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Off-center phonon scattering sites in EyGa;¢Gezg and SrgGa;Gesg
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We present a detailed extended x-ray absorption fine stru¢EXAFS) analysis of the thermoelectric
clathrates EgGaygGezp and SgGay¢Gesg, 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 temperature400 K. Eu is on-center in the site 1 cage but off-center
(0.445+0.020 A in the large cage called the Eu2 site. The results for Sr are similar-BG% are off-center
0.40+0.05 A 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-
peratureg80+10 and 100+10 K for Eul and Sr1, respectively, and 95+10 and 125+10 K for the shortest
Eu2-Ga/Ge and Sr2-Ga/Ge pairk contrast, the more distant Eu2/Sr2-Ga/Ge pair distributions within the
Eu2/Sr2 cage are strongly disordered even atTowndicating 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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[. INTRODUCTION However, the actual charge on the rattler atom has been a

Recently, a number of materials with open crystal strucT€Cent question of debate. Although experimental papers
tures, such as the skutterudites and some filled clathrate§€at St, Ba, and Eu as +2 ioh& early calculations of the Sr
have attracted attention because of their potential as thermélathrate suggested that Sr was essentially néktraind an
electrics. When voids in these structures are filled with anX-ray absorption near-edge structu@ANES) paper ap-
other type of atonfe.g., Ce, Eu, Sr the thermal conductiv- peared to agre®. More recent calculations by Gatt al®
ity, «, is greatly reduced and can approach that of a glass. Andicate that Sr and Ba in these clathrates are largely ionic,
low value of x is a prerequisite for improving the figure of but the partioning of charge in their model is based on
merit ZT for a thermoelectriqdefined as ZT¥S o,/ k), guantum mechanics and not geometric considerations. In
whereS is the Seebeck coefficieri, is temperature, and,  addition, XANES might not be a good way to probe
is the electrical conductivity:®> Some existing thermoelec- the valence issue for many semiconducting/Zintl materials.
trics can have ZT close to 1—a goal is to increase ZT by aVe have carried out extended x-ray absorption fine struc-
factor of 3 or more. To do so we need a better understandintyre  (EXAFS) experiments on a large number
of these materials on a fundamental level. Staokoduced of skutterudites of the form LjX;, (L=Ce,Eu,Yb;T
the idea of an electron-crystal/phonon-glass to describe theFe,Ru,Os;X=P,Sh'4-1® XANES studies on the same
high electrical and low thermal conductivity characteristicssamples show that for Fe, Ru, Os, and Sb, the absorption
of an ideal thermoelectric material. For these open crystaédge in the skutterudite sample overlaps that of the elemental
structures, the main lattice-framework provides the highmetal very wellt” A resolution of the discrepancy between
electrical conductivity(often semiconductor-likewhile the  Zintl and more ionic materials is outside the scope of this
low thermal conductivity is attributed to the scattering of paper but may depend on similar arguments to those of Gatti
phonons by the filler atom located within “cages” of the et al!3
structure. The addition of filler atoms changes the properties A more important question that has not really been ad-
considerably8 dressed is the effective charge on the Ga atoms. Eizdi'3

For the filled type-l clathratese.g., EyGa;sGey)) the  argue that the rattler-cage interaction must be electrostatic
ideal material should be an intrinsic semiconductor; each Ghaecause of the electron charge transfer from the rattler atom
is defficient by one electrofil6 per formula unjtwhile Eu  to the Ga/Ge framework, but they do not discuss variations
and other +2 filler ions provide two electrofegain 16 per of electron density on the Ga and Ge atoms. If the electrons
formula uni; if the compound is stoichiometric and the dis- are highly delocalized one might treat the cage as having a
tribution of atoms homogeneous, there is no net doping. Aruniform negative charge; however, if the Ga are partially
alternative way to view this Zintl material is as a highly negative then the rattler will be more attracted to them and
compensated semiconductor. The filler atoms are donors-that would determine the strongest bonds. We return to this
they donate electrons to the Ga/Ge framework and the fillepossibility in the Discussion section.
atom is expected to have a net positive charge. Ga atoms in A complication to the above ideas is that for most inves-
Ge formp-type donors—and ip-type carriers become delo- tigations of filled-clathrate materials, defects and nonstoichi-
calized, then Ga should have a net negative charge. ometry usually result im-type semiconducting behavior. For
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suchn-type materials, a low thermal conductivity has beennearest neighbor Ga/Ge. This is different from the isotropic
observe&'© with filler atoms Ba, Sr, or Eu, which occupy thermal parameters for Eu and Sr measured in diffraction.
two cages in the clathrate structure, referred to as sites 1 amssuming the tunneling frequencies are of the same order as
21018 |n these materials all three atoms have large thermadbserved in the alkali halides, the tunneling will be slow and
parameters in diffraction studigbut much larger for Eu and quasistatic from the perspective of the phonons, and an off-
Sr). The temperature dependence indicates that these atomgnter Eu2 or Sr2 will form a bond to the nearest Ga/Ge
vibrate with low energies; consequently they fit the descripytoms—we show that the PDF for this short bond is well
tion of “rattler” atoms. It is well known that such oscillators defined, with a fairly low static broadening and a tempera-

can resonantly scatter phonons for phonon frequencies negfre gependent width, well described by a correlated Einstein
the vibration frequency of the “rattlet. However, forn-type odel. The resulting correlated Einstein temperatukeare
BayGaiGey, the temperature dependence of the therma arger than the lowest value reported in diffracti@n iso-

conductivity is more like that of a crystdl.e., x(T) has a ) . . .
peak at lowT, near 20 K'° while the Eu and Sr versions are tr[c))géct:rzverag)abut agree quite well with peaks in the Raman

more glasslike with a plateau region above 200-250 K and 3 We argue that the off-center rattlers produce two effects of

decreasing thermal conductivity at lowd@r; with another . ) 2
small dip/plateau region near 20—30°R° In addition, the importance for_ lowering the thermal condu_ctlwty of thermo-
! electric materials(1) the off-center atom is bound to the

magnitude of the thermal conductivity for a given filler atom _ )
(in n-type materialsvaries considerably between samples at"€arest Ga/Ge atoms in the cage and hence its local mode
low T.9-10,19,20 vibrations are more strongly coupled to the phonons of the
The difference between the behavior for the Ba and thé&3a/Ge lattice than for an on-center atom, &2ixthe random
Eu/Srn-type systems is not well understood—but appears t@ccupation of the four off-center positions by the heavy Eu
be related to Eu and likely Sr having a large off-centeror Sr atoms produces a symmetry-breaking heavy mass de-
displacemerit!®21-23jn the Eu2 and Sr2 sites, while Ba2 is fect that should scatter intermediate phonon wavelengths
on-centef® For the off-center case, there are then severagffectively. _ .
equivalent off-center positionthere 4 and in general the ~ The outline of the paper is as follows: in Sec. Il we pro-
off-center atom(Eu and Sy can tunnel between equivalent vide some of the experimental details about the samples and
sites, as is well known for off-center systems in the alkalithe EXAFS technique. The data are presented in Sec. Ill, and

halides. For heavy off-center defects such as Ag and Cu, thé@e detailed fits, including the constraints used, are described
tunneling25is very slow(<20 GH2 compared to phonon in Secs. IV and V. The results are discussed and compared
frequencies and therefore the tunneling states should onfyith other measurements in Sec. VI, which also includes a
scatter phonons at o, <1 K. The tunneling frequencies discussion of the implications for thermal conductivity. The
have not yet been determined in the clathratas upper —conclusions are summarized in Sec. VII.
limit, <1 K, has recently been determirf€dbut little else is
known about them. Background: Clathrate structure

Very recently,p-type single crystal material has been pre-

) ; ; . The clathrate crystal structurespace groupPm3n) is
pared by growing the crystal in a Ga-rich environment. Forcomposed of two polyhedral grougsages made up of

p-type BaGaGes, the thermal conductivity is greatly re- 34 7804 Ga and 65.21% Gee., a 16:30 ratio in the stoichi-

duced and has a slight dip/plateau region near 20 K, similag,etric compouny Each of the cages encloses a Eu/Sr atom.
to that for the Eu and_ Sr systgr%?sUnfortungtely there IS, 85 The first(smalle) cage, referred to as the Eul/Sr1 site, con-
of yet, no structural information about thistype material, qing 20 Ga/Ge atoms and holds 25% of the Eu/Sr. For this
particularly as to whether the Ba is, or is not, displaced off-gjte the Eu/Sr atom remains on-center. The more numerous
center within site 2. Bentieet all® note that there is an Eu2/Sr2 cagé€75% of the Eu/Sx shown in Fig. 1, contains
unusually wide range in the thermal conductivity reportedy4 Ga/Ge atoms and is formed of three types of crystallo-
for BagGaysGeyg at low T; «(T) is quite high for some-type graphic sites[M1(6c), M2(16), and M324k)].1827 This
materials and nearly two orders of magnitude lower for theCage is proposed to house a rattler at@n or S

; 0,19,20 10 §i ) . . : ’
p-type material at 10 R>'%2°Although Salest al*°find %‘3 Neutron diffraction studies on-type material suggest that
on-center in their smgle. crystal samples, Bentmn_al. .the Eu2/Sr2 rattlers are displaced off-center to one of two
question that result and instead suggest that the wide Va”’%yckofr sites, 24k or 24j. 24k is equivalent to Eu2 being

tion in the properties of the filled clathrates at |awis pri- pisplaced along thebror 42 axes. see Fig. 1. We call this a
marily the result of changes in phonon/charge-carrier scattef= . ’ P
y g D g (0,0,A) or (0,A,0) displacement. The 324displacement

ing; however, they do not explain why twetype samples of N
nearly the same carrier concentration and effective mass canodel has the Eu2 displaced equally alongtrendc axes,
have carrier scattering lengths that vary by an order of magtoward the midpoint between two M2 sitéSig. 1). This is
nitude. Until detailed structural measurements for a range oalled a(0,A,A) displacement. The magnitudes of the dis-
Ba samples are available, this issue cannot be resolved. placementA from neutron diffraction are-0.4 and~0.3 A
In this paper, we present a detailed local structure study ofor EusGa,¢Ge;o and SgGaysGes, respectively®27

n-type EyGa¢Gayy and SgGaGagy to address several is- In addition, the neutron diffraction thermal ellipses also
sues. First, using EXAFS, the off-center displacement can behow significant broadening along theaxis; consequently a
directly measured and the Einstein frequency determined fosmall displacement along tféeaxis is also possible. Adding
the (radia) rattler mode vibration of Eu2 or Sr2 toward the a smalla component leads to a modified Rdisplacement
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FIG. 1. The Eu2/Sr2 cage showing the M-sitf®@m Refs. 18
and 27; M1 site—white; M2 site—diagonal lines; near M3 site—
diagonal crosshatch; distant M3 site—horizontal lines.
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scattering amplitude of the photoelectron from neighbdits
includes mean-free path effegtandg;(rg;,r) is the(Gauss-
ian) pair distribution function for the atoms at a distange

The phase shiftsg.(k) and & (k), correspond to the central
and backscattering atom potentials, respectively. The ampli-
tude A, is defined byAi:Ni% whereN; is the coordination
number of shell and S 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
parametersC; and C, 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 vektor

is defined byk=\2my(E-E,)/%2, whereE, is the binding
energy for the absorption edge under study.

IIl. XAFS DATA

XAFS data were collected as a function of temperature at
the Stanford Synchrotron Radiation Laborat¢8SRL) for
the Sr, Ga, and Ge-edges, and the EuW,-edge of
EusGa ¢Geyy and SgGagGesg. The measurements were car-
ried out on beamline 4-3 using Si 220 monochromator crys-

model,(8,A,0), discussed in detail in Sec. IV A. The reason tals. The monochromator was detuned 50% to reduce har-

we consider other models is that the forces that move th&onics; the slit height was 0.7 mm for all edges, giving
atom off-center are determined by the minima in the localenergy resolutions of 0.5, 1.3, 1.3, and 2.8 eV for theLfu
potential, which are dominated by a few nearest neighborgnd Ga, Ge, and S¢-edges, respectively. At each tempera-
assuming the interactions with the nearest neighbors are efire, the sample position was res@tecause of thermal

sentially equivalent.

Il. EXPERIMENTAL DETAILS

A. Samples
The sample preparation has been reported edfli&ne Sr

material is identical to that investigated in Ref. 27 while the

expansion/contraction of the probso that the region of the
sample studied remained the satméthin ~50 ). The data
were reduced using standard procedtfrésto yield XAFS
oscillations as a function .

A. Eu Ly, - and Sr K-edges

Eu version is prepared the same way as the samples studied P10ts of the Elk-space and-space data at low, mid, and

in Ref. 18. For the EXAFS samples, a small amount of singl

digh temperature are shown in FigdaRand 2b). Figure

crystal material was ground and then passed through a 408(& shows the high quality of the Ek-space data from

mesh sieve. Next, the resulting fine powder was spread on

Scotch tape using a fine brush. In this process the larger

8:00 to 11.00 AL The amplitude at higk decreases rapidly
J¥ith increasing temperature and above 11.00 Aittle

the fine particles were removed; typical remaining particleXAFS signal remains for much of the temperature range.

size is<<10 u. Several layers of tape were then stacked t

oConsequently, we useckarange of 3.50 to 10.50 A for the

make samples with an absorption step height between 0/3ourier transform(FT) to generate the-space data; ex-

and 1 for the different edges.

B. XAFS technique

The experimental EXAFS functiog is obtained from the
absorption data using the equati@r (- ug)/ ng, Wherepu
is the absorption coefficient for the edgpre-edge back-
ground removedand u is the backgroundembedded atojn
function?®

The EXAFS equation we use in analyzing the data is

ky(K) = > kyi(K) = Im > kA @2/3C i gi[204K)+6(K)-4/33C4]
i i

2kr

5¢ f Fi(k,r)gi(rOi’g)el
0 r

wherey; is the XAFS function for sheli, F;(k) is the back-

dr, (1)

amples are shown in Fig.(®. The Srk-space data are
shown in Fig. 8a). Again the amplitude at high decreases
rapidly with T, here we used ak-space range of
3.50 to 11.50 A to generate the FTs. Some examples of the
Srr-space data are shown in Figbg

Within the two cage structures there are several different
Eu/Sr-Ga/Ge distanceqsee Table ) ranging from
3.4t0 4.5 A. A peak in the XAFS-space data is always
shifted slightly to lowerr, typically by 0.3 A, because of a
well known phase factor. For both the Sr and Eu edges the
sum of the peaks near3.15 A in Figs. 2b) and 3b) (cor-
responding to distances near 3.5i8 large at low tempera-
tures indicating little disordefsmall broadening 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~3#b% be-
tween 15 and 310 K. This implies that the shorter Eu/Sr
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FIG. 2. (@) The Eul-edgek-space data for three different FIG. 3. (a) The SrK-edgek-space data for three different tem-
temperatures(b) The Fourier transform of the data i@ for a  peratures. (b) The Fourier transform over ak-range of
transform range of 3.50-10.50A with a 0.3 A' Gaussian 3.50-11.50 A%, with a 0.3 A Gaussian broadening. Here again
broadening. In this and other Fourier transfolfdT) plots, the en-  the first peak represents the nearest neighbor shell of attias
velope is defined as&FT§+ FT,Z, where FT is the imaginary part cage$ surrounding the central Sr atom while the second and third
and FTi the real part of the FT. The high frequency curve inside thepeaks represent Ga/Ge neighbors outside these cages.
envelope is FE. The first peak ~3—4.4 A represents the shell of
neighboring atomgthe cagep surrounding the central Eu atom
while the second and third peaksbove 5 A represent more dis-
tant Ga/Ge neighbors outside these cages.

and Srr-space data are similar. This reflects their similar
local structure.

. . . B. FEFF7 simulations for Eu/Sr
-Ga/Ge pairs are connected by relatively weak springs com- simulations for Eu/S

pared to the stiffness of the Ga/Ge struct(see Sec. V C. Further understanding can be developed by first simulat-
In contrast, the amplitude of the sum of the peaks in théng the XAFS data using a sum of theoretical EXAFS func-
3.5-4.4 A range is very low and shows little temperaturetions (standardg without any fitsto the experimental data.
dependence. The peaks that contribute in this range corrdhese are calculated using the computer prograrF7?
spond to the longer Sr/Eu-Ga/Ge distances within thddeveloped by Rehr and co-workgrsvhich calculates the
Sr2/Eu2 cages. The small amplitude at [@vimplies that a  theoretical XAFS function;, defined in Sec. Il B.
large amount of static disorder is present for these Eu/Sr Theoretical EXAFS standards were generated for the
-Gal/Ge pairs; the vibrational motions of these more distanEul/Srl on-center sites and the Eu2/8020,A), (5,A,0),
Ga/Ge neighbors relative to Eu2/Sr2 may also be uncorreand(0,A,A) off-center models. Of the 20 Ga/Ge atoms sur-
lated or possibly negatively correlated. rounding an Eul/Sr1, eight are at a distance of 3.41 A and
The peak between 5.00 and 6.00 A also shows a stron§j2 are at~3.52 A. The site 2 cage contains 24 Ga/Ge, but
temperature dependence, indicating that the longer Eu/Since the central Eu2/Sr2 is off-center, the positions and de-
-Ga/Ge pair-distances are ordered at [blwut become par- generacies of these standards are more complex and depend
tially thermally disordered at 300 K. This peak correspondson the magnitude of the displacement. They are discussed in
to distances outside of the Ga/Ge cage immediately sumore detail in Sec. IV A.
rounding the Eu/Sr. In Figs. 4a) and 4b) the simulations for the Eul/Sr1 site
It is also interesting that with the exception of a phaseare shown assuming the same broadening of each of the
change of the real part of the FFTg), the shapes of the Eu cage-neighbor pair distribution functions. For realistic values
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TABLE |. Examples of nearest neighbor distan¢@sA) from Eu/Sr to Ga/Ge when Sr2 is displaced
0.35 A and Eu2, 0.45 A.

Srl Sr20,0.,A) Sr2(5,A,0) Eul Eu20,0,A) Eu2(5,A,0)
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

of o the amplitude of the Eul/Srl standard at 3.10 A is not  Similarly, Figs. %a), 5(b), 6(a), and @b) show uniformly
large enough to model the experimental data. Therefore theroadened standardéo=0.10 A) for the (0,0,A) and

Eu2/Sr2 sites must also contribute at this distance. (8,A,0) models at various Eu2/Sr2 off-center positions. The
(0,A,A) standards are not shown because they were found to
e HSLANL A e ey s e B 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 A regiofwith ¢=0.10 A and
make up for the missing amplitude that would arise if one
attempted to model this range of distances using only the
A Eul/Srl site. Also note the changing phase shift of B$
i o A v the off-center displacement increases from 0.0 to 0.3 A.
Consequently, when combined with the Eul/Sr1 contribu-
tion, the phase of the resultant is shifted slightly in opposite
solid: Eul single scattering directions(near 3.15 A for off-center displacements of 0.0
triangle: Eul multiple scattering ] and 0.3 A(see Figs. 5 and)6Only for the off-center case
ool 1 Ll does the phaséand the amplitudeof the resultant agree
25 3 3.5 4 4.5 with the data. This is direct evidence of the necessity for
(@) rA) Eu2/Sr2 to be off-center.
However, the overall shape of this uniformly broadened
02 L L R ' simulation for the Eu2 site does not describe the experimen-
tal data well over the entire range from 3 to 4.4 A. In con-
trast to the results for the short distances, the simulations for
the longer Eu/Sr-Ga/Ge distancé¢’.6—4.4 A must be
broadened significantlyo~ 0.20 A) to match the amplitude
appadpanananscy e ve— of the data. This suggests that there is a large static disorder
BN e Rharss 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 theFF7 calculations yield a
non-negligible Eul/Srl multiple scattering contribution be-
tween 3.00 and 4.20 Asee Fig. 4 that must be included in
the detailed fits.

0.1 —

kx(k)

_01 —

0.1

ky(k)
o

-0.1
solid: Srl single scattering
triangle: Sr1 multiple scattering
| 1 1 ‘ 1 1 1 | | | 1 1 1

|
3 3.5 4
(b) r(4) C. Ga/Ge XAFS data

-0.2

[N
o

FIG. 4. (a) The Eul single and multiple scatterirgrr7 stan- Plots of the Ga and Ge-space datdK-edge for the
dards with a uniform broadening of=0.10 A. (b) The Srl single EuGa¢Geyy and SgGasGeyy samples are shown in Figs.
and multiple scattering standards wiitx0.07 A. 7(a), 7(b), 8(a), and 8&b) for three different temperatures. For
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FIG. 5. (8 A sum of the Eu2rerr7 standards for th¢0,0,A) FIG. 6. (@ A sum of the Eu2rerr7 standards for thés,A,0)
model using off-center displacements 0.00, 0.35, and 0.4®)3 model(0=0.1 A) using off-center displacements of 0.00, 0.35, and
similar sum for Sr2 using off-center displacements of 0.00, 0.200.45 A.(b) The same sum for Sr2 using off-center displacements of
and 0.30 A. 0.00, 0.20, and 0.30 A.

both samples, the data looks almost identical for each edge. i ) )
This is expected since Ga and Ge are neighbors in the per"fl_s described above for the simulations and then summed

odic table(Z=31 and 32 Also, because the data look iden- together with variable parameters to mimic the data using a
tical for both samples, it shows that the type of rattler atomProgram calledrsFit* (formerly calledFiT); this program
has little effect on the behavior of the Ga/Ge cages. fits in r-space. However, each local environment will require
The first two peaks in these plots occur aR.10 and @ different set of constraints. In general there can be six
3.66 A and correspond to the two shortest Ga/Ge-Ga/Gparameters varied for each pealee Eq(1)]: the amplitude
distances in the structure. The weak temperature dependend&, the atom-pair distance, the width of the pair-
of the first peak implies that the bonds between the neareslistribution functiono, the asymmetry parametet,, the
neighbor Ga/Ge atoms are stiff while the stronger temperakurtosis parametet,, and small changes in the edge energy,
ture dependence for the second peaks shows that the effe&E, which determine wher&=0 occurs for the photoelec-
tive spring constant between second neighbor Ga/Ge atomgn. UsuallyC; and C, have little influence on the XAFS
is softer. This is not unexpected because small changes in thespace data untK is quite large; consequently when the FT
bond angles would produce significant changes in the secor}gnge is short, as is the case here, they can often be ne-
neighb_o_r distances even if the bond Iength; were constantglected. Although some asymmetf@,) might be expected
Additionally, a very small peaknear 3.0 A in Figs. 7 and o, the off-center sites at high, there are not enough free
8) should correspond to the Ga/Ge-Eu/Sr distances. HOWsaameters to obtain a unique fit including g parameter
ever, no obvious peak Is present at th!s d|sta_nce—|t IS S&ecause of the complicated clathrate structure. Thus we will
verely broadened—and is not included in the fits. not discuss th€; andC, parameters further for this system.
The amplitude parametemszb is determined at lowT.
IV DETAILED FITTING PROCEDURES AND Since we know the coordination numtmrfrom diﬁract?on
CONSTRAINTS data, this is a measure of the parar_msﬁzwhmh describes
many body effects. This parameter is then kept constant for
The general fitting procedures are similar for each edgefits at higher temperatures to minimize the effect of the cor-
AppropriatererF7functions are first calculated for each peak relations between the amplitude and the width
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FIG. 7. (a) The GaK-edger-space data for EBaysGesoat three FIG. 8. (a) The GaK-edger-space data for §6aGe;g at three

different temperaturesib): The GeK-edger-space data for the itterent temperaturegb) The GeK-edger-space data for the same
same sample. sample.

A. Eu/Sr equal. This is expected from local symmetry arguments,

Here we first describe the constraints for the Eu2 sites; thsince if the nearest neighbors dominate the local potential,
constraints for the Sr2 site are nearly identical. Neutron dif-any minima will be at a point that is equidistant from them;
fraction studies indicate a displacement of the Eu2 within theconsequently that is where the Eu2 most likely would be
plane of the Eu2 cagé.e., thebc plane in Fig. 1 with four ~ found. For this reason, it might be the more physically plau-
off-center displacementgthe 24 and 24 siteg. The  sible model. This argument assumes the bonding to Ga and
24j-site, our(0,A,A) model, assumes that the Eu2 is dis- Ge are comparable; a significant difference in bonding
placed equally along thebrand + axes in thebc plane, strength_, plus the nonuniform Ga/Ge distribution would
toward the midpoint between two M2 sites. Our XAFS changeit. _ _
analysis indicates that this type of displacement agrees 1Wenty pair-standards were used in the fit. Three repre-
poorly with the data and therefore is not considered furthef€Nt Eul-Ga/Ge paif®ne of which is the multiple scatter-
here; we return to this result in the Discussion. A similar'nd contribution, 15 represent Eu2-Ga/Ge pairs; again one
result was found in diffraction studié&?’ The second type IS the sum of the small multiple scattering contributions. An-
of displacement used in diffraction studig®4k)—our

other represents a composite peak for a possible on-center Eu
(0,0,A) model—assumes that the Eu2 is displaced alon%tom contribution and the last represents the tails of the

. - . . eaks at higher, which have a small contribution within the

either the b or £C axis, toward a point just above or below i range. Many constraints are needed to keep the number of

the more distant M3 sitésee Fig. 1 _ arameters below the maximum possible number of degrees
However, the Eu2 cage does not have simple four-foloEf freedont®*—they are described below. All multiple scatter-

local symmetry but rather four-fold rotation-inversion sym-j,q neaks are constrained such that the distances, amplitudes,
metry about thea-axis if the Ga/Ge difference is ignored. oic "gre consistent with the single scattering peaks.

(Since the Eu2-Ga and Eu2-Ge standards are very nearly The o's are constrained according to the cage they are
identical we cannot differentiate various distributions of Gagggqciated with. The two's for the Eul cage are set equal
on the different crystallographic sitgsOur third off-center  \yhije the 16 for the Eu2 cage are separated into four differ-
displacement ~ model ~ retains the rotation-inversiongn: £ ;2 subgroups as shown in Fig 9. The Eu2 groupings are
symmetry—it is a displacement toward the most distant M3y qtiyated by the argument that the Eu2-Ga/Ge standards
site in the cage, i.e., abtdisplacement\, plus a small com-  for the short bonds must have smalks while those that
ponentd, in the 44 directions(5=0.154A); we label this  contribute at highr should have largéstatio ¢’s to account
model (8,A,0). For this type of displacement the distancesfor the apparent disorder in the data between 3.5 and 4.4 A
to the four equivalent nearest neighbdk43 siteg are also  (see Figs. 2 and)3
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FIG. 9. o groups for the fits: Closest neighbof§13/M1)— Y 02 0.4 0.6
white; second nearest neighbdhd2/M3)—diagonal lines; middle (@) Offcenter Displacement (4)
neighborgM1/M2/M3)—crosshatch; distant neighbqiid2/M3)—
horizontal lines. [T T
EuBGaleGeao
The Eul positions are all constrained to their rela- 45 - (8A0)
tive crystallographic proportions so that only the overall i
size of the Eul cage is allowed to vary. This maintains ]
the cubic structure and imposes the constraint that Eul/Srl Am3 € g
is on-center. = 4
As shown in Fig. 10 the Eu2 positions are more complex. “m2f =
Here, each line represents a Eu-cage-neighbor distance as a m1f =
function of the Eu off-center displacement. In most cases the m3L ]
lines represent more than one atom pair, i.e., they are degen- 35
erate. Those lines that have a negative slope are associated L -
with the Ga/Ge atoms on the side of the cage toward which - | |
the Eu2 is displaced; similarly, those that have a positive 0 —— 0D —— oa —— 06
slope represent the Ga/Ge atoms on the opposite side of the b) Offcenter Displacement (A)

cage. These two groups are referred to as “front of the cage”
and “back of the cage,” respectively. It should be noted that k|G, 10. The distances from Eu2 to its Ga/Ge neighbors as a
while the four nearest M3's are represented by two twofoldiunction of the off-center displacement for tf@,0,A) and(5, A, 0)
degenerate lines in th@,0,A) case, they collapse onto each models. The negative sloping line that has the smailestue at a
other in the(d,A,0) case, i.e., whed=0.154A. displacement of 0.40 A is the “master” line for the “front of the
In the fits the Eu2—-Ga/Ge pair distances are constrainedcage” group. The positive sloping line that has the smatlestiue
to correspond to a stiff Ga/Ge framewo(kee Sec. IVB at 0.40 A is the “master” line for the “back of the cage” group.
where we show the variations of the Ga/Ge atomic position
are of order 0.03 A by applying the following argument.
Assume there are two lines with slopasandb (as in Fig.
10); then for small changes in the pair-distandgs,

%ack of the cage using a positive slope master line.

Using these constraints, two types of fits were carried out:
(1) the cage was assumed to be undistorted and one off-
center distance was allowed, a(®) a front-back distortion
Ar; = aAx, 2) of the cage was permitted by allowing slightly different off-
center displacements for the front and back of the cage.
A= bAx 3) The amplitude of each standarq is constrained to maintain

2 ' the known number of Ga/Ge neighbor atoms at each pair
where AX is the Change in off-center displacement_ Conse_distance, which are obtained from neutron diffraction. This
quently, 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 constﬁﬁtto account for

Ar= Arla. (4)  multielectron effects.
Since the overalE, shift of the data should be constant,

If every line with negative slope is constrained to somethe E, shifts for all the standards are constrained to be equal
“master” line (with slopea) then the positions of each of for all fits through the full temperature range. The value of
these Eu2 standards are crystallographically consistent with, is determined at low temperatures where the XAFS signal
the closest half of the Eu2 cage being rigid and requires onljas the best signal-to-noise ratio; an average valu&fas
one parameter to describe all the pair distances in the front ajbtained by averaging the results from fits of several scans at
the cage. A similar set of constraints can be made for théow T.
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For fits with some of the EuRor Sr2 assumed to be on (L2 o L N L LA R
center, the on-center Eu2 fraction is fixed and a single pa- (0,0,A) Fit at 15K (dotted)
rametero is allowed to vary for this peak. The fraction is Data at 15K (solid)
then varied in a series of fits. 01

The final component in the fit from 2.5 to 4.2 A is a non-
variable standard that is a sum of the Eul and Eu2 peaks
above the fit range. This is done by independently fitting the ey
peak between 5.00 and 6.00 A using a sum of the higher- ¥ 0
Eul 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 highgreaks. 01 _
B. Ga/Ge ]
Fits were made for the Ga and ®eedge data for both ool Lo Lo Lo
samples. These fits are easier to set up because the main 25 3 A3-5 4
peaks at 2.491 and 3.970—4.001 A are composed exclusively @ r@
of on-center Ga/Ge-Ga/Ge standards. They include four

0-2IIII|IIII|IIII|I

(6A0) Fit at 15K (dotted)
Data at 15K (solid)

standards for the Gal/Gel site, four for the Ga2/Ge2 site,
and five for the Ga3/Ge3 site. Tlwés and displacements for
each site are constrained within their own group. The ampli-
tudes andg,’'s are constrained by the methods outlined for 0.1
the Eu and Sr fits. For these fits, the lattice is assumed to be
composed exclusively of either Ga or Ge since threiFF7
generated standards are almost identical for the peaks at 2.49
and 3.97-4.00 A. 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- -0.1
tween random or clustered distributions of Ga on the Ga/Ge

sites.

ky(k)

_02 11 1 1 I 11 | 1 I | I T I 1

2.5 3 3.5 4
V. FIT RESULT
SULTS (b) r(k)

A. Eu
) ) FIG. 11. Top: The excellent fitdoty to the Eu data for the
For the Eu data, the fits show that when a small fractiong o a) model. Bottom: The corresponding fit of the Eu data for

of on-center Eu2 is included, this component is broadeneghe (s5,A,0) model. The fit range is 2.5—4.2 A. The fits are indis-
such that its peak-amplitude mspace goes te-0. For this  tinguishable except for a small variation between 4.1 and 4.2 A.
reason, only fits that do not include an on-center Eu2 are
presented. Figure 11 shows the excellent fits of the Eu datatoms is not presented because the peaks they are associated
for the(0,0,A) and(5,0,A) models at 15 K. In these fits we with are strongly broadened and thus the off-center displace-
have used ten free parameters with the constraints as deent for the “back of the cage” has a very large error
scribed above. The differences between the fits to the tw¢=0.10 A). Consequently, a comparable fit result can be ob-
models are small and there is no significant variation in theained when no front/back distortion is allowed. This out-
goodness-of-fit paramete®? (proportional to the statistical come reflects the fact that the Eu2-Ga/Ge pairs in the front
x° parametex Therefore, from the perspective of a single of the cage are more highly orderéal stronger bonding of
trace, EXAFS is not sensitive enough to make a clear disEu to the nearest cage atonend therefore dominate the
tinction between the models. observed XAFS signal for the Eu2 site. This is consistent
In these fits the Eul-Ga/Ge distances agree withirwith the theoretical calculations of Blaket al3* who note
0.01 A with the average values from diffraction for a rigid that (for the Sr casethe bonding to the nearest neighbors in
Gal/Ge lattice and need no further discussion. The fit of thehe cage is strengthendte., the Ga-Ge orbitals are stabi-
Eul site is very robust and is essentially unchanged for thééized) when the Sr moves off-center.
various Eu2 off-center models. For the Eu2 site, the off- For understanding the rattling behavior of Eu in the Eu2
center distance is varied—plus a possible front/back distorsites, the more important quantities are #efor each of the
tion of the Ga/Ge cage. Figure 12 shows the Eu2 displaceatom pairs[o is the width of the pair distribution function
ment as a function of obtained from fits with a front/back (PDP]. These parameters are plotted as a function of tem-
cage distortion. The displacementis nearly temperature perature in Fig. 13 for several atom pairs. Fits of these data
independent and equal to 0.445+0.020 A for both modelsto an Einstein mode]Eq. (5) below] were carried out for
5=0.07 A. A plot of displacement for the “back of the cage” each pair and the results are tabulated in Table II. Botlrthe
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0.485 T T T T T T T ports the(8,A,0) model. TheC? parameters from the Ein-
1 Eu2 Displacement 1 stein fits for the Eul site are also a factor of 2 smaller for the
0.480 4 towards "front of cage" Ga/Ge. . (6,A,0) model and provide further support for this model.
] Solid Square: (3,4,0) Table Il also shows output parameters from fitsrdfvs T
0475 - Open Square: (0,0,4) . for the Eu2 “closest neighbor” groUsee Fig. 18)]. These
1 1 o’s are associated with the four nearest M3 site Ga/Ge at-
0.470 . oms, toward which Eu2 is displaceé; is ~93 and~96 K
1 1 for the two models. Note that for these neighbar§,, is
0.465 o % - smaller for the(0,0,A) model than for theg5,A,0) model.
_ ] 1 This reflects the partial overlap between the Eul-Ga/Ge
*< 0460 5 = peak and “closest neighbor” Eu2-Ga/Ge peak. Therefore it
Ei 1 - is unclear from the fits as to which site the static disorder
£ 0455+ L & . belongs.
3 1 & & % 1 Fits to the Eu2 next nearest neighb@msar M2/M3—not
& 0450 - ] % E . shown—are quite similar to those for the Eu2 “closest neigh-
= ] = E 1 bor” site, though they have much larger errors as a result of
0.445 % T - the large scatter in. For both modelsgg is ~100 K. How-
1 % . ever, the rest of the Eu2 pair distribution functions are
0.440 - E % 4 strongly disorderedg(T) for the remaining group&'middle
_ % n of cage” and “distant M2/M3 is large, ~0.04 A%, and
0.435 T nearly independent of. Sincecd? is large even at low tem-
i % % ] perature, the broadening must be dominated by a large static
0.430 4 1 component, including possible distortions of the cage be-
. _ _ . _ - cause of variations in the Ga distributions, that obscures tem-
(') 5'0 1(')0 1;0 2(')0 zgo 3(')0 perature dependent contributions. For this reason, no infor-
T(K) mation about thermal vibrations can be extracted from these

peaks. Because there is considerable static disorder for the
FIG. 12. The magnitude of the off-center displacement of Eu2longer pair distances in the Eu2 cage we argue that there is
toward the “front of the cage” on an expanded vertical scale. Closegikely also some disorder for the closest neighbor PDF; con-
square(s,A,0). Open square(0,0,4). sequently the larger static disorder for the closest neighbors
for the (5,A,0) model described above is consistent with the
vs T plots and the Einstein temperatures from the fits showother fits that support this model.
that the vibration properties are similar for the two Eu2 off-  Finally, Einstein model fits for the Eul contribution to the
center models. peak between 5.00 and 6.00[&ig. 13¢c)] yields 6z near
The Einstein model assumes a single vibration mode fre80 K, consistent with the nearest neighbor results. This is in
quency and is often used for optical phonons or local modedact a self-consistency check sine&T) for both the nearest

For this model,ofE is given by neighbor and further neighbors about the Eul site will be
42 0 dominated by the large amplitude vibrations of the Eu atom.
= coth—=, (5)  Forthe Eu2 site contribution to this peék5 to 6 A, A(T)
2MgkgO 2T is very large(c?2~0.04 A?); consequently the amplitude of

whereMg is the reduced mas€)g is the Einstein tempera- the Eu2 contribution is negligible compared to that for Eul.
ture, andkg is Boltzmann’s constant. At high temperatures
(Oe/T<0.3), o&(T)=T.

In general there is also some static distortion. Then B. Sr

2= 02+ Py (6) The first fits to the Sr data assumed only an off-center
displacement for the Sr2 site. Figure 14 shows that this
For the o*(T) fits, it is necessary to fix the Eu reduced model cannot fit the dat@t 15 K), particularly in the region
massMg because the data are not good enough to yield detween 3.4 and 3.8 A where the phase in the real part of the
definite minima inC? when there are three free variables transform fits poorly. No variation in the size of the Sr2 cage,
(Mg, 6, ando?_,). Since the Ga/Ge lattice is expected to or a front/back distortion of the cage, nor the difference be-
be stiff relative to Eu vibrations, the Eu reduced mass is fixedween the various off-center models would fit in this region.
at its atomic mas$~152 g/mo) while 0%, and 6 are  In contrast, Fig. 15 shows the excellent fit for th&A,0)
allowed to vary. off-center mode[fit to the (0,0,A) is similar] at 15 K when
As shown in Table Il the fits for the Eul sif€ig. 13a)] ~25% of the Sr2 are on-center. The superiority of this fit is
using the two different Eu2 off-center models yie#dd~78  underlined by the fact that it€? parameter is 100 times
and ~82 K. Note thato?;. is a factor of 2 smaller for the lower than for the fit without an on-center component. For
(6,A,0) model than for thg0,0,A) model. Since the Eul the fits that include an on-center component, it is difficult to
site should have little to no static disorder, this result supfind any difference between the two models in the EXAFS
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wors o Ga e EuL _edg; ' ' ' TABLE II. Output parameters from fits to® vs T for the Eul
"] vl Nearest Neighbors i and Eu2 sites assuming the Ga/Ge lattice is rigid lipcfor Eu is
2016 Oreon S, (01 | at its atomic mas$151.965 g/mol. C2 is the goodness-of-fit pa-
rameterS§ is not precisely known; a changeﬁﬁ shifts the plots in
00144 ] Fig. 13 up or down and mainly change$,,. For this reason, the
] errors given are relative errors; error fo%taﬁc~ 0.001 2. The
0012 4 i samesg is used for all fits so that the results for different models
can be compared, i.60,0,A) vs (5,A,0).

;g 0.010 o -

® Site/Model 0ZaidA?)  (K)£10K  C3(107)
0.008 -

] Eul(8,A,0) 0.0010 78 29
0.006 1 . Eul(0,0,A) 0.0024 82 5.6
vt ] Eu2:close€®,A,0)  0.0090 93 6.1
' Eu2:closegD,0,A) 0.0056 96 7.9
0.002 4 -
0 S0 a0 130 200 250 300 350 data. Visually they are identical and thel? parameters are
@ T comparable.
———T————— Figure 16 shows plots of the Sr off-center displacenent

PO e Bu v clee ] for the “front of the cage” for a fit where a front/back distor-
0022 Solid Square: (8,4,0) + ] tion is allowed. The displacement is nearly temperature in-

{ Open Sauare: 044 dependent and equal to 0.40+0.05 8=0.06 A. A nearly
. 1 identical result is obtained if no distortion is allowed, but
0018 ] with a larger erro+0.10 A). Note that since only-75% of

: the Sr2 are off-center, the average Sr2 displacement when the

e T on-center fraction is included is0.30 A in agreement with

S oo ] diffraction studies®2’

o : . o’ is plotted as a function ofT for the various Sr
00127 7 -Ga/Ge pairs in Fig. 17. Einstein fits are made do®&(T)
00104 i using Eqgs(5) and(6); because of the stiffness of the Ga/Ge

: : lattice, the reduced mass is again fixed at the rattler atomic
. ] mass(Mg for Sr ~87 g/mo), and o2, and 6 are allowed
0006 | ] to vary (see Table ).
] In the following discussion, the results are reported as-
O ——r T~ 7 1 suming that 25% of the Sr2 are on-center at all temperatures.
0 50 100 ISf) 200 250 300 350

(b) I(K) T T T T | T T T T | T T T T l L

0.024 —————————T —— [ (6,A0) Fit at 15K (dotted) n
{ FnGa Ge,: Ful, - edge 02— Data at 15K (solid) ]

Eul Peak (5.00A to 6.00A) B T

00224 Solid Square: (8,A,0) T B T
{ Open Square: (0,0,4) : :

0.020 - 0-1 - —
0.018 . : :
= =

0.016 4 E 0 =

2 00144 - B ]

.g | n
0.012 - - -0.1 B ]

0.010 - - E E
0.2 —
0.008 — - o
4 C_1 | | | | | | | | | 1 | | | | 1 7
0.006 4 2.5 3 3.5 4
r(k)

(I) ' 5‘0 ' l(IJ[) ' 1;0 I 2(I1() 2;(] ' 3(‘)() ' 350

© o FIG. 14. The poor fitdotg to the Sr data for thés, A, 0) model
when no on-center Sr2 component is included. The main difficulty
FIG. 13. (a) o2 vs T for the Eul site(b) o2 vs T for the Eu2  occurs near 3.5 A where the phase of the fit does not fit the data;
“closest neighbors” site(c) o2 vs T for the Eu “further neighbors”  this r-range corresponds to the middle distances for the Sr2 site.

site. The fit range is from 2.5 to 4.2 A.
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FT 171 T | T T T T I T T T T | T 0.022 T i T N T N T T T T T v T ]
0.2  (6A0) Fit at 15K (dotted) ] ] SN e
<L Date at 15K (solid) . 00204 Golid Square: (32,0) 7
[ T 1 Open Square: (0,0,A)
K 7] 0.01% i
0.1 — ] 0.016 < b
—_ : : (L()14—4 _
) )
§ 0 0.012 A _
B ] = 00104 -
- . [} 1
-0.1 — ] 0.00% 4
: : (i.OO()-‘ .
-0.2 - - ().4)()4: i
i I S | I | | | 11 1 | | 1 7 ()1)()2_- % -
2.5 3 3.5 4 1
I‘(A) 0.000 A —
T T T T T T T T T T T T T
0 50 100 150 200 250 300
FIG. 15. Fit to the Sr data at 15 K for ttié, A, 0) model. The fit (@ T(K)
include a 25% on-center Sr2 component; fit range is from e ——1
25t04.2 A 0.015 4 Sr,Ga, Ge,: Stk - edg T
0.014 4 Sr2 "closest neighbors" i
- . . . . . Solid Square: (3,A,0)
This is a rough approximation that requires some discussion. 0013 Open Square: (0.0) ]
Fits show that the Sr2 on-center percentage appears to in- 0012 1
crease slightly between 15 and 200 K from 25+8% to oot
35+8%. This variation changes the Sr2 on-cewntdut does ’
not significantly affect any other parameters. When the on- 0010 ]
center contribution is allowed to change with temperattge, 0.009 4 1
for the on-center Sr2 site drops t0120+20 K, a~30 K 5 0008 1 .
o 0.0074 R
0.50 —— T oo ]
0 49_' Sr2 Displacement ] ’
“7 | towards "front of cage" Ga/Ge. | 0.005 1 ]
0.48 4 Solid Square: (3,A,0) a 0.004 - R
{ Open Square: (0,0,A) . 0.003 4 .
0.47 4 - o
' _ ] 0.002 —
0.46 4 _ -1 0.001 —TTTT
E -1 [} 50 100 150 200 250 300
0.45 - - (b) TE)
044 4 0 ] 0.022 4 slr G; (;Ie ST ]
_ i + 1 1 Srl Peak (5.004 to 6.004) 1
o 0.43 < -1 0.020 4 s(r)lid;uare: (6,Al:0) % 1
E ] T 4 1 Open Square: (0,0,A) 1
2 0.42 4 . - 0.018 o % i
g 1 T 0.016 ] ]
& (.41 | 016 "_
< 41 ]
é’ 0.40 T - h 0.014 -
' b E 0.012 -
0.39 < - o~ 1
] J = 0010 4
© <4
0.38 __ __ 0.008 o E
0.37 4 1 ().()()6-. B
0.36 - o.(x)4- R
0.35 - - 0.002-. E
! ' ! ' ! ' ! ' ! ' ! ' ! ().()()()-. 1
0 50 100 150 200 250 300 -
T(K) 0 5001000 150 200 250 300
© T(K)
FIG. 16. Magnitude of the off-center displacementof Sr2
toward the “front of the cage.” Closed squares,A,0). Open FIG. 17. 0 vs T for (@) the Srl sitefb) the Sr2 “closest neigh-
square:(0,0,A) models. Note the small vertical scale. bors” site; and(c) the Sr “further neighbors” site.
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TABLE Ill. Output parameters from fits to? vs T for the Sril gave unexpectedunphysical atom-pair distances. More
and Sr2 sites assuming the Ga/Ge lattice is riyig,for Sris near  complex models involving several peaks were not consid-
its atomic mas$87.62 g/mo), and 25% of the Sr2 are on-center. ered. From these fits we have obtaingdT) for Ga and Ge
in each sample, and the average bond distance of the neigh-

Site/Model ThaidAD  Ge(K)£10K  CX(107) bors about Ga and Ge.
Sri(s,A,0) 0.0014 102 6.9 Using Egs.(5) and (6), fits of o?(T) were mad_e for the_
Sr1(0.0.4) 0.0002 95 13.7 two main peak$2.2 and 3.6 _Afor each sample. Since a pair
Y of Ga/Ge-Ga/Ge atoms is expected to behave similarly
Sr2 closes,A,0) 0.0039 128 6.7 to two equivalent masses connected by a stiff sprivig,
Sr2 closesD,0,A4) 0.0002 126 6.0 should be one-half the average atomic mass of
Sr2 on-centds, A, 0) 0.0041 156 4.0 Gal/Ge(69.72/72.61 g/mol For the peak at 2.2 AC? in-
Sr2 on-centé0,0,A) 0.0031 147 3.8 deed has a minima wheMy is one-half the Ga/Ge atomic

mass. However, for the pair distribution at 3.6 A, the error in
o2 is too large to yield a cleaZ? minima. For this reasoNlg
decrease compared to the values in Table I1I; hence there isia fixed at one-half the atomic mass for this further neighbor
large error for thisfz because of the uncertainty in the on- peak.
center fraction. As shown in Table IV,6 for the peak at 2.2 A is essen-
As shown in Table 11,6 for the Srl site is~100 K for  tially the same for Ga and Ge in the two samples,
both models[Fig. 17@)]; however, C? for the Srl site is ~311-314 K for Ga and-322—326 K for Ge. For the Ga
considerably smaller for thés,A,0) model than for the and GeK-edge second neighbor peak at 3.6 d, is also
(0,0,A) model, which supports thgy,A,0) model, as found about the same;-167-180 K for Ga and-172—-188 K for
above for the Eul site. The static contributief,,. is small ~Ge. These values indicate that while the first neighbor
for both models; because it is near the noise 106001 22  Ga/Ge-Ga/Ge pairs are quite stiff, the second neighbors are
at low T) it does not provide any differentiation between the much softer, suggesting the presence of bond angle disorder.
models. An interesting aspect is that the Ge edge data show con-
For the Sr2 “closest neighbordg is near 130 KTable Il siderably less static disorder for the Ge-Ga/Ge second
and Fig. 17b)]. Here, theC? parameters are comparable but neighbors at 3.6 A than for the corresponding Ga-Ga/Ge
g'gtatic is considerably larger for thés,A,0) model as also neighbors from the Ga edge data. This effect is clear in Fig.
found for the Eu2 site. Since the Sr2 site is expected to havé9(b) where 0%, is quite large at lowT. Consequently, the
a significanta?,. .. component based on the disorder in thebond angle disorder about the Ga atom must be much larger

static . . . ¥
Sr2 cage further neighbors, this again is more consistent witthan around the Ge atom. To investigate this effect, fits were

the (8,A,0) model. attempted using various distributions of Ga or Ge on the M1,

o2 values for all the other Sr2 grougénear M2/M3,” M2, and M3 sites as suggested in a recent stady. these
“middle of cage,” and “distant M2/M3"are uniformly large ~fits, we used two standards to fit the second peak of the Ga
(62~0.025; again the large static disorder at low tempera-K-edge datda similar procedure was used for the Ge edge
ture obscures any temperature dependent contributions. THita. Unfortunately,C* for these fits was not significantly
is again consistent with calculaticis-the Sr2-Ga/Ge better than it was for a random distribution of Ga/Ge. How-

bonds are strengthened for the short distances and weaken@¢e'. the fits did suggeswith a large amount of errpithat

for the long bonds. the Ge-Ga and Ga-Ge mixed-pair contrlputlons are more
Finally the fit of oX(T) for the Sr peak between 5.00 and dls_ordered than the Ga-Ga or Ge-Ge pairs for the second

6.00 A [Fig. 17(c)] yields 6z near 100 K for the Sri site, Neighbors.

again consistent witldg for the nearest neighbor peak. The  Although the Einstein approximation fits the data fairly
contributions to this peak from Sr2 sites is small, &sis well, it makes more sense to use the correlated Debye model

near 0.04 & for all temperatures. for the Ga/Ge lattice—this model describes the acoustic
phonons at all possibli&-vectors up to the Brillouin zone
boundary(but also includes correlations in the local atomic
vibrationg. These are the phonons that should dominate the

Excellent fits to the first two shells of the Ga/Ge thermal behavior for the Ga/Ge framework wilep, COr-
-Ga/Ge data were obtained and are shown in Fig. 18; thesesponding to the highefbngitudina) acoustic phonon fre-
peaks occur near 2.2 and 3.6 (Actual average distances quency in the crystal. Since EXAFS is primarily sensitive to
2.49 and~4.0 A); each is the sum of several closely spacedradial vibrations it is less sensitive to the transverse modes.
peaks. In addition, weak Ga/Ge-Eu/Sr peaks are also ex- As shown in Fig. 1€), the Debye model fits very well
pected near 3.2 A, but have a negligible amplitude. In thesébetter than the fit with an Einstein mogedpepy e IS Near
fits, C? is slightly better for the Ge edge fits than for the Ga400 K for the nearest neighbor pedR.2 A) in the Ga
edge fits. This reflects the poorer fit for the Ga data for thek-edge data for $Ga,Geyo. Since plots ofo? vs T for the
intermediate region between the main pe&Rs$-3.2 A.  nearest neighbor pedR.2 A) for both samples and for both
Fits were also attempted using additional single Ga-Ga/G&a and Ge edges are essentially identical within the errors
and Ga-EuGa- Sy peaks in this intermediate region. None [see Figs. 1@ and 19b)], all these peaks must also have
of these additional peaks fit the data well in this region antpep,. near 400 K.

C. Ga/Ge
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FIG. 18. Fits to:(a) the GaK-edge data for B§Ga;¢Gesg at T=4 K; (b) The GeK-edge data for E§GaGezp at T=4 K; (c) the Ga
K-edge data for $6a,Ge;pat T=4 K; and(d) the GeK-edge data for $6GaGe;pat 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 okeanage of 3.50—11.50 & while the Ge data are fit overlarange of

3.50—14.50 A% In these fits, a Ga/Ge-Sr2/Eu2 peak was not included.

The detailed fits also provide an independent estimate dbonds at all temperatures, by about 0.03 A. The results are
the distortions in the Ga/Ge framework; they show that thehe same for both Sr and Eu clathrates—the Ga-Ga/Ge
Ga-Ga/Ge bonds are slightly longer than the Ge-Ga/Géonds are slightly longer and the Ge-Ga/Ge slightly shorter

TABLE IV. Output parameters from fits ta® vs T for the Ga/Ge-Ga/Ge neighbors at 2.2 and 3.6 A for
EusGay¢Geyg and SgGaygGesq, where the Ga/Ge reduced mass is one-half the average atomi¢3da&sand

36.3 g/mo). Errors ong? .~ 0.0002 &.

Sample Atom/Site 0aid A?) 0e(K)£5 K C3(10)
EtsGayGes Ga/2.2 A 0.0003 314 0.87
Gal/3.6 A 0.0035 167 88.09

Gel2.2 A 0.0002 326 0.39

Ge/3.6 A 0.0003 172 78.77

S1GaGes Ga/2.2 A 0.0002 311 0.02
Ga/3.6 A 0.0047 180 44.55

Ge/2.2 A 0.0003 322 0.27

Ge/3.6 A 0.0005 188 6.80
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Ga, Ge,, : | than the average value obtained in diffraction. From the fits
| e et ] to o(T) we find that the distribution of static distortions is
1207 Open Square: Ge-Ga/Ge at 224 ] also very small;c~0.015 A for nearest neighbors and
4 Open Circle: Ge-Ga/Ge at 3.6A E
o8 J ~0.06 A for the second pedlsee Table IV. Thus the cage
distortions up to the second neighbors are very small com-
pared to the Eu and Sr off-center displacements.

| PN B A A R S R B |
0.022 4 EuGa, Ge,: Ge and Ga K-edges

0.016
0.014

0.012

= 1 VI. DISCUSSION
0.010 - A. Eu/Sr rattlers
0008 - i The low value of¢g for the Eul/Srl sité~80 K for Eul
- ] and~100 K for Sr]) from EXAFS indicates that Eul/Srl is
] e loosely bound inside the cage and also acts like a rattler. In
oo = - - agreement with neutron diffraction results, the Eul/Srl data
oo —- ] can be modeled using no off-center displaceniatAddi-
0 s 10 130 20 250 30 tionally, since the Eul peak can be well modeled using only
@ K one o for the two Eul-Ga/Ge distancésee Fig. 18 the
O I R S L bonding must be comparable for each Eul-Ga/Ge pair.
1 solid Square: Ga-Ga/Ge at 2.24 ] Therefore the Eul vibrations are nearly isotropic—the same
0020 G s o oot 224 1 argument can be made for Srl. The values found by EXAFS
g Cpen Circle: Ge-Ga/Geat 364 ® ] for 6 are consistent with some recent Raman scattering re-
] a sults; for EyGasGey, there is a Raman peak at
0:016 1 ] 56 cnT!(81 K) which compares well with6g g, ~ 80 K.
oots ] . i For SgGa,sGey, the Raman peak at 65 chi94 K) is close
% o] _' {0 s =100 K
° ] “ ] The interaction between Ey@r Sr2 and the cage is more
0010 . 1 complex. In agreement with neutron diffraction results, the
sl @ ] Eu2 and most of the Sr2 are off-center approximately along
1 1 the b or +C axes!®?2?7gpecifically, the EXAFS results in-
] ] dicate that the Eu2/Sr2 atoms are not displaced towards the
R /g//! . M2 site Ga/Ge atoms. The EXAFS results also suggest that
v o g——aT 1 the off-ce_nter Eu2/Sr2 IiI_<er has a small displacemen_t along
I T A e A the 14 axis to make the distance to the four nearest neighbors
®) @0 M3 sites equal. The magnitude of th& displacement
L s s S (0.06 to 0.07 A is within the thermal distribution found in
nonso | e, Ga Koedge . neutron diffraction studie®¥?’
{ Lines Debe Fit Additionally, the different Eu2/Sr2-Ga/Ge pairs in the
ooes ] F000048A° _ site 2 cage have distinctly different thermal behavior as evi-
denced in thes? vs T plots. This variation ino® with r for
. the Eu2 and Sr2 sites can be seen in the raw EXAFS data as

0.0040 -

illustrated in Fig. 20, where the Eul or Srl contributions
have been subtracted from the original data at 15 K; for the
0.0035 . 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 peék=0.10 A),
calculated FEFF?) using off-center displacements of 0.45 and
0.35 A for Eu2 and Sr2, respectively.
This comparison emphasizes the changing disorder within
the Eu2/Sr2 cage as increases. Ordered paifsmall o,
00020 e large amplitudg occur at lowr while disordered pairflarge
© R - o, small amplitudg appear at high. Since a smalb- repre-
FIG. 19. (a) o? vs T for the Ga/Ge nearest neighbor sites at p.pSents positively correlated motihbetween a Eu2/Sr2

and 3.6 A for EyGa,sGey,. (b) o2 vs T for the Ga/Ge nearest -Ga/Ge_ pai_r(i.e., _the_Eu2 and Ga/_Ge pairs move in the
neighbor sites at 2.2 and 3.6 A for (SaGey, Errors: Same direction this picture emphasizes the fact that both

+0.00012 & for first neighbors and +0.0007%or second neigh- EU2 and Sr2 are bonded to the “closest neighbors” in the
bors. (c) Debye fit to GaK-edge data from $GaGey, for the  cage, the M3 sites, consistent with theoretical calculations.
Gal/Ge-Ga/Ge peak at 2.2 A in thespace dataactual bond ~ Fits of ¢*(T) to an Einstein model yieldj values of~95
length, 2.49 A. and~125 K for EysGa¢Geygand SgGa;¢Gesg. These values

222
oA

(L0030 ~ ~

0.0025 ~ -
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0.1

LI B B B L H This raises the question as to why they might be different;
Solid: Eu2 Standard one way to address it is to consider the atomic rédinic
Points: Eu? Experiment(15K) and covalentof Eu, Sr, Ga, and Ge. The covalent radii of Ga
and Ge are 1.22 and 1.26 A, 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(lart in
lower coordinated sité®2 however, the difference in radii is
much larger for empirical radf [Eu-1.86 A,Sr-2.0 A
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 bon@bout 3.4 A are much
too long to be simple covalent or highly ionic bonds; the
o1l L L empirical atomic radii give a more comparable bond length,
but are still short by 0.1-0.3 A. Varying amounts of ionicity/
covalency and the large coordination number may be impor-

0.05

IIIIIIIII
IIII|IIII

kx(k)
o

-0.05 -

n
N
(9]

3
@) rd)

T T T T | T T T T | T T T T tant factors-
Solid: Sr2 Standard
Points: Sr2 Experiment(15K)

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 Agpns in RbCI(Ref. 3§ and
KI1.3% 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

B cage. This in turn depends on several properties of these
3 4 . . .
() (&) systems—some of which have not yet been discussed in de-
tail. (1) What is the distribution of Ga on the Ge sites? Is it

FIG. 20. (a) The Eu2 standard vs the Eu2 fib) The Sr2 stan- sample dependent2) What is the net charge on the Ga, are
dard vs the Sr2 fit. they (slightly) negatively charged@) Does the possibility of
an off-center displacement in site 2 depend on local varia-
tions in the stoichiometry?

Point (1) has been partially addressed for a few samples.
Although there is relatively little scattering contrast between
aga and Ge both for x rays and neutrons, anomoloeso-
Qam) scattering near an absorption edpere the Ga and Ge

0.1

0.05

Lkx(k)

-0.05

N
ol

compare quite well with the Raman spectroscopy peak
found at 69 c%(101 K) and 86 cm*(125K) for
EusGay(Geyy and SgGayGey,, respectively.

In contrast, the large(T) for the more distant neighbors
in the cage, particularly at low temperatures, indicates th

the static disorder for these pairs is very large. Therefor

. o .
there must be very weak bonding between Eu2/Sr2 anﬁdge?; can prowde.such contrast, .Zha.m "’.ll' used this
these more distant Ga/Ge neighbors in the cage. The firdgchnique to examine the Ga distribution in &% eGes
shell XAFSr-space data is sensitive primarily to radial mo- (@nd also a mixed Sr/Eu samplén the Sr samplelikely

tions of neighbors; vibrations of the rattler that are nearly™-type although not reportedhey find a preference for Ga
perpendicular to the nearest neighbor bonds might well hav@ccupation on the@site (M1) (76% Ga, 24% Geand a low
lower Einstein temperaturefsuch as the low frequency (essentially reversgccupation of the liésite (M2) (24%
modes found in Raman scattering studies at 2338 K)  Ga, 76% Gg The more plentiful 2K site (M3) has 43% Ga,
and 32 cm(46 K) for EuGaGey, and SgGasGey, 7% Ge. Based on these percentages, there are more Ga
respectivel§] but are masked in the EXAFS data by the largeatoms in the 24-atom site 2 cage than in the site 1 cage, and
amount of static disorder for the more distant Ga/Ge neighthe site 2 distribution of Ga is as follows: 3 Gaut of 4) on
bors in the Eu2/Sr2 cage. the M1 site, 1.9 Gdout of 8 on the M2 site, 3.44 Géout of

The behavior ofc?(T) for the other Eu2/Sr2-Ga/Ge 8) on the closest M3 site, and 1.72 Gaut of 4) on the more
groups is different for the Eu and Sr compounds. For the Euglistant M3 site. The theoretical calculations of Gattial *®
site, the PDF for the second nearest neighliorixture of  support this general trend, although they did not make cal-
M2/M3 sitreg has a well-defined? vs T plot that yields a  culations for a wide range of Ga distributions.
6z comparable to that for the “closest neighbors.” In contrast, Let us assume for now that this distribution is similar for
the “M2/M3” Sr2-Ga/Ge pair distribution has @ that is  many of the clathrates. Then the EXARSnd diffraction
uniformly large and similar to the “middle of cage” and “dis- result, that the Eu and Sr are off-center towards thk 24
tant M2/M3” Eu2/Sr2-Ga/Ge pair distributions. Conse- positions and not the 24oositions, i.e., towards the nearest
quently the Eu is bonded to a few more neighbors on the endeighbor M3 sites and not the M2 sites, would suggest that
of the cage and the off-center displacement may be morthe Eu2 and Sr2 atoms do not bind to the () sites, but
stable. rather to the nearest neighbor M3/M1 sitésee nearest
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neighbors in Fig. Bwhich have a high fraction of Ga. Since though Bentieret al® suggest that this is primarily the re-
recent calculations indicate that the interaction between thsult of phonon-electron/hole coupling, it could also be ex-
rattler atom and the site 2 cage is ionic, this suggests thailained by an increased coupling due to stronger Ba
point (2) above may be correct, that the Ga is negatively-Ga/Ge bonds if the Ba is off-center in tipetype material,
charged. This argument is clearly not definitive but pointsbut on-center im-type material. It is therefore crucial that
out the need to know whether the ionic bonding discussed bgtructural data be obtained for a range of &ad other
Gatti et all® requires the Ga atoms to be negative, and ofclathrates with different carrier concentrations, fram to
course, whether this experimental Ga distribution is reprep-type.
sentative of many systems. A further complication is whether The off-center displacement of a rattler in the site 2 cage
or not the Ga are uniformly distributed on the M3 sites—if is the result of stronger bonds between the rattler and a few
there is a strong ionic attraction between the rattler and Gatoms in the cage, as compared to the weaker, longer bonds
atoms then the Ga atoms might be clustered on a subset @b more or all of the cage neighboravhen the rattler is
M3 sites close to the off-center ataiin the the extreme case on-center. The EXAFS results confirm these stronger bonds
there might be only one off-center directjorThis clearly  for Sr2 (Eu2 as do theoretical calculatiodéHere we note
will change with the strength of the interactions and hence tdneglecting for the moment the rattling motjoihat if a rat-
the type of rattler. Clearly new experiments and further caltler atom is bonded to the side of the cage it produces a large
culations are needed on a range of samples. symmetry-breaking mass defect which should scatter

Finally we note that if the interaction between the rattlerphonons very efficiently; in contrast an on-center atom does
atom and the site 2 cage is via the Ga atoms, then the numbeot break the symmetry and would not scatter phon@ns
of Ga atoms in a particular cage will be very important, andsmall distortion of the on-center position arising from de-
the off-center displacement within the site 2 cage for somdects, etc., will produce a weak scattering and is included in
rattlers may depend on the number of Ga present, @8jnt Rayleigh scattering This leads to a contribution te(T) that
above(and hence on whether the systemmit/pe orp-type). has a lineail dependence at lov. In addition, the stronger
The EXAFS result, that some of the Sr2 appear to be onbonds to a few atoms for the off-center case increases the
center, might then be explained by a variation in stoichiom-coupling between the rattler vibrations and the framework
etry in the sample. phonons, and hence increases the resonant scattering contri-

bution when the rattler is off-centét.
B. Ga/Ge framework Several mechanisms have now been suggested to explain

the low T dependence of the lattice thermal conductivity

The first neighbors in the Ga/Ge lattice are modeled usin% the clathratesf1) tunneling® which probably is only im-

the Debye model withg ~400 K for the acoustic .
phonons.y These are th%ebghonons that should dominaﬁ)aOrtant at very lowT, and (2) a varying phonon/charge-

the thermal behavior for the Ga/Ge framework. It is not o er scatterm’gj’ that may be sample dependent, and the
- ) . : symmetry breaking off-center mass deféptus enhanced
surprising thatfpepye i EXAFS is comparable tgslightly h | lina f ff d ibed
larger tham the highest Raman mode observed atP lonon-rattier  coup ing for off-center _atoms - describe
260 cnTi(377 K) briefly above?® Because of the large variation in the thermal
The second peak is more disorderef.for this peak is conductivity from sample to sample, that has been observed

; e ecently, detailed structural and transport measurements
~176 K for both the: Eu anq S.r sa.mples..Smce.n is clear tha n the same material for a range of sample preparations will
there can be very little variation in the first neighbor bond-b

ing, this result indicates that there is some fluctuation of thel‘aivir(lﬁefgfg('lg)o understand the rather complex bvbe
bond angle between Ga/Ge-Ga/Ge second neighbors. In ad- '

dition, there is greater static disorder for the Ga edge data VIl. CONCLUSIONS

than for the Ge edge data. Since the lattice has approximately

; - - The Ga/Ge network forms a relatively rigid lattice—the
h I I hat th :
m‘;:raﬁur;ag]gr%? an\:,ii?j, tliéi;(;zléteposGs;t{)ézlnggeeséf tGZttc%rrelated Debye temperature for the nearest neighbor bonds

-Ge-Ga for the Ga edge may be the reason for the Iargeris ~400 K indicating stiff bonds; it is the same for both Ga
bond bending disorder. and Ge atoms, and fo'r bqth sa.mplefs. 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 averagg, obtained when a measurement

One of the novel characteristics of the Eu and Sr clathaverages over both acoustic and transverse modes such as the
rates is their very low, glasslike thermal conductivity which heat capacity(~300 K% and the isotropicJ parameters
makes them attractive candidates for potential thermoelectric271 K*®). The main disorder within the cages of this lattice
applications. In contrast, thetype Ba material has a signifi- can be inferred from the broadening of the second neighbor
cantly higher lattice conductivity overall and a peak at lowGa-Ga/Gelor Ge-Ga/GgPDF; this peak has considerable
temperature, more typical of crystalline materials. Howeverdisorder—and when combined with the stiff nearest neighbor
very recent thermal conductivity measuremé&hts p-type  bonds indicates bond-bending disorder. The broadening of
BagGa (Gezy are more similar to $GasGeyp and have a  this PDF for the GaK-edge data is particularly large at low
dip/plateau region near 20 K suggestive of a strong increasg, indicating that much of the static bond-bending disorder is
between the coupling of the Ba rattler and the lattice. Al-related to the Ga atoms.

C. Implications for thermal conductivity
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The filler atoms Sr and Eu in thesetype materials are The bonding to the side of the cage has very important
located inside the two cagésites 1 and 2 In both sites they  consequences for the thermal conductivity. Since the off-
are loosely bound and have large amplitude radial vibrationgenter atoms are more strongly coupled to a few cage atoms
at quite low temperature®:~80 and 100 K for Eul and they will have a larger effect in scattering phonons than on-
Srl; 95 and 125K for theshortestEu2 and Sr2 bonds  center atoms. This needs to be included in understanding the
Vibrations transverse to the boifbr Eu2/Sr2 are not eas- |arge differences observed for the thermal conductivities of
ily observed but likely would lead to still lower values f&  the Ba, Sr, and Eu clathrates.
as obs_erved in diffraction. Conse_quently Srand Eu atoms on  ggyera] guestions remain while many new questions have
both sites form rattler atoms which can scatter phonons efyeen raised, in part by more detailed calculations, but also by
fectively. The EXAFS results show that Eu is off-center, ap-the unexpected variation of the lattice thermal conductivity
proximately 0.45 A, in agreement with earlier diffraction re- from sample to sample that has been observed recently. What
sults; however, the overall results suggest that theyre the tunneling splittings of the off-center Eu2 and Sr2
displacement is not just in thec plane but also may have a atoms and how broad is the distribution of such states for
small component along thé axis [our (5,A,0), model—  various types of samples? Within the Zintl concept the Ga
this displacement has the four-fold rotation-inversion sym-gstoms would be negative—is there any net negative charge
metry of the site 2 cage, but this would change if there is Gan these atoms and does it significantly affect the interaction
clustering on the M3 site. between the rattler atom and the site 2 cage? What aspects

For the Sr, the fit of the EXAFS data is poor unless adetermine why the rattler atom moves off-center, and is it
fraction (~25%) of the Sr are on-center. Then the off-center possible for some rattlers to shift from an on-center position
displacement is about 0.4 A; however, the average displacge an off-center displacement with changes in the stoichiom-
ment over all Sris 0.3 A, in good agreement with the dif- etry, or changes in homogeneity? Can smaller atoms form
fraction results. Again the overall results are better with theoff-center rattlers in the smaller, site 1 cage? More generally,
(8,A,0) off-center displacement model. can other thermoelectric materials—such as the

An important result from the EXAFS analysis is that the skutterudites—be prepared with off-center rattler atoms?
broadening of the Eu2-Ga/Ge or Sr2-Ga/Ge pair distribu{We have shown that for many of the filled Sb skutterudites,
tion functions is not uniform—the PDF for the shortest bondthe rattler is in fact on-centet® These and other questions
to the cage has a fairly small static disorder and a typicamust be answered before we can begin to optimize the prop-
temperature dependence fof(T), described well using an erties of these materials for thermoelectric applications.
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 EuZadf- ACKNOWLEDGMENTS
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