for the closest neighbors
for the sd ,D ,0d 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 ÅfFig. 13scdg yields uE near
80 K, consistent with the nearest neighbor results. This is in
fact a self-consistency check sinces2sTd 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 peaks,5 to 6 Åd, s2sTd
is very largess2,0.04 Å2d; 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 datasat 15 Kd, 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 be-
tween the various off-center models would fit in this region.
In contrast, Fig. 15 shows the excellent fit for thesd ,D ,0d
off-center modelffit to the s0,0,Dd is similarg at 15 K when
,25% of the Sr2 are on-center. The superiority of this fit is
underlined by the fact that itsC2 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

FIG. 12. The magnitude of the off-center displacement of Eu2
toward the “front of the cage” on an expanded vertical scale. Closed
square:sd ,D ,0d. Open square:s0,0,Dd.
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data. Visually they are identical and theirC2 parameters are
comparable.

Figure 16 shows plots of the Sr off-center displacementD
for the “front of the cage” for a fit where a front/back distor-
tion is allowed. The displacement is nearly temperature in-
dependent and equal to 0.40±0.05 Å;d=0.06 Å. A nearly
identical result is obtained if no distortion is allowed, but
with a larger errors±0.10 Åd. 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

s2 is plotted as a function ofT for the various Sr
-Ga/Ge pairs in Fig. 17. Einstein fits are made tos2sTd
using Eqs.s5d ands6d; because of the stiffness of the Ga/Ge
lattice, the reduced mass is again fixed at the rattler atomic
masssMR for Sr ,87 g/mold, andsstatic

2 anduE are allowed
to vary ssee Table IIId.

In the following discussion, the results are reported as-
suming that 25% of the Sr2 are on-center at all temperatures.

TABLE II. Output parameters from fits tos2 vs T for the Eu1
and Eu2 sites assuming the Ga/Ge lattice is rigid andMR for Eu is
at its atomic masss151.965 g/mold. C2 is the goodness-of-fit pa-
rameter.So

2 is not precisely known; a change inSo
2 shifts the plots in

Fig. 13 up or down and mainly changessstatic
2 . For this reason, the

errors given are relative errors; error forsstatic
2 ,0.001 Å2. The

sameSo
2 is used for all fits so that the results for different models

can be compared, i.e.,s0,0,Dd vs sd ,D ,0d.

Site/Model sstatic
2 sÅ2d uEsKd±10 K C2s10−7d

Eu1sd ,D ,0d 0.0010 78 2.9

Eu1s0,0,Dd 0.0024 82 5.6

Eu2:closestsd ,D ,0d 0.0090 93 6.1

Eu2:closests0,0,Dd 0.0056 96 7.9

FIG. 13. sad s2 vs T for the Eu1 site.sbd s2 vs T for the Eu2
“closest neighbors” site.scd s2 vs T for the Eu “further neighbors”
site.

FIG. 14. The poor fitsdotsd to the Sr data for thesd ,D ,0d 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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This is a rough approximation that requires some discussion.
Fits show that the Sr2 on-center percentage appears to in-
crease slightly between 15 and 200 K from 25±8% to
35±8%. This variation changes the Sr2 on-centers but does
not significantly affect any other parameters. When the on-
center contribution is allowed to change with temperature,uE
for the on-center Sr2 site drops to,120±20 K, a,30 K

FIG. 15. Fit to the Sr data at 15 K for thesd ,D ,0d model. The fit
include a 25% on-center Sr2 component; fit range is from
2.5 to 4.2 Å.

FIG. 16. Magnitude of the off-center displacementD of Sr2
toward the “front of the cage.” Closed square:sd ,D ,0d. Open
square:s0,0,Dd models. Note the small vertical scale.

FIG. 17. s2 vs T for sad the Sr1 site;sbd the Sr2 “closest neigh-
bors” site; andscd the Sr “further neighbors” site.
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decrease compared to the values in Table III; hence there is a
large error for thisuE because of the uncertainty in the on-
center fraction.

As shown in Table III,uE for the Sr1 site is,100 K for
both modelsfFig. 17sadg; however,C2 for the Sr1 site is
considerably smaller for thesd ,D ,0d model than for the
s0,0,Dd model, which supports thesd ,D ,0d model, as found
above for the Eu1 site. The static contributionsstatic

2 is small
for both models; because it is near the noise levels0.001 Å2

at low Td it does not provide any differentiation between the
models.

For the Sr2 “closest neighbor,”uE is near 130 KfTable III
and Fig. 17sbdg. Here, theC2 parameters are comparable but
sstatic

2 is considerably larger for thesd ,D ,0d model as also
found for the Eu2 site. Since the Sr2 site is expected to have
a significantsstatic

2 component based on the disorder in the
Sr2 cage further neighbors, this again is more consistent with
the sd ,D ,0d model.

s2 values for all the other Sr2 groupss“near M2/M3,”
“middle of cage,” and “distant M2/M3”d are uniformly large
ss2,0.025d; again the large static disorder at low tempera-
ture 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 s2sTd for the Sr peak between 5.00 and
6.00 Å fFig. 17scdg yields uE near 100 K for the Sr1 site,
again consistent withuE for the nearest neighbor peak. The
contributions to this peak from Sr2 sites is small, ass2 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 Åsactual average distances
2.49 and,4.0 Åd; each is the sum of several closely spaced
peaks. In addition, weak Ga/Ge-Eu/Sr peaks are also ex-
pected 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 peakss2.6–3.2 Åd.
Fits were also attempted using additional single Ga-Ga/Ge
and Ga-EusGa-Srd peaks in this intermediate region. None
of these additional peaks fit the data well in this region and

gave unexpectedsunphysicald atom-pair distances. More
complex models involving several peaks were not consid-
ered. From these fits we have obtaineds2sTd for Ga and Ge
in each sample, and the average bond distance of the neigh-
bors about Ga and Ge.

Using Eqs.s5d and s6d, fits of s2sTd were made for the
two main peakss2.2 and 3.6 Åd 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,MR
should be one-half the average atomic mass of
Ga/Ges69.72/72.61 g/mold. For the peak at 2.2 Å,C2 in-
deed has a minima whenMR is one-half the Ga/Ge atomic
mass. However, for the pair distribution at 3.6 Å, the error in
s2 is too large to yield a clearC2 minima. For this reasonMR
is fixed at one-half the atomic mass for this further neighbor
peak.

As shown in Table IV,uE for the peak at 2.2 Å is essen-
tially 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 GeK-edge second neighbor peak at 3.6 Å,uE 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 con-
siderably 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.
19sbd wheresGa

2 is quite large at lowT. Consequently, the
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 datasa similar procedure was used for the Ge edge
datad. Unfortunately,C2 for these fits was not significantly
better than it was for a random distribution of Ga/Ge. How-
ever, the fits did suggestswith a large amount of errord 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 possiblek-vectors up to the Brillouin zone
boundarysbut also includes correlations in the local atomic
vibrationsd. These are the phonons that should dominate the
thermal behavior for the Ga/Ge framework withuDebye cor-
responding to the highestslongitudinald acoustic phonon fre-
quency in the crystal. Since EXAFS is primarily sensitive to
radial vibrations it is less sensitive to the transverse modes.

As shown in Fig. 19scd, the Debye model fits very well
sbetter than the fit with an Einstein modeld uDebye is near
400 K for the nearest neighbor peaks2.2 Åd in the Ga
K-edge data for Sr8Ga16Ge30. Since plots ofs2 vs T for the
nearest neighbor peaks2.2 Åd for both samples and for both
Ga and Ge edges are essentially identical within the errors
fsee Figs. 19sad and 19sbdg, all these peaks must also have
uDebye near 400 K.

TABLE III. Output parameters from fits tos2 vs T for the Sr1
and Sr2 sites assuming the Ga/Ge lattice is rigid,MR for Sr is near
its atomic masss87.62 g/mold, and 25% of the Sr2 are on-center.

Site/Model sstatic
2 sÅ2d uEsKd±10 K C2s10−7d

Sr1sd ,D ,0d 0.0014 102 6.9

Sr1s0,0,Dd 0.0002 95 13.7

Sr2 closestsd ,D ,0d 0.0039 128 6.7

Sr2 closests0,0,Dd 0.0002 126 6.0

Sr2 on-centersd ,D ,0d 0.0041 156 4.0

Sr2 on-centers0,0,Dd 0.0031 147 3.8
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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 tos2 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 masss34.9 and
36.3 g/mold. Errors onsstatic

2 ,0.0002 Å2.

Sample Atom/Site sstatic
2 sÅ2d uEsKd±5 K C2s10−9d

Eu8Ga16Ge30 Ga/2.2 Å 0.0003 314 0.87

Ga/3.6 Å 0.0035 167 88.09

Ge/2.2 Å 0.0002 326 0.39

Ge/3.6 Å 0.0003 172 78.77

Sr8Ga16Ge30 Ga/2.2 Å 0.0002 311 0.02

Ga/3.6 Å 0.0047 180 44.55

Ge/2.2 Å 0.0003 322 0.27

Ge/3.6 Å 0.0005 188 6.80

FIG. 18. Fits to:sad the GaK-edge data for Eu8Ga16Ge30 at T=4 K; sbd The GeK-edge data for Eu8Ga16Ge30 at T=4 K; scd the Ga
K-edge data for Sr8Ga16Ge30 at T=4 K; andsdd the GeK-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 ak-range of 3.50–11.50 Å−1 while the Ge data are fit over ak-range of
3.50–14.50 Å−1. In these fits, a Ga/Ge-Sr2/Eu2 peak was not included.
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than the average value obtained in diffraction. From the fits
to s2sTd we find that the distribution of static distortions is
also very small;s,0.015 Å for nearest neighbors and
,0.06 Å for the second peakssee Table IVd. Thus the cage
distortions up to the second neighbors are very small com-
pared to the Eu and Sr off-center displacements.

VI. DISCUSSION

A. Eu/Sr rattlers

The low value ofuE for the Eu1/Sr1 sites,80 K for Eu1
and,100 K for Sr1d 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.18,27Addi-
tionally, since the Eu1 peak can be well modeled using only
one s for the two Eu1-Ga/Ge distancesssee Fig. 18d, 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 uE are consistent with some recent Raman scattering re-
sults; for Eu8Ga16Ge30 there is a Raman peak at
56 cm−1s81 Kd which compares well withuEsEu1d,80 K.
For Sr8Ga16Ge30 the Raman peak at 65 cm−1s94 Kd is close
to uEsSr1d=100 K.35

The interaction between Eu2sor Sr2d 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;18,22,27specifically, the EXAFS results in-
dicate 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 theâ displacement
s0.06 to 0.07 Åd 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 evi-
denced in thes2 vs T plots. This variation ins2 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 sub-
tracted. Here the Eu2/Sr2 experimental results are compared
with a uniformly broadened Eu2 or Sr2 peakss=0.10 Åd,
calculatedsFEFF7d 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 asr increases. Ordered pairsssmall s,
large amplituded occur at lowr while disordered pairsslarge
s, small amplituded appear at highr. Since a smalls repre-
sents positively correlated motion36 between a Eu2/Sr2
-Ga/Ge pairsi.e., the Eu2 and Ga/Ge pairs move in the
same directiond, 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 s2sTd to an Einstein model yielduE values of,95
and,125 K for Eu8Ga16Ge30 and Sr8Ga16Ge30. These values

FIG. 19. sad s2 vs T for the Ga/Ge nearest neighbor sites at 2.2
and 3.6 Å for Eu8Ga16Ge30. sbd s2 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 neigh-
bors. scd Debye fit to GaK-edge data from Sr8Ga16Ge30 for the
Ga/Ge-Ga/Ge peak at 2.2 Å in ther-space datasactual bond
length, 2.49 Åd.
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compare quite well with the Raman spectroscopy peaks
found at 69 cm−1s101 Kd and 86 cm−1s125 Kd for
Eu8Ga16Ge30 and Sr8Ga16Ge30, respectively.9

In contrast, the larges2sTd 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 mo-
tions of neighbors; vibrations of the rattler that are nearly
perpendicular to the nearest neighbor bonds might well have
lower Einstein temperaturesfsuch as the low frequency
modes found in Raman scattering studies at 23 cm−1s33 Kd
and 32 cm−1s46 Kd for Eu8Ga16Ge30 and Sr8Ga16Ge30,
respectively9g but are masked in the EXAFS data by the large
amount of static disorder for the more distant Ga/Ge neigh-
bors in the Eu2/Sr2 cage.

The behavior ofs2sTd 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 neighborssmixture of
M2/M3 sitresd has a well-defineds2 vs T plot that yields a
uE comparable to that for the “closest neighbors.” In contrast,
the “M2/M3” Sr2-Ga/Ge pair distribution has as2 that is
uniformly large and similar to the “middle of cage” and “dis-
tant M2/M3” Eu2/Sr2-Ga/Ge pair distributions. Conse-
quently 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 radiisionic
and covalentd 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 Srsbut in
lower coordinated sitesd;22 however, the difference in radii is
much larger for empirical radii37 fEu−1.86 Å,Sr−2.0 Åg
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 bondssabout 3.4 Åd 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 impor-
tant factors.

Another possibility is that the potential for Sr2 is very
close to the crossover point from off-center to on-center be-
havior as observed earlier for Ag+ ions in RbClsRef. 38d and
KI.39 Near the crossover point a system becomes very sensi-
tive to pressure—tiny strains can move the system from off-
center to on-center. Because there is some disorder in the
cage around the Sr atom, the local strains might be the de-
termining factor as to whether a particular Sr2 atom is on- or
off-center.

However, the most crucial aspect likely concerns the na-
ture 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 de-
tail. s1d What is the distribution of Ga on the Ge sites? Is it
sample dependent?s2d What is the net charge on the Ga, are
theysslightlyd negatively charged?s3d Does the possibility of
an off-center displacement in site 2 depend on local varia-
tions in the stoichiometry?

Point s1d 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, anomoloussreso-
nantd scattering near an absorption edgeshere the Ga and Ge
edgesd can provide such contrast. Zhanget al.22 used this
technique to examine the Ga distribution in a Sr8Ga16Ge30
sand also a mixed Sr/Eu sampled. In the Sr sampleslikely
n-type although not reportedd they find a preference for Ga
occupation on the 6c site sM1d s76% Ga, 24% Ged and a low
sessentially reversedd occupation of the 16i site sM2d s24%
Ga, 76% Ged. The more plentiful 24k site sM3d 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 Gasout of 4d on
the M1 site, 1.9 Gasout of 8d on the M2 site, 3.44 Gasout of
8d on the closest M3 site, and 1.72 Gasout of 4d on the more
distant M3 site. The theoretical calculations of Gattiet al.13

support this general trend, although they did not make cal-
culations for a wide range of Ga distributions.

Let us assume for now that this distribution is similar for
many of the clathrates. Then the EXAFSsand diffractiond
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 GesM2d sites, but
rather to the nearest neighbor M3/M1 sitesssee nearest

FIG. 20. sad The Eu2 standard vs the Eu2 fit.sbd The Sr2 stan-
dard vs the Sr2 fit.
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neighbors in Fig. 9d 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 s2d 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 repre-
sentative 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 atomsin the the extreme case
there might be only one off-center directiond. This clearly
will change with the strength of the interactions and hence to
the type of rattler. Clearly new experiments and further cal-
culations 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, points3d
abovesand hence on whether the system isn-type orp-typed.
The EXAFS result, that some of the Sr2 appear to be on-
center, might then be explained by a variation in stoichiom-
etry in the sample.

B. Ga/Ge framework

The first neighbors in the Ga/Ge lattice are modeled using
the Debye model withuDebye ,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 thatuDebye in EXAFS is comparable tosslightly
larger thand the highest Raman mode observed at
260 cm−1s377 Kd.

The second peak is more disordered.uE 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 bond-
ing, this result indicates that there is some fluctuation of the
bond angle between Ga/Ge-Ga/Ge second neighbors. In ad-
dition, 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 linkagessi.e., Ga-Ge-Ge or Ga
-Ge-Gad 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 clath-
rates is their very low, glasslike thermal conductivity which
makes them attractive candidates for potential thermoelectric
applications. In contrast, then-type Ba material has a signifi-
cantly 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 Bentienet al.19 suggest that this is primarily the re-
sult of phonon-electron/hole coupling, it could also be ex-
plained by an increased coupling due to stronger Ba
-Ga/Ge bonds if the Ba is off-center in thep-type material,
but on-center inn-type material. It is therefore crucial that
structural data be obtained for a range of Basand otherd
clathrates with different carrier concentrations, fromn- 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
sto more or all of the cage neighborsd when the rattler is
on-center. The EXAFS results confirm these stronger bonds
for Sr2 sEu2d as do theoretical calculations.34 Here we note
sneglecting for the moment the rattling motiond that if a rat-
tler 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 phononssa
small distortion of the on-center position arising from de-
fects, etc., will produce a weak scattering and is included in
Rayleigh scatteringd. This leads to a contribution toksTd that
has a linearT dependence at lowT. 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 contri-
bution 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;s1d tunneling41 which probably is only im-
portant at very lowT, and s2d a varying phonon/charge-
carrier scattering19 that may be sample dependent, and the
symmetry breaking off-center mass defectsplus enhanced
phonon-rattler couplingd 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 lowT be-
havior for ksTd.

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 compa-
rable to the highest Raman modes observed in these systems.
It is larger than the averageuD obtained when a measurement
averages over both acoustic and transverse modes such as the
heat capacitys,300 K10d and the isotropicU parameters
s271 K18d. The main disorder within the cages of this lattice
can be inferred from the broadening of the second neighbor
Ga-Ga/Gesor Ge-Ga/Ged 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 GaK-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 thesen-type materials are
located inside the two cagesssites 1 and 2d. In both sites they
are loosely bound and have large amplitude radial vibrations
at quite low temperaturessuE,80 and 100 K for Eu1 and
Sr1; 95 and 125 K for theshortestEu2 and Sr2 bondsd.
Vibrations transverse to the bondsfor Eu2/Sr2d are not eas-
ily observed but likely would lead to still lower values foruE
as observed in diffraction. Consequently Sr and Eu atoms on
both sites form rattler atoms which can scatter phonons ef-
fectively. The EXAFS results show that Eu is off-center, ap-
proximately 0.45 Å, in agreement with earlier diffraction re-
sults; however, the overall results suggest that the
displacement is not just in theb̂ĉ plane but also may have a
small component along theâ axis four sd ,D ,0d, modelg—
this displacement has the four-fold rotation-inversion sym-
metry 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 s,25%d of the Sr are on-center. Then the off-center
displacement is about 0.4 Å; however, the average displace-
ment over all Sr is 0.3 Å, in good agreement with the dif-
fraction results. Again the overall results are better with the
sd ,D ,0d 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 distribu-
tion functions is not uniform—the PDF for the shortest bond
to the cage has a fairly small static disorder and a typical
temperature dependence fors2sTd, 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 orsoff-
centerd 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.

The bonding to the side of the cage has very important
consequences for the thermal conductivity. Since the off-
center atoms are more strongly coupled to a few cage atoms
they will have a larger effect in scattering phonons than on-
center atoms. This needs to be included in understanding the
large differences observed for the thermal conductivities of
the Ba, Sr, and Eu clathrates.

Several questions remain while many new questions have
been raised, in part by more detailed calculations, but also by
the unexpected variation of the lattice thermal conductivity
from sample to sample that has been observed recently. What
are the tunneling splittings of the off-center Eu2 and Sr2
atoms and how broad is the distribution of such states for
various types of samples? Within the Zintl concept the Ga
atoms would be negative—is there any net negative charge
on these atoms and does it significantly affect the interaction
between the rattler atom and the site 2 cage? What aspects
determine why the rattler atom moves off-center, and is it
possible for some rattlers to shift from an on-center position
to an off-center displacement with changes in the stoichiom-
etry, or changes in homogeneity? Can smaller atoms form
off-center rattlers in the smaller, site 1 cage? More generally,
can other thermoelectric materials—such as the
skutterudites—be prepared with off-center rattler atoms?
sWe have shown that for many of the filled Sb skutterudites,
the rattler is in fact on-center.d16 These and other questions
must be answered before we can begin to optimize the prop-
erties of these materials for thermoelectric applications.
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