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The local structure of two skutterudite families - CeM4Asi2 (M = Fe, Ru, Os) and LnCusRusO12
(Ln = La, Pr, and Nd) - have been studied using the Extended X-Ray Absorption Fine Structure
(EXAFS) technique with a focus on the lattice vibrations about the rare earth “rattler atoms”, and
the extent to which these vibrations can be considered local modes, with the rattler vibrating inside
a nearly rigid cage. X-ray absorption data at all the metal edges were collected over a temperature
range of 4 to 300 K and analyzed using standard procedures. The pair-distances from EXAF'S results
agree quite well with the average structure obtained from diffraction. The cage structure is formed
by the M and As atoms in CeM4Asq2 and by Cu, O, and Ru atoms in LnCusRu4O12. Although
some of the bonds within the cage are quite stiff (Correlated Debye temperatures, 6.p, are ~ 500 K
for CeMyAsi2 and above 800 K for LnCuszRusO12) we show the structure is not completely rigid.
For the rattler atom the nearest neighbor pairs have a relatively low Einstein temperature, 0g; ~
100-120 K for Ce-As and ~ 130 K for Ln-O. Surprisingly, the behavior of the second neighbor pairs
are quite different; for CeMyAsi2 the second neighbor pairs (Ce-M have a weaker bond while for
LnCusRusO12 the Ln-Ru second neighbor pair has a stiffer effective spring constant than the first
neighbor pair. In addition, we show that the Ass or CuQOy4 rings are relatively rigid units and that
their vibrations are anisotropic within these cubic structures, with stiff restoring forces perpendicular
to the rings and much weaker restoring forces in directions parallel to the rings. Consequently
vibrations of the rings may also act as “rattlers” and help suppress thermal conductivity. In general
neither the rigid cage approximation nor the simple reduced mass approximation are sufficient for

describing rattler behavior.

PACS numbers:
I. INTRODUCTION

The filled skutterudite, LnMyX12 (Ln = La, rare
earth; M = Fe, Ru, Os; X = P, As, Sb) have been stud-
ied extensively for several decades, in large part due to
the variety of ordered ground states that they exhibit
and their good thermoelectric properties.! ™ Significant
attention has been given to their unusual structure, in
which the Ln atom (e.g., La, Ce, Pr, etc.) is weakly
bonded to the nearest neighbor X atoms that form a
12-neighbor surrounding cage in two of the unit cell
sub-cubes (see Fig. 1:Left). In general, the cage struc-
ture formed from the X and M atoms (or Cu, O and
M atoms in oxy-skutterudites) is assumed to be quite
rigid. As a result of the weak bonding, the Ln atoms
have large amplitude thermal vibrations and are hence
called “rattler” atoms.>® These large amplitude vibra-
tions strongly scatter phonons and lead to a very low
lattice thermal conductivity, ;. In these materials, the
electrical contribution, k., to the total thermal conduc-
tivity, Ktot, is usually small and the thermal conductivity
is dominated by the lattice contribution. Many of these
materials have semiconducting properties, with a mod-
erate electrical conductivity, o..>” Moreover, their See-
beck coefficient, S, is sometimes enhanced, owing to the
strong hybridization between the conduction electron and
f-electron states.” '© Consequently, these materials have

good thermoelectric properties, parametrized by a high
value of the figure of merit, ZT = T.52 2= Unlike typical
metals, S can be large and the ratio TU8 /Ktot 18 not ap-
proxunately constant. Moreover, it has been shown that
both n- and p-type components, which are necessary to
construct a thermoelectric device, are readily made by
the choice of rare earth - e.g., Ce and Yb.511:12

The CeM, As;o filled skutterudite compounds have
been synthesized relatively recently and have not yet
been extensively studied. As the pnictogen is varied
from P to As to Sb,%13 the lattice constant increases
and the strength of the hybridization decreases, as re-
flected in the gap size for the semiconductors in this se-
ries of compounds.®” As such, the cerium-arsenide com-
pounds have properties that are intermediate between
the cerium-phosphide and the cerium-antimonide ana-
logues. While CeFe As s exhibits semimetallic and semi-
conductor behavior that is finely tuned by morphology
and charge carrier concentration,'® CeRuyAs;2 shows ev-
idence for strong electronic correlations and non-Fermi-
liquid behavior.® In contrast, CeOssAss is a hybridiza-
tion gap insulator with a gap size that is intermediate
between those of CeOssP12 and CeOssSbis.? This com-
pound was also recently proposed to be a possible can-
didate for topological insulating behavior.!* These three
systems all exhibit enhanced thermoelectric properties,
as evidenced in their large thermopower at low T;% 10




clearly they are attractive for thermoelectric applications
at lower temperatures.

While most discussions of the rattler behavior in filled
skutterudites focus on the environment immediately sur-
rounding the lanthanide ion, it is important to note that
the other six sub-cubes within the unit cell contain 4-
atom, nearly square, rings of pnictide atoms (X), which
may play an important role in the unusual lattice behav-
ior. However, other than considering these rings as part
of the rigid cage structure, they have been ignored. In
order to develop an understanding of the relative impor-
tance of the extended lattice to the rattler behavior, it is
useful to compare with closely related structures.

One such family of compounds are the oxy-
skutterudite materials,'® 2! LnCusM40;5 where Ln =
rare earth atoms and also divalent and monovalent
atoms, while M can be a range of metal atoms includ-
ing Fe?t, Ti*t and Ru®*t.'”. These materials are some-
times referred to as double perovskites,!” but because of
the nearly identical structure to the filled skutterudites -
see Fig. 1:Middle, we refer to them as oxy-skutterudites.
Some of these materials have been studied over the last
decade and have a range of interesting properties but
there is little information about the local structure.'® In
this case, the pnictide rings are replaced by a CuQO,4 unit
which appears quite rigid; we’ll refer to these units as
CuOy rings - see Fig. 1:Middle. There is some disagree-
ment on the nature of the bonding of Cu; Hollmann et
al.?! suggest that Cu forms a Cu®t ion while Ramirez et
al.'® suggest that Cu is Cu't; Schwingenschlogl et al.??
propose a strong covalent bond between Cu and O. The
CuOy4 rings are relatively larger in size than the pnic-
tide rings, slightly more rectangular, and in most cases
considerably lighter in mass. By comparing results for
LnM,X15 and LnCuz3M4012, we are able to explore the
extent to which these pnictide and CuOy rings play a role
in the vibration properties of skutterudite compounds:
i.e., to study the validity of the rigid cage model.

Under the rigid cage approximation, the rattler atom
is vibrating inside a rigid box. In such a model, the
vibrations of the rattler atom should be isotropic in all
directions — i.e., the equation of motion is

d*u

MW = —Kegu. (1)
Here u is any radial displacement of the rattler atom,
Kesr, the effective spring constant is 4 K + 8/3 Ko (where
K; is the nearest neighbor direct spring constant and Ko
is the corresponding direct spring constant to the sec-
ond neighbors), and the effective mass M is just the rat-
tler mass when the cage is rigid. However, some have
suggested?3 that one should still use the reduced mass
for the Ln-X pair (e.g., Ce-As). It is not clear which ap-
proximation is better if the cage is stiff but not rigid —

possibly neither.
A further motivation for a more detailed investigation
of such systems is that in a recent study?* of NdOs,;Sbis,

PrOssSbi2, and EuOs4Sbis, the vibration amplitude of
the rattler, relative to the first and second neighbors (i.e.,
Nd-Sb and Nd-Os pairs for NdOs4Sby2), did not increase
at the same rate with temperature, which is inconsistent
with a completely rigid cage model. The faster increase
in vibration amplitude observed for the second neighbor
pair Nd-Os may not be surprising if one assumes some
motion of the Os atoms in the cage; however the Os-Os
pair is quite stiff so how that occurs is not obvious. Fur-
ther, there is an unusually large static distortion for the
Nd-Os pair that is not well understood but may be re-
lated to a cage distortion.?* For the oxy-skutterudites,
as we’ll show here, an even more surprising result is ob-
served: the vibration amplitude for the second neighbor
pair (e.g., the Nd-Ru in NdCusRu4O12) increases more
slowly with temperature than for the first neighbor pair
Nd-O. That suggests a stiffer effective spring between Nd
and Ru than between Nd and its closest neighbor, O. This
prompted a closer look at the structure and particularly
the motions of the pnictide and the CuQOy4 rings.

In evaluating/comparing these EXAFS results with
other types of measurements or calculations, two main
points must be kept in mind. First, some measurements
and corresponding calculations focus more on the mode
energies, and for low dispersion modes a peak can be
observed. Examples include inelastic neutron scatter-
ing for La(Ce)FesSb12?° where adding a rattler intro-
duces a low dispersion mode, and nuclear resonant in-
elastic scattering?® which shows well defined peaks cor-
responding to low dispersing phonon modes. However
these modes are the collective motion of several atoms
and in general do not probe the atoms involved directly,
although in some cases one atom may dominate the re-
sponse. Other types of experiments focus on the vibra-
tion amplitudes of pairs of atoms (EXAFS and neutron
or X-ray pair distribution analysis) or vibration ampli-
tudes of specific atoms (thermal parameters in diffrac-
tion); these vibrations are projections of many modes
onto the atoms of interest - and the average vibration
energy may not be the same as experiments that probe
the phonon modes. A further difference between EXAFS
and thermal parameters is that EXAFS probes corre-
lated motions of the first few neighbors while the thermal
parameters only parametrize the vibrations of a given
atom. Consequently characteristic energies such as Ein-
stein temperatures extracted from these types of mea-
surements are not equal in general, but are often compa-
rable. In the analysis of the atom-pair vibrations here, we
use the Einstein and correlated Debye models; these are
relatively simple approximations - but used extensively
in the literature; since the vibration amplitude (o?) is
an average over all modes and all of g-space, details are
averaged out. Calculations from lattice dynamics stud-
ies generally do not report the correlated vibrations of
specific atom pairs.

Here, we report Extended X-Ray Absorption Fine
Structure (EXAFS) measurements on a series of As-
skutterudites (CeMyAsi2; M = Fe, Ru, Os) and oxy-



FIG. 1: (Color on-line) Left) The structure of CeMsAsi2 (M = Fe, Ru, Os); the unit cell is cubic (space group Im3). The M
atoms are red, the Ce atoms are plotted in yellow (large), and the As atoms are purple (small). Within each unit cell there are
eight sub-cubes formed by the M atoms; in six of these sub-cubes, there are nearly square rings formed by four As atoms, with a
single Ce atom in the center of the other two sub-cubes. Middle) The similar structure for the oxy-skutterudites LnCusRusO12
(Ln = La, Pr, and Nd). Here the pnictide rings are replaced by the CuOy4 rings. Right) The cage structure about the rattler
atom; twelve As or O atoms form an icosahedron of nearest neighbors while eight transition metal atoms (M) form a cube of

second neighbors.

skutterudites (LnCusRusO12; Ln = La, Pr, and Nd),
with particular attention paid to the first and second
neighbor pairs about the rattler atoms. The results for
the As- and oxy-skutterudites are quite different. We
show that, in fact, the vibrations of the pnictide and
CuOy4 rings are anisotropic with a small amplitude in
one direction and a large amplitude in another direction.
Although temperature dependencies are often reported
in terms of an Einstein or correlated Debye temperature,
EXAFS actually measures the effective spring constant,
when in the high 7" limit;?” we therefore also report ef-
fective spring constants for each pair in Sec. VI A, in-
cluding pairs within the cage structure. The effective
spring constant for vibrations in a given direction are
crucial for understanding the vibrational properties of
these systems. Based on our results, we discuss impli-
cations for understanding the rattling behavior in these
and related compounds. Unfortunately, there are very
few local structure studies of these systems with which
to compare, and none have addressed the vibrations of
the second neighbors about a rattler atom. We discuss
these works briefly in Sec. VIB.

A. Effective Spring Constants

The vibration of an atom pair is determined by the
direct spring constant between the two atoms, plus a
network contribution from the surrounding springs and
atoms. In EXAFS we measure the mean square displace-
ment o2 for a given pair as a function of temperature,
where ¢ is the width of the pair distribution function.
This includes both static and thermal contributions to
local disorder. In the high 7" limit thermal disorder dom-
inates; the average thermal energy in the spring is 1/2
kpT and the average potential energy is given by

1
§chf < U2 >=

1 1

~Kego? = —kgT 2
D) eff O D) B ( )
where u is the net displacement from equilibrium for a
pair of atoms and K.g is the effective spring constant

between them. Thus in the high T limit, Kqg is given
by:27

kT

Keg = (3)

e
By extrapolating to high 7" we can obtain a good estimate
of the effective spring constant. This works very well if
the Einstein or correlated Debye temperatures are not
much larger than 300 K, but for high Debye temperatures
the uncertainty increases. Examples of such estimations
of Keg will be given following the EXAFS analysis.

II. EXPERIMENTAL DETAILS
A. Samples

Samples of the As-skutterudites were prepared and
characterized as described in detail in references 8-10,13.
The oxy-skutterudite samples were grown using a solid
state reaction. The starting components, Ln,0O3, CuO,
and RuOs powders, were first dried at 200 °C overnight
to remove moisture and then mixed in stoichiometric
amounts. Next the mixed powders were pressed into
pellets and heated for 24 hours at 1050 °C. These pel-
lets were reground, repressed, and refired several times.
X-ray powder diffraction showed that by the 37¢ firing
almost all of the material reacted. A total of five firings



were done to ensure chemical homogeneity.

To prepare the samples for EXAFS data collection,
they were first ground with a mortar and pestle and then
filtered through a fine screen, limiting the size of the par-
ticles to < 25 p. This powder was lightly brushed onto
Scotch tape®); in this process the larger particles are
removed and the remaining particles are typically < 5
w in size. Two pieces of tape were pressed together to
encapsulate the powder and the double tape layers cut
into thin strips, approximately 2 to 3 mm wide. These
strips were stacked to give the thickness needed to yield
an edge step-height of ~ 0.4-0.7 for the edge of interest.
The small particle size and stacking of multiple layers re-
sults in very uniform sample thicknesses; in addition, the
sample is scanned to find the region with the least spatial
variation. Because of thermal expansion/contraction in
the cryostat, this part of the sample must be found for
each temperature.

B. Data Collection

EXAFS data were collected at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) for each metal
atom in the samples. Details about the monochroma-
tors are provided in Table S1 in the Supplemental sec-
tion. In each case the monochromator was detuned 50%
to reduce harmonics. The samples were mounted in a
helium flow cryostat to investigate the temperature de-
pendence of the EXAFS, from 4-300 K. Most data were
collected in transmission mode with the sample at 90° to
the beam. However, the lanthanide Ly edges were col-
lected in both fluorescence and transmission modes with
the sample at 45° to the beam. For those lanthanide Ly
edges for which the fluorescence data is better than the
transmission data, a small self-absorption correction is
automatically included in our code;?® it is small but not
completely negligible for the skutterudites - for example
approximately 1.08 for the La Ly edge in LaCusRuyO12.

The EXAFS data were reduced using standard
procedures,?” which includes a pre-edge background sub-
traction using the Victoreen equations for transmission
data,?® and a spline-fit of the post-edge background in
order to extract the EXAFS oscillations, x(F). This
function was converted to a k-space function using the
relation k = /(2m(E — E,))/h2. Here E, is the edge
energy defined experimentally as the energy at the half-
height point on the edge step. For additional details see
reference 31.

Examples of the k-space EXAFS data, kx(k), for the
CeOs4As1o sample are shown in Fig. 2a. The two short
scans (Ce and As) are limited by the Ce Ly and Os Ly
edge’s, respectively. Similar representative k-space data
for one of the oxy-skutterudite samples, are shown in Fig.
2b. In all cases the quality of the data is high with little
noise over the available k-range.

kx(k)

2 4 6 8 10 12 14
k(A™)

FIG. 2: (Color on-line) a) k-space data (kx(k)) for the Ce
Lyt Os Linr and As K edges of CeOssAsiz at T'= 4 K. The
Ce scan is limited by the Ce Ly edge while the As scan is
limited by the Os Lt edge. The upper (Ce) and lower (As)
traces are off-set by £ 1.1. b) Similar k-space data for the
oxy-skutterudite, PrCusRusO12 near 4K.

III. DATA
A. Ce L edge in the As-skutterudites

The Ce Li-edge r-space data [Fourier Transform (FT)
of kx(k)] are shown in Fig. 3 as a function of temperature
for the three samples; CeM4Asi2 (M = Fe, Ru, Os). Note
that in EXAFS the peak positions are always shifted to
lower r - in this case ~0.2 A, compared to the actual
pair distance. The fast oscillatory function in this figure
is the real part, R, of the FT.

The first shell of neighbors around the Ce atom is an
icosahedron of twelve As atoms (see Fig. 1:Right); it pro-
duces the largest peak in Fig. 3, just below 3 A. The
EXAFS second shell peak is near 3.4 A (actual distance
~3.6 A), and consists of 8 neighbors of Fe, Ru, or Os. The
theoretical functions for the second neighbor Ru and Os
backscatterers are doubly peaked, with the shorter peak
under the main Ce-As peak and the longer peak plotted
as a shoulder near 3.8 A. The Ce-Fe theoretical function
is singly peaked but smaller than the Ce-Ru and Ce-
Os functions because of the lower atomic number of Fe.
In addition, there is interference between the oscillatory



components for the first and second peak leading to the
dip near 3.5 A; this makes it difficult to compare the data
from the three samples without detailed fits.

At low temperature, the structure is well ordered, the
Ce-As pair distribution width is small and the EXAFS
amplitude is large. As temperature increases from 4 to
300 K, the pair distributions broaden rapidly for all three
samples, resulting in a decreasing amplitude for each
peak, with much of the drop in amplitude occurring by
200 K, and only ~ 30 % remaining at 300K.

B. Ln L edges for the oxy-skutterudites

For the oxy-skutterudites, the environment about the
Ln atoms is very similar to that around Ce, as discussed
above. There are 12 O first-neighbors and 8 Ru sec-
ond neighbors. The main difference is the third neighbor
Ln-Cu peak which occurs near 3.4 A; there is no cor-
responding peak for the As-skutterudites. The Ly; edge
data for the lanthanide atoms La, Pr, and Nd are plotted
in Fig. 4; the general shape is very similar to that for the
As-skutterudites, but the first Ln-O peak has a shorter
bond length and occurs near 2.3 A on the EXAFS plot
(actual distance is near 2.63 A) while the Ln-Ru peak is
near 3.0 A. The dip at ~ 2.7 A is again due in part to
interference between the first two peaks.

The data in Fig. 4 show a weaker T dependence than
the corresponding data for the Ce Lyj; edge plotted in
Fig. 3. However, the unit cell is smaller for the oxy-
skutterudites and the effective spring constants to the
various neighbors are accordingly somewhat larger; con-
sequently a weaker T dependence was expected. How-
ever, the temperature dependence for the Ly edges is
much stronger than for the Cu or Ru K edge data in
these samples.

C. Cage atom edges (As, Fe, Ru, Os) in
As-skutterudites

The arrangement of As atoms can be viewed as six
nearly square rings in the unit cell (Fig. 1:Left), which
face in either the z, y, or z direction. Since the As atoms
are not at the center of the cubic substructure like the Ce
atom, there is less local symmetry about this site, which
results in more shells of neighbors with lower degenera-
cies. The first shell of atoms around As contains two Fe,
Ru, or Os neighbors at approximately 2.4 A. This, to-
gether with two As neighbors near 2.5 A form the first
EXAFS peak plotted near 2 A in the Supplement, Fig.
S2. The next peak near 3 A is a sum of a single As-
Ce peak and an As-As peak with four neighbors. See
Supplement for details about the further neighbor shells.

The Fe, Ru, and Os atoms make up the cubic network
of their respective compounds. Data for CeFesAs1o and
CeOs4As1 samples are from 4-300 K, while the data
set for CeRugAsio are from 4-330 K. The environment

FFT[kX (k)]

FIG. 3: (Color on-line) Temperature dependence, from 4 to
300 K, of the r-space data (FT of kx(k)) at the Ce L1 edge
for CeM4As12 (M = Fe, Ru, Os) samples. The largest peak
around 2.9 A is the first As neighbor. Here and in following
r-space plots the fast oscillation is the real part, R, of the FT;
the amplitude function is ++/R? + I2? where I is the imaginary
part (not plotted) of the FT. FT range: 3.5-9.8 A~'.

around the M atom site is very similar for all three edges;
the first shell around the M site consists of 6 As atoms
and produces the first EXAFS peak near 2 A (see Fig.
S1 in the Supplement). This M-As peak is very similar
for each sample and has a relatively weak temperature
dependence indicating a stiff bond. The next small peak
near 3.3 A, corresponds to a shell of two Ce atoms. The
second large peak near 3.7-3.8 A is the sum of 12 As at
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FIG. 4: (Color on-line) Temperature dependence of the r-
space data at the lanthanide L1 edges for LnCuzRu4O12, Ln
= La, Pr, Nd, from 4 to 300 K. The largest peak around 2.3
A is the first O neighbor. The second neighbor peak (Ln-Ru)
is near 3.0 A and partially overlaps the first peak. FT ranges:
La, 3.5-9.2 A~ Pr and Nd, 3.5-10.0 A~!. Note the similar
shape and behavior for the three samples.

~ 4.1 A and 6 Fe, Ru, or Os atoms at approximately 4.2
A. Further details are provided in the Supplement.

a (A =z y
CeFesAsio 8.28910.1543(0.3445
CeRugAsi2 8.500 [0.1495 (0.3499
CeOs4Asi2 8.51910.1485 (0.3485

LaCuszRu4O12 | 7.478 |0.1762|0.3054
PrCusRusO12 | 7.463 | 0.175 | 0.305
NdCU3Ru4012 7.456 (0.1717]0.2984

TABLE I: Lattice parameters and fractional site positions
(x,y,0) for the As or O atom in the I'm3 space group for
CeMsAsi2 (M = Fe, Ru, Os)13 and LnCusRusO12 (Ln =
La, Pr, Nd)18’32; accurate x and y parameters for O in the
Pr sample are not available, and we use approximate values
from Ref. 22. For the rare earths, the x, y, z parameters
are 0, 0, 0 and the M atoms are located at %, i, 1 In the

1
oxy-skutterudites, Cu is located at %7 0, 0.

D. Cu and Ru K edge data for the
oxy-skutterudites

For the oxy-skutterudites we do not have oxygen EX-
AFS to compare with the As EXAFS in the As samples,
as the O K edge is at a very low energy. However, we
have Cu K edge data which are presented in Fig S3 in
the supplement; Cu is located at the center of the O4
ring. These results show that the short Cu-O bond (near
1.6 A) has a very weak T-dependence indicating very stiff
Cu-O bonds and highly correlated motions of the Cu and
O atoms.

In the oxy-skutterudites the Ru atoms form the cubic
network, similar to the M atoms for the As-skutterudites.
The r-space data for the Ru K edge are shown as a func-
tion of temperature in Fig. S4 in the supplement. There
are six O nearest neighbor atoms which form the peak in
the EXAFS data near 1.6 A. The second neighbor peak
near 2.8 A is mostly Ru-Cu with a small Ru-Ln contribu-
tion while the peak near 3.4 A is the Ru-Ru peak. These
further neighbor peaks have stronger T-dependencies as
expected. Further details are provided in the Supple-
ment.

IV. DATA ANALYSIS
A. Detailed Crystal Structure

Details for the space group Im3'? are provided in Table
I for the three As-skutterudite and three oxy-skutterudite
samples. The a parameter is the length of the sides of the
cubic structure shown in Fig. 1. Note that the CeFesAsio
unit cell is somewhat smaller than for the CeRugAs 2 and
CeOs4As12 samples. Also, by changing the z and y frac-
tional positions for the As atom, the As or O ring can be
changed from a square (when z+y = 0.5) into a slightly
more rectangular structure; we’ll ignore this tiny effect in
most of the discussion. However the CuQO,4 rings in the



oxy-skutterudites are slightly more rectangular than the
Asy rings.

B. General Fitting & Constraints

Using the space group parameters given in Table I the-
oretical EXAFS functions were calculated for each pair
of atoms using the program FEFFS8.5%3. The data were
then fit in r-space to a sum of these EXAFS functions;
in principle, there are three parameters per atom-pair
- amplitude, position (r) and the width o, of the pair
distribution function. Constraints must be included as
otherwise there would be too many free parameters, as
discussed by Stern34.

In the following fits, the amplitudes and relative pair
distances were constrained to be consistent with the
known crystal structure as follows: the ratios of the am-
plitudes for each atom pair were constrained to the ratio
of the coordination numbers; one amplitude was allowed
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FIG. 5: (Color on-line) Fit of the Ce Lt edge data using a
sum of theoretical functions for CeMsAsi12 (M = Fe, Ru, Os)
at 4 K. The fit ranges were 2.3-5.4, 2.4-4.0, and 2.3-5.6 A
for the Fe, Ru and Os samples respectively. Note that the fits
to the longer As neighbors for the Fe and Os samples are not
plotted on this scale.

to vary at low temperatures to determine the parameter
S2 and then was held constant for fits as a function of T.
This is an important constraint because o, and amplitude
are strongly correlated. The ratios of the pair distances
were also initially constrained to the lattice structure,
with one distance parameter allowed to vary to compare
with diffraction. One final parameter to be determined is
AFE, - the difference between the experimentally deter-
mined edge energy (energy at half step height) and the
energy at which k£ = 0 in the theory. Since there is a cor-
relation between bond lengths (pair distances) and F,,
the parameter AFE, is determined at low temperatures
where the amplitude is largest at high k£ in the k-space
data, and then fixed for fits at higher temperatures.

C. Rattler Behavior
1. Ce L edge results; As-skutterudites

The Ce L1 edge data for CeFeqAsqo (see Fig. 3) were
fit using a k-range of 3.5-9.8 A=! in ky over an r-range
of 2.3-5.4 A using five theoretical functions calculated
using FEFF833. The first shell of neighbors around the
Ce atom in CeFe4Asio contains twelve As atoms at a dis-
tance of 3.129 A while the next shell contains eight Fe
atoms at 3.589 A. Two longer As neighbors 5.201 A and
5.582 A with degeneracies twenty-four and twelve respec-
tively, plus a multiscattering (MS) path with distance
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FIG. 6: (Color on-line) Details of the fits (Fig. 5) for the Fe
and Os arsenide samples, showing the relative amplitudes and
phase for the first (Ce-As — green) and second ( Ce-Fe or Ce-
Os — blue) neighbor pairs. Note the difference in the phase
for the two cases and the change in the interference.



4.544 A were included. This MS path corresponds to the
scattering path Ce-As-Fe-Ce. Several weaker multiscat-
tering paths were not included in the fit due to their very
low EXAFS amplitude and long distance. The number
of parameters fit was eight, far less than the number of
independent parameters, sixteen, estimated from Stern’s

criteria®®.

For CeRuyAsyo, the Ce Ly; edge data were fit using
a k-range of 3.5-9.8 A=! over an r-range of 2.4-4.0 A
using two theoretical functions for the nearest neighbor
As atoms (3.234 A) and the second neighbor Ru atoms
(3.681 A). For this sample, fits over the longer r-range
used for the Fe and Os samples were not good and in
the comparisons between these samples we will primar-
ily consider only the first two neighbors. For these fits,
only three parameters were varied; Stern’s criteria gives
9.4 independent parameters. Note that the larger lat-
tice parameter, a, results in increased distances between
neighbors in the Ru and Os samples compared to the
Fe sample. The fits for CeOssAs12 data were similar to
those for the Fe edge data but included two MS paths
instead of one. The FT and fit ranges were: k-range,
3.6-9.8 A~1; fit range, 2.3-5.6 A. An example of a fit at
4 K up to ~ 4 A is shown in Fig. 5 for the three samples.

An important detail is that one cannot obtain good pa-
rameters for the first peak in the Ce L1 edge data with-
out including the second peak, which partially overlaps
the first peak. This is shown explicitly for two samples
in Fig. 6. For CeFesAsi2, the oscillatory functions for
the two peaks are in phase and constructive interference
occurs, while for CeOssAs 2 the oscillatory functions are
partially out of phase and some destructive interference
occurs.

The pair distances obtained in these fits agree quite
well with diffraction,'® with a small contraction at low
T (see Table II in supplement); consequently, we do not
discuss the pair distances further. From the fits as a
function of temperature we extracted o2(T') for the Ce-
As and first Ce-M pairs. These are plotted in Fig. 7.
For Ru and Os, o2 at 4 K is the same for the first two
neighbors, i.e., the vibrations are essentially isotropic at
low T, while for the Fe sample there is a static off-set for
the second neighbor — approximately 0.002 A2. The most
important result is that o2(T) increases faster with T for
the second peak for all samples. This is surprising if one
assumes a stiff cubic unit cell; then vibrations along x,
y, or z are equivalent and in that case one would expect
the Ce vibrations to be isotropic. Instead, the larger
amplitude vibrations of the Ce-M pairs at 300 K means
that either the M atoms are moving significantly at 300
K or there is some anharmonicity in the vibrations at
300 K as suggested for PrOs;Sbi2,3® - or a combination
of these effects. We address this stiffness and possible
non-isotropic vibrations in the discussion section.

The o2(T) results were then fit to an Einstein model
under the stiff cage assumption; in this case the reduced
mass is just the mass for Ce. Rattler-like behavior is
apparent for Ce from the large amplitude vibrations and
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FIG. 7: (Color on-line) o®(T') for the first two neighbors about
Ce, and Einstein model fits for CeM4Asi2 (M = Fe, Os, Ru)
samples; Ce-As; are the lower traces in each case. Note the
different vertical scale for each plot. In this and subsequent
plots of 0% we use the following convention: first neighbor
pair - black square; second neighbor pair - blue circle.

the low Einstein temperatures (fg) for the Ce-As pair,
tabulated in Table II; this pair is stiffest (largest 6g) for
the Fe sample. The values of g for the various atom pairs
confirm the qualitative discussion above. Note that for
the Ru sample, the anisotropy of the Ce vibration is quite
small - i.e., the difference in o2 at 300 K for the two pairs
is small and the Einstein temperatures are nearly equal.
The anisotropy increases for the Os sample and is largest
for the Fe sample; this sample has the largest difference
in fg for the first and second neighbors. Except for the
Ce-Fe peak, the static off-sets 02 ;. are all very small -
consistent with zero local distortions at 4 K. For the Fe
sample, it is not clear if the small static off-set for the
second neighbor is just some residual strain in the sample
or an indication of some structural distortion - somewhat
similar to that recently observed in NdOs;Sby,.24



CeFesAsiz |0 (K)|o, statlc (AQ)
Ce-As 124 0.0002
Ce-Fe 87 0.0017

CeRusAsi2 |0 (K) Oliatic (A2)
Ce-As 104 0.0001
Ce-Ru 101 0.0001

CeOssAsie  |0r (K)|oHanc (A?)
Ce-As 101 0.0002
Ce-Os 84 0.0002

LaCusRusO12 [0r (K)|0Fanic (A?)
La-O 139 0.0022
La-Ru 175 0.0015
La-Cu 152 0.0017

PrCusRusO12 [0r (K)[0%aie (A7)
Pr-O 135 0.0010
Pr-Ru 163 0.0003
Pr-Cu 149 | 0.0004

NdCuzRus012 |0 (K)|oZae (A?)
Nd-O 128 0.0016
Nd-Ru 160 0.0003
Nd-Cu 135 0.0000

TABLE II: Ce L1 Einstein-model fit results for CeM4Asio
(M = Fe, Ru, Os), top, and LnCusRusO12 (Ln = La, Pr,
Nd), bottom. Estimated absolute errors are + 20 K due to
systematic errors; relative errors between fits are < 8 K; un-
certainty in 02 ,c ~ 0.0004 A%, Note: many values of 02 ,4ic
are consistent with 02, = 0.

2. Ln edge results: Ozy-skutterudites

The analysis of the data for the oxy-skutterudites par-
allels that for the As skutterudites, with the exception
that there are no results for the As skutterudites to com-
pare with the Cu edge data and we have no O K edge
data. Since the results for the rattler atoms La, Pr, and
Nd are distinctly different from the corresponding Ce re-
sults in the As skutterudites, we provide details about
these fits.

The La edge data for LaCuzRusO12 were fit using a
k-range of 3.5-9.7 A=! and an r-range of 2-4 A. We used
seven theoretical functions to fit the data including four
single scattering paths; the 12-fold degenerate La-O peak
at 2.6 A, the 8-fold degenerate La-Ru peak at 3.2 A, the
6-fold degenerate La-Cu peak at 3.7 A, and the 24-fold
degenerate La-O peak at 4.7 A. Multiscattering paths
at 3.9 A, 4 A, and 4.9 A were also included. In the fit
the multiscattering peaks positions were allowed to vary
slightly, and their o’s were constrained to be a weighted
sum of the La-O and La-Ru ¢’s. The Pr edge data were
fit identically but with a k-range of 3.5-10 A=1, an r-
range of 1.75-4.25 A, and slightly different constraints on
the multiscattering functions.

For the fit of the Nd edge the k-range was 3.5-10 A~!
and the r-range was set to 1.2-4.5 A. In this case seven
standards were again used, including the same first four
neighbors as for the La and Pr fits. The multiscattering

9

peaks at 3.9 A and 4 A were also used, but a multiscat-
tering peak at 5.1 A was used instead of the weak peak
at 4.9 A. For this edge the first Nd-O distance was al-
lowed to vary independently of the rest of the unit cell.
Examples of fits for the rare earth edge of all three sam-
ples at 25 K are shown in Fig. 8. Except for the Nd-O
distance which is ~ 0.04 A longer, the results for position
agree well with diffraction and a comparison is given in
the Supplement. For the Nd sample the x and y param-
eters for the As position are slightly smaller than for the
La and Pr samples (see Table I); if we used the La z
and y parameters for Nd, then there would be very little
disagreement for the Nd-O bond length.

We now focus on the functions o?(T), extracted from
these fits. For the La, Pr, and Nd edges we again use
an Einstein model to model ¢2(T) under the assump-
tion that the rattler atoms vibrate independently inside
a nearly rigid cage of Ru and O atoms. Fits of the data
were carried out for the first three neighbors about the
rattler atom and are plotted, together with the data, in
Fig. 9; the fit-results are also tabulated in Table II. We
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FIG. 8: (Color on-line) Fit of the Ln L edge data using a
sum of theoretical functions for LnCusRusO12 (Ln = La, Pr,
Nd) at 6 K. The fit ranges were 24, 1.75-4.25, and 1.2-4.5
A for the La, Pr, and Nd samples respectively.
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FIG. 9: (Color on-line) o?(T) for the first three neighbors
about the Ln atom in LnCusRu4O12 (Ln = La, Pr, Nd) sam-
ples, plus Einstein model fits; Ln-O pairs have the highest
slopes while the Ln-Ru have the lowest slopes in each case.
Same color convention as in Fig. 7 but here and in following
plots, we use red diamonds for the third neighbors.

observe that the second neighbor (Ln-Ru bond is signifi-
cantly stiffer than that of the first neighbor (Ln-O bond,
which is in stark contrast to the Ce edge results for the
CeMyAsio samples. We also see that o?(T) for (Ln-O
and (Ln-Cu have similar slopes and Einstein tempera-
tures. The comparable value of o2 (T') for these two pairs
suggests that if the cage is not rigid, the oxygen ring
with the copper atom at its center, moves as a nearly
rigid unit.

V. CAGE ATOMS
3. Fe K, Ru K, Os Lin1 & As K edges

In this section, we probe the stiffness of the cage struc-
ture for the As-skutterudites, formed from the M and As
atoms out to the third or fourth neighbors. To include

10

all the edges and pairs is a somewhat lengthy analysis -
the details of these fits are provided in the supplement.
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FIG. 10: (Color on-line) o(T) for several atom pairs from
the fits of the M edge data for CeM4As12 (M = Fe, Os, Ru),
and correlated Debye model fits to these results (solid lines).
Note the different vertical scale for the Ru sample (middle
plot).

From the fits, the o (T') functions were again extracted
for each pair up to 300 K. The results for the M edges
(Fe, Ru, Os) are plotted in Fig. 10; note that these data
show a rather small increase with T compared to the Ce
data. Thus the M-edge results for the first few neighbors
support the assumption that the cage formed of M and
As atoms is relatively stiff. The o2 values for the nearest
neighbor are smallest for the central Os atom due to its
larger atomic mass compared to the Ru and Fe atoms.
The Ru-Ru pair for CeRugAsio also has a large static off-
set, indicative of some additional disorder in that sample.

The 2(T) results were fit to a correlated Debye model
using the reduced mass of the atom pair. The fits are
plotted in Fig. 10 as solid lines and the parameters are
tabulated in Table III. Some values of o2 ;. are slightly
negative but within our uncertainties for this parameter.
With the exception of the Ru-Ru pair and possibly the

second Fe-As pair, the small values of 02,;. are consis-



tent with zero, i.e., no significant static distortions for
most pairs.
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FIG. 11: (Color on-line) ¢ as a function of temperature at
the As K edge for several atom pairs in CeMyAsi2 (M = Fe,
Os, Ru), plus correlated Debye model fits (solid lines). Note
the different vertical scales for the three plots and the large
static distortion for As-Ass in CeOssAss.

The correlated Debye temperatures, 6.p, are large,
which indicates stiff atom pairs. Also, the first M-As
pair consistently has the strongest bond, parametrized
by a larger value of 6.p, which is expected, due to the
shorter bond length. In general 6.p decreases with in-
creasing pair-distance; the exception is for Fe-Fe, but this
is the pair for which there is strong destructive interfer-
ence with a MS peak (see Supplement). Consequently
the value of 6.p for Fe-Fe is likely too high.
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CeFesAsi2 |0.p (K) Ugcacic (AQ)

Fe-Asl 467 -0.0001
Fe-As2,3 388 0.0010
Fe-Fe 519 -0.0004
As-Fe 475 0.0008
As-Asl,2 385 -0.0011
As-As3 384 -0.0002
As-As4 376 0.0044

CeRusAsi2]0cp (K)[o5atic (A?)

Ru-Asl 444 0.0002
Ru-As2,3 404 -0.0003
Ru-Ru 372 0.0033
As-Ru 471 0.0007
As-Asl1,2 384 -0.0004
As-As3 375 -0.0006
As-Asd 387 0.0003

CeOs4As12 [0cp (K)|0Satic (A?)

Os-Asl 436 -0.0002
Os-As2,3 360 -0.0002
Os-Os 268 -0.0001
As-Asl 375 -0.0004
As-As3 396 0.0016

TABLE III: Fit results using a correlated Debye model to
describe o%(T'), for the Fe, Ru, Os, and As edges in CeM;As2
(M = Fe, Ru, Os). Except for the Fe-Fe peak, estimated
absolute errors are + 40-50 K for 6.p due to systematic errors;
relative errors are ~ £ 10-15 K. Estimated errors for the static
distortion, 02,4, are &= 0.0004 A%, Note that most of the
static off-set values are consistent with ¢2,,;. = 0. For the
Os sample interference between As-Os and the first As-As
peak made the results unstable; to obtain good results for
As-Asl, the parameters for the As-Os peak were constrained
to the values obtained for the Os-As peak from the Os edge
analysis. Similarly the parameters for the weak As-Ce peak
for each sample were constrained to the corresponding values
from the Ce Lir edge results.

Similar results were obtained from fits of the As edge
data. The o%(T) results are presented in Fig. 11 along
with the correlated Debye fits (solid lines); the results are
also tabulated in Table ITI. We do not include the As-Ce
peak as this small peak is better defined from the Ce Lyy-
edge data. For the first few neighbors, o2 is small at low
temperatures and grows slowly with 7. The temperature
dependence is weakest for the Fe sample which has the
smallest unit cell.

For the As K edge results, the nearest neighbor As-
Fe and As-Ru bonds are stiffer than for further neighbor
As-As pairs. The 0.p values for As-Fe and As-Ru agree
within errors, with the corresponding values for Fe-As
and Ru-As from the M edges.

For the Os sample the strong interference between the
first two peaks (As-Os and As-Asl) results in unstable
fits. To obtain consistent results for the As-Asl peak
(second neighbor peak) we have used the value of o for
Os-As peak from the Os edge results, to constrain o for
the nearest neighbor As-Os peak in the As data fit; this
leads to stable consistent results for As-Asl. Note that
all As-As pairs (and in all samples) have about the same



O.p values - ~ 380 K; however, because there are many
overlapping peaks above 4 A the tails of these peaks over-
lap the third As-As3 peak and the fit parameters for this
peak may be less reliable.

The static off-sets (02,,;.) are also shown in Table III;
they are small and in most cases consistent with o2, ~
0. One exception is for the fourth shell (As-As3 pair) in
the CeOsygA 2 sample, for which o2, is ~ 0.0016 A2;
however, even this value is not large. The other exception
is the negative value for As-Asl in the Fe sample; this
value is outside our usual errors for o2 ;. and o%(4K)
is too small for this peak. It likely arises from the large

amount of interference between overlapping peaks.
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FIG. 12: (Color on-line) o*(T') for several atom pairs from the
fits of the Cu edge data for LnCuzRusO12 (Ln = La, Pr, Nd),
and correlated Debye model fits to these results (solid lines).
Third neighbors Cu-Ru - green triangles; fourth neighbors
Cu-Cu - red diamonds.

In summary, for the As skutterudites the first few
neighbor atom pairs within the cage are quite stiff, with
characteristic temperatures of order 380-450 K. Further
neighbor pairs have lower values for 6.p but are still rel-
atively stiff. The small static contribution to o2 for the
first few neighbors indicates that there is little static dis-
order from local strain. These results show that the cage
structure formed of M and As atoms is relatively stiff.
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However, it should not be considered to be completely
rigid when considering rattling motions, as the character-
istic temperatures for cage-atom pairs are only a factor
of 4 higher than the rattler Einstein temperatures.

4. Cu and Ru K edges
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FIG. 13: (Color on-line) o(T) for several atom pairs from
the fits of the Ru edge data for LnCusRusO12 (Ln = La, Pr,
Nd), and correlated Debye model fits to these results (solid
lines).

Details about the fits of the Cu and Ru edge data are
provided in the supplement and are similar to the fits for
the cage atoms in the As-skutterudites. Here we show
the 0%(T) results extracted from those fits for the first
four neighbors, and fit them using a correlated-Debye
model. The data and fits are shown in Fig. 12, and the
fit-results are tabulated in Table IV. We find that Cu-
O1 is an extremely stiff bond, further indicating that the
CuO4 ring moves as a unit with the Cu at its center.
This does not rule out the possibility that the Cu atom
may have some movement perpendicular to the oxygen
ring plane. The fact that the Cu-O2 and the Cu-Cu peaks
have softer effective spring constants is an indication that



some transverse vibration might be taking place. We see
further evidence for the ring’s movement as a unit, from
the parallel slopes of o(T) for the Cu-O2 and Cu-Cu
peaks. The O2 and Cu neighbors correspond to atoms in
neighboring rings, and thus indicate that the neighboring
rings also display this joint movement. Interestingly, even
though the slopes of the fits are the same for the Cu-
Cu and Cu-O2, the Debye temperatures are significantly
different, because we have used different reduced masses.
However, if the ring moves as a whole, the same slopes
mean comparable force constants between a Cu atom and
the atoms in a neighboring ring, and the simple reduced
mass model may not be appropriate; i.e., one may need
to consider the entire mass of a rigid ring. Thus, the
higher values of 6.p for Cu-O2 compared to Cu-Cu, only
reflect the difference in reduced masses for Cu/O2 and
Cu/Cu atom pairs. We explore this issue more in Sec.
VIA.

LaCuzRu4O12 [0ep (K)|0%auic (AF)
Cu-0O1 823 0.0008
Cu-02 520 | -0.0008
Cu-Ru 423 0.0003
Cu-Cu 367 0.0030
Ru-O 982 -0.0007
Ru-Cu 433 0.0001
Ru-Ru 506 0.0003

PrCusRusO12 [6cp (K) |02 aic (AF)
Cu-0O1 858 0.0007
Cu-02 540 | -0.0022
Cu-Ru 442 0.0004
Cu-Cu 363 0.0039
Ru-O 1026 -0.0005
Ru-Cu 453 0.0008
Ru-Ru 466 0.0005

NdCusRusO12 [0cp (K)[02aic (AF)
Cu-0O1 858 0.0001
Cu-02 559 -0.0010
Cu-Ru 442 -0.0001
Cu-Cu 399 0.0024
Ru-O 1012 -0.0010
Ru-Cu 447 -0.0001
Ru-Ru 433 | -0.0003

TABLE IV: Fit results using a correlated Debye model to de-
scribe 02(T)7 for the Cu and Ru edges in LnCusRusO12 (Ln
= La, Pr, Nd). Except for the Cu-O1 and Ru-O peaks, esti-
mated absolute errors are + 40-50 K for 6.p due to systematic
errors; relative errors are ~ 4+ 10-15 K. Estimated errors for
the static distortion, o2, are + 0.0004 A%, Again most of
the static off-sets are consistent with zero off-set. The param-
eters for the weak Cu-Ln and Ru-Ln peaks for each sample
were constrained to the corresponding values from the Ln Lyt
edge.

To fit the 0%(T') data for the Ru-edge data we again
used a correlated-Debye model. The Debye fits for the
three most relevant atom-pairs are shown in Fig. 13 and
the results of these fits are shown in Table IV. We see
that the Ru-O bond is very stiff, suggesting that the oxy-
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gen atoms are most likely constricted to motion within
the CuOy4 plane. The Ru-Ru bond is stiffest for the Nd
data and softest for the La data, but all bonds are com-
parable. Note that the Ru-Cu fit results are consistent
with the corresponding results for Cu-Ru from the Cu
edge data.

VI. DISCUSSION
A. Effective Spring Constants

The results from the analysis of o%(T') are usually given
in terms of Einstein or correlated Debye temperatures
— but these quantities depend on the assumed reduced
mass. As discussed in Sec. T A, the slope of the (T
plot at high T is a direct measure of the effective spring
constant K. This has been known since the early work on
EXAFS?7 but is rarely reported;¢:37 however, in com-
paring atomic vibrations it is very useful to compare the
force constants. These are obtained by extrapolating our
Einstein or correlated Debye fits to high T and obtain-
ing the inverse slope on the o2(T) plots. These effective
spring constants should not be confused with the actual
harmonic spring between a pair of atoms, particularly for
the weaker springs, as they include contributions from
the surrounding network. Such effective spring constants
are tabulated in Table V for the first few atom pairs. The
stiffest constants for the oxy-skutterudites are the Ru-O
and Cu-O bonds while the bonds between the rattler and
its neighbors are weaker. Similarly for the arsenides; the
strongest bonds are the nearest neighbor M-As and As-As
bonds while the bonds to the Ce rattler atom are weaker.
In all cases the effective spring constants connecting rat-
tler atoms to their nearest neighbors are only a factor of
2-4 smaller than the strongest spring constants between
cage atoms.

It is useful to consider how assumptions about the
reduced mass and the choice of Einstein vs correlated
Debye model, affect the Einstein/Debye temperatures,
the static off-set parameters and the effective spring con-
stants. To explore these issues we use the o%(T) data for
the Ce-As peak in CeRuyAsi2, which has a large number
of temperature points. We consider three reduced masses
in amu units: Ce in a rigid cage, M = 140; Ce connected
to a rigid Ass ring that acts as a massive atom (4 M a;),
M = 95.5; and the simple reduced mass of a Ce-As pair,
M = 48.8. As expected 0 and 6.p vary as l/m For a
given value of M, 6.p is about 44 % larger than fg. The
most important point to note is that the static off-set
(02%,41ic) changes with the choice of M and decreases as
the reduced mass decreases; for our data, 02,,,;. becomes
negative for the smaller reduced masses. However, 0%, ...
does not differ much between Einstein and correlated De-
bye models. These results are summarized in Table VI.
The estimated effective spring constants, K.y, are also
tabulated for each case; K¢y decreases very slightly with
decreasing M, but is independent of the choice of Einstein



Pair CeFegAsqo CeRugAsio CeOs4As12
(V/A2)  |(V/A%)  |(eV/A?)
Ce-As [3.72 2.70 2.46
Ce-M |1.88 2.15 1.73
M-Asl |8.22 9.85 10.84
M-As2 |3.540 5.94 5.01
M-M |5.71 4.57 5.24
As-As [6.52 6.10 5.96
LaCU3RU4012 NdCU3RU4012 PI‘CU3RU4012
(eV/A?) (eV/A?) (eV/A?)
(Ln-O |4.78 417 4.59
(Ln-Ru|7.50 6.50 6.65
(Ln-Cul5.71 4.67 5.51
Cu-0O1 |8.84 9.61 9.62
Cu-02 |2.72 3.15 2.96
Cu-Ru |5.47 5.98 5.95
Cu-Cu |3.37 3.81 3.15
Ru-O |12.41 13.34 13.47
Ru-Cu |5.73 6.09 6.27
Ru-Ru |9.74 7.17 8.27

TABLE V: Table showing the experimentally calculated
effective spring constants Keg for the filled skutterudites
CeMsAs12 and oxy-skutterudites LnCusRusOi2, obtained
from the inverse slope of the o2 plot extrapolated to high
T. Relative errors for Einstein (rattler) modes are < 10 %;
however because of the high values of O.p for the rest of the
structure, the high temperature extrapolations must extend
well above 300 K and consequently, the estimated systematic
errors for Keg are much higher; of order 20% for lower 6.p
< 500 K, and 30% for the higher 6.p. The errors for f.p ~
1000 K are difficult to estimate. Note that in general, the
effective spring constants for atom pairs defining the cage are
significantly stiffer than the springs between the rattler atom
and its neighbors.

or correlated Debye model. The goodness of fit param-
eter x? is lowest when using the middle reduced mass
(95.5) for each model, and increases 30-40 % when us-
ing the larger or smaller reduced mass. This supports
the idea that the As, ring is quite rigid and is involved
in the rattling motion; however, we did not explore the
mass dependence in detail. For the middle mass, the
Einstein model is slightly better.
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M Ce (140) | Ce-Ass (95.5) | Ce-As (48.8)

0 (K) 104 124 167
02arie (A%) | .0001 -.0002 -.0009

0.0 (K) 148 179 241
02arie (A%) | .0001 -.0002 -.0009

K.ff (eV/A?)
Einstein 2.70 2.61 2.42
Debye 2.71 2.62 2.44

TABLE VI: A summary of Einstein temperatures 6 and cor-
related Debye temperatures, 6.p, and corresponding static
off-sets, 02,10, using different assumptions for the reduced
mass of the rattler. The second part of the table shows that
the spring constants, extracted from a high T extrapolation,
are reduced slightly as the reduced mass decreases, but are in-
dependent of the choice of Einstein or correlated Debye model.

B. Summary of New Results and Previous
Measurements

For all of the skutterudites investigated, the structure
observed in EXAFS is very close to that observed in
diffraction - see Table II above and Tables SII, SIII, SV,
and SVII-SVIII in the supplement. The only small dis-
agreement is for the x and y positions of the O atoms in
the Nd sample; the Cu-O distances are slightly shorter(~
0.03 A) than calculated from the diffraction results while
the Nd-O bond is approximately 0.04 A longer. This sug-
gest a slightly smaller CuO,4 ring with a more rectangular
shape.

Important differences are observed in comparing the
o2 results and relative spring constants for the first few
neighbors about the rare earth rattler atoms. The most
striking result is that for the oxy-skutterudites, the sec-
ond neighbor pair, Ln-Ru, has a stiffer force constant
than the first neighbor pair Ln-O. In contrast, in the
arsenides, the second neighbor force constant is slightly
smaller than that for the first neighbor. The apparently
weaker Ln-O bond is particularly surprising since O nor-
mally forms strong bonds — and the Cu-O and Ru-O
bonds are indeed very stiff.

A second, less obvious conclusion is that the Ass and
CuOy4 rings are nearly rigid units and their suspension
within the skutterudite structure is anisotropic. This is
best understood when viewing the structure as a skut-
terudite rather than as a double perovskite!>'” with
tilted octahedra. The rings are suspended in the struc-
ture via Ru-O or M-As bonds which are indeed quite stiff
- but these bonds are nearly perpendicular to the rings
— see Fig. 14, and thus only provide stiff restoring forces
for motion perpendicular to the rings. For motion to-
wards the rattler atoms however, (left/right in Fig. 14)
the restoring forces provided by the Ru-O or M-As bonds
are much weaker and are given by K cos?(f) where 0 is
the angle between the displacement direction of inter-
est (here towards rattler) and the spring direction, and
K is the Ru-O orM-As spring constant. For these sys-



tems, cos?(f) can be ~ 0.1 for vibrations towards the
rattler atom; the effective spring constant is then smaller
than any direct spring constants in the structure. There
are also spring constants between different As, rings but
these also provide only a small restoring force for motion
towards the rattler.

An important difference for the oxy-skutterudites is
that, compared to the size of the unit cell, the CuOy4
ring is relatively larger than the pnictide ring (Asy) and
cos?(0) is consequently smaller for the oxy-skutterudites.
For example, for CeFeySbya, cos?(f) is 0.113 while for
PrCusM,012, it is 0.043. Thus, this suggests that the
rings can also act as“rattlers” in some directions; such
motion will also couple to the acoustic modes and con-
tribute to a reduced thermal conductivity. The rattler-
ring system therefore forms weakly connected chain link-
ages along the x, y, and z directions within a stiffer
framework; vibrations within this linkage should not be
considered local modes. In addition, the effective mass
is probably not that of the atom pair under consider-
ation but instead likely includes the ring mass. If the
ring structures can move easily towards/away from the
rattler, then both the rigid cage model and the simple re-
duced mass assumption are poor approximations. How-
ever if the ring mass were very large, the rigid cage model
would be more applicable. The discussion at the end of
Sec. VI A suggests that using a combination of the Ce
atom and the As, ring for the reduced mass, may be a
significantly better approximation.

Other local structure studies of these systems are very
limited. To our knowledge, there are no EXAFS studies
of the As skutterudites. The behavior for the rattler-
nearest-neighbor pair in the arsenides presented here, is
between that for phosphides and antimonides®® but in
that earlier work we did not investigate the tempera-
ture dependence for the second neighbors. The same dif-
ference in slope for the first and second neighbors was
observed recently in three antimonides as noted in the
introduction,?* but the focus there was on the unusual
static distortions for the second neighbors in two of the
materials.

Nitta et al.?23 have studied a number of Sb skutteru-
dites but focused only on the first neighbors. A similar
study of phosphide skutterudites has been carried out
by Mizumaki et al.,*® but again, only the first neigh-
bors were considered. Thus there are no second neigh-
bor results with which to compare, even in related sys-
tems. For all the first neighbor results for the As and
oxy-skutterudites reported here, we find much less static
distortion for the nearest neighbors about the rare earth
atom; this arises in part from the fact that there is in-
terference in the k-space EXAFS between the first and
second neighbor pairs, and in r-space the real and imag-
inary components can show destructive or constructive
interference - as shown for example in Fig. 6. Ignoring
the second neighbors will change the parameters for the
first peak. For the systems considered here, and includ-
ing the second rattler neighbor in the analysis, we find
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FIG. 14: (Color on-line) Two sub-cubes of the unit cell show-
ing a rattler atom and a CuOy ring within the cubes formed
of Ru (or Fe and Os) atoms. Note that the bond between the
Ru (blue) and O (small purple) atoms is nearly perpendicular
to the plane of the CuOy4 ring and hence for motion towards
the rattler, the restoring force on the CuQO4 ring from the Ru
atoms is very small. Similar results apply to the As4 ring in
the As-skutterudites.

no evidence for any off-center behavior as proposed by
Nitta et al.233 for several Sb skutterudites.

For the oxy-skutterudites, one EXAFS study investi-
gated the environment about Ru in several samples at
77 K, and showed that the local structure about Ru was
consistent with diffraction,'® as we find here. In their
analysis they used a somewhat smaller value of the S2
parameter (0.72) for the Ru K edge and their values of 02
are correspondingly slightly smaller than reported here.
Finally, Zheng et al.*! investigated the related compound
CaCu3TisO12 using a range of techniques including EX-
AFS and PDF analysis, but focused on possible Ca/Cu
antisite disorder at room temperature.

VII. CONCLUSIONS

The EXAFS results agree well with the structure and
space group obtained from diffraction for all samples; the
only slight disagreement is in the position of the O atoms
in NdCusRus012 leading to a longer Nd-O bond by ~
0.04 A and a more rectangular shape for the CuOy ring.
The EXAFS results for the Nd sample are more consis-
tent with the oxygen = and y parameters for the Pr and
La samples.

The most important new results from this study per-
tain to the local thermal vibrations and the effective
spring constants extracted from these measurements.
First, the ring structures also appear to be quite stiff
and likely can be considered to be nearly independent,
rigid units within the structure. Also, many of the effec-
tive spring constants between first and second neighbor
pairs in the cage structure are indeed quite stiff but not
stiff enough to support a completely rigid cage approxi-
mation.

Note that if the skutterudite lattice (CugRusOq2 for



oxy-skutterudites and MyAsis for the arsenides) were re-
ally rigid, the vibrations of the rattler atom would be
isotropic - same o2 for first and second neighbor pairs
- but it is not. For the arsenides, the second neighbor
pairs Ce-M have a weaker spring constant than for the
first neighbor bond, Ce-As. Even more surprising is that
for the oxy-skutterudites the second neighbor spring con-
stant, for Ln-Ru, is significantly stiffer than for the near-
est neighbor Ln-O bond.

A further evaluation of the structure shows that the
restoring forces on the Asy, and CuOy rings are not
isotropic. There are stiff restoring forces for motion per-
pendicular to the rings but weak forces for motion paral-
lel to the rings, particularly in the direction of the rattler.
We suggest that the rings also act as rattlers for some
directions of motion and are coupled to the rare earth
rattlers. This sets up a coupled network of overlapping
weak and strong springs, and the resulting vibration am-
plitudes are not straight forward to evaluate. Preliminary
analysis using a 1-D model with four atoms in the unit
cell, shows that one can in fact model the unusual dif-
ference between the arsenide skutterudites and the oxy-
skutterudites. This work will be published separately.*?
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Finally, determining the value of the static component,
02, .ties for the disorder of the nearest neighbor pair about
the rattler, is not straightforward. One needs to at least
include the second neighbor peak in the fits and the value
of 02,,,;. depends on the assumed reduced mass when
fitting to an Einstein model.
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