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We present a temperature-dependent, extended x-ray absorption fine structure (EXAFS) analysis
of the filled skutterudite compounds NdOssSbi2, PrOssSbi2 and EuOssSbi2. Although the inter-
pretation of recent ultrasonic measurements suggested off-center displacements for Nd and Pr in
NdOs4Sbi2 and PrOssSbi2, the EXAFS analysis shows that the Nd-Sb, Pr-Sb, and Sb-Sb peaks
are well ordered. Surprisingly however, the second neighbor Nd-Os and Pr-Os peaks are highly
disordered, even at low temperatures, and the Os-Os peak also has some disorder in the Nd and
Pr systems. In contrast to the anomalous results for the Pr and Nd samples, neither the Eu-Sb,
Eu-Os, nor the Os-Os peak is disordered at low temperature for EuOs4Sbi2. For all three systems
within estimated errors, the rare earth atom is on-center inside the Sb cage. We propose that for
the Nd and Pr compounds, the Os cage distorts, with some of the Os atoms moving either towards
or away from the Nd or Pr atoms, such that the Nd-Sb, Pr-Sb and Sb-Sb pair distances have very
little disorder. Some possible distortion models are suggested and the possible ramifications for
thermoelectric and transport properties are discussed.

I. INTRODUCTION

The family of filled skutterudite compounds with the
chemical formula LnTyX;2 (Ln = lanthanide; T = Fe,
Ru, or Os; and X = P, As, or Sb) displays an un-
usually wide variety of interesting phenomena includ-
ing low thermal conductivity and good thermoelectric
properties at high temperatures, 600-900 K, conven-
tional and unconventional superconductivity, magnetic
and multipolar order, metal-insulator transitions, Kondo
phenomena, heavy fermion (HF), and non-Fermi-liquid
behavior.2® These compounds crystallize in the cubic
Im3 space group, and are characterized by a large unit
cell which includes icosahedral pnictogen (X) cages that
surround the Ln ions. The crystal structure is shown in
Fig. 1. It has been proposed that some of the exotic phe-
nomena that are seen in these materials originate from
this unusual atomic configuration, which allows the Ln
ions to undergo large amplitude (“rattling”) vibrations,!
leading to strong phonon scattering and local charge de-
grees of freedom.%” Correlated electron behavior is also
generated by hybridization between the localized 4f elec-
tronic states of the Ln ions, and the conduction electron
states. Crystalline electric field (CEF) splittings of the
Hund’s rule multiplets of the Ln ions also play an impor-
tant role in the physical properties of these materials.3 10

A variety of experimental techniques have been used
to investigate these materials, including extended X-
ray absorption fine structure (EXAFS),!1 ! ultrasonic
Ineasurements,15’17 specific heaut,18 Raman scauttering,l9
inelastic neutron and X-ray scattering?’ 2?2 nuclear in-
elastic scattering?®, and single crystal X-ray diffraction.?*
Many of these measurements reveal the presence of a low
lying optical phonon, supporting the point of view that
the Ln ions undergo a low energy rattling behavior about
the crystallographic Ln site shown in Fig. 1.

However, two of the Sb-based filled skutterudites
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FIG. 1. The skutterudite unit cell. Large atoms (pink) - Ln;
internal square rings (blue) - X atoms, here Sb; cubic cage
structure (red) - T atoms.

NdOs4Sbyo and PrOssSbyo, exhibit several unusual prop-
erties that may be related to distortions of the local struc-
ture: first, ultrasonic measurements have revealed a low
temperature softening of the phonon dispersion, which
has been interpreted in terms of large off-center displace-
ments of the Nd and Pr ions.!%'6:25 The proposed off-
center displacement for Nd is surprisingly large - 0.4 A
- twice as large as that suggested for Pr. In addition,
unexpected HF behavior at low temperature is also ob-
served for these materials, where v is 520 mJ/mol-K?
and ~ 310 — 750 mJ/mol-K2, respectively, for the Nd
and Pr compounds, pointing towards the possibility of
a common mechanism for the mass enhancement in this
family of Sb-based crystals.?%27 In contrast, a recent Sh-
NMR study of PrOssSbys suggests that in this case, the



mass enhancement?® is due to scattering of the conduc-
tion electrons via multipole fluctuations that are related
to the unusually small singlet-triplet crystal electric field
(CEF) excitation.?’

A prerequisite for developing models to describe the
phonon scattering, the CEF and correlated electron be-
havior, is a clear understanding of the local structure,

TABLE I. Si double monochromator details: Beamline 10-
2 has been upgraded to use liquid nitrogen (LN) cooled
monochromator crystals, while beamline 4 (4-1, 4-2, 4-3) was
moved to a different location and also upgraded to LN cooled
crystals. Data were collected both before and after the up-
grades. In the beamline column, “a” refers to the new configu-
ration, while “b” refers to the old, water-cooled configuration.

including possible local distortions and the lattice dy- Element |[Slit Height (mm) Crystals Resolution (eV) Beamline
namics. Ultrasonic studies!®162% are an indirect measure NdOs4Sbi2
of local structure and a local probe is needed to clarify Nd 0.5 111 1.2 10-2a
the structure. The EXAFS technique is particularly well Os 0.5 111 2.2 10-2a
suited to this effort because it provides an element spe- Sb 0.2 220 3.2 10-2a
cific method for determining interatomic distances and PrOs4Sbio
local distortions. Measurements as a function of temper- Pr 1.5 220 0.9 4-3b
ature provide information about the dynamics for vari- Os 0.7 220 1.4 4-3b
. . . Sb 0.3 400 3 4-2b
ous atomic pairs, parametrized by the correlated Debye EuOs:Sbis
and/or Einstein temperatures. o 5 590 5 T
Here we use the EXAFS technique to investigate the Os 0.7 111 26 10-2b
local structure in NdOs4Sbi2 and PrOssSbia, for sev- Sh 0.3 220 4.7 4-3b

eral shells of neighbors about each type of atom in the
structure, and contrast those results with comparable
measurements for EuOssSbis which has no significant
local distortions. Because the proposed off-center dis-
placement for Nd is much larger than for Pr, we often
focus on the Nd sample. Our measurements reveal that
relative to the Sb cage, both Nd and Pr are on-center,
low-energy rattlers, with no evidence for any significant
off-center displacement. Surprisingly however, we find
that although the nearest neighbor peaks have typical
amplitudes for low temperature data, the second neigh-
bor peaks (Nd-Os and Pr-Os) are anomalously small at
4 K, and not observable at 300 K - the suppression of
the second neighbor peak is largest for the Nd sample.
In contrast, for EuOs44Sb1s, both the Eu-Sb and Eu-Os
peaks at low temperatures have reasonable amplitudes
with little excess broadening; additional measurements
at the Os L~ and Sb K-edges also show no significant
local distortions for the Eu sample.

These results indicate that for the Nd and Pr materi-
als, there is some type of disorder that is related to the
Os site which is absent for the Eu analogue. Addition-
ally, measurements at the Os L-edge for the Nd and
Pr samples also indicate an anomaly for the Os-Os pair.
Based on these results, we suggest several scenarios to
model the disorder. This disorder is likely the reason for
the anomalous results in ultrasonic measurements and
may help clarify the unusual heavy fermion behavior and
unconventional superconductivity in PrOs4Shs.

II. EXPERIMENTAL DETAILS AND EXAFS
TECHNIQUE

Single crystal samples of LnOssSbis (Ln = Nd, Pr,
Eu) were grown using a molten-metal flux method.3? The
samples were etched in a 1:1 HNO3-HCI mixture to re-
move excess Sb flux.

EXAFS samples were prepared by grinding single crys-

tals using a mortar and pestle. Next the powder was
passed through a 400 mesh sieve and brushed onto scotch
tape, which preferentially holds the smaller grains (<
S5um) in a thin layer. Two layers of tape were pressed
together (double layer) to encapsulate the powder. For
the low energy Ln Lijr-edges, 2-3 double layers were used,
while for the Os Li-edge, 3-4 layers were used. Finally,
for the high energy Sb K-edge (~ 30 keV) 8-12 layers
were used.

All the transmission EXAFS data were collected at
the Stanford Synchrotron Radiation Laboratory (SSRL),
over a wide temperature range (4-300 K) using Si
monochromator crystals. Details of the beamline con-
figuration used for each element are given in Table I.
Most of the monochromators were detuned 50% to min-
imize harmonics. The exception is for the Sb K-edge for
NdOs4Sbyo; in this case, the monochromator was only
detuned to 70%.

The EXAFS function for ky (k) is a sum over neigh-
boring shells and is given by3!

kx(k) = Z kxi(k)

)ei(2kr+26c (k)+6i(k))

r2

:ImZAi/ Fi(k7r)gi(7°0i,7‘
: 0

where 1 is the integration variable, g;(rg;,r) is the it
shell, pair distribution function (PDF), typically a Gaus-
sian, for atoms at an average distance rp; from the cen-
ter atom, Fi(k,r) is the back scattering amplitude, and
dc(k) and 6;(k) are the phase shifts from the central and
backscattering atom potentials respectively. The ampli-
tude, A;, is the product of the coordination number, N,
from diffraction results and S2, the amplitude reduction



factor, which is included to correct for multi-electron ef-
fects since multi-electron processes contribute to the edge
step-height but not to the EXAFS amplitude. Experi-
mentally, S2 also corrects for several other small effects.
Finally, an additional fitting parameter, AFE,/, describes
the difference in edge energy between the value defined
for the data (energy at the half height position on the
edge) and the theoretical functions (for which k£ = 0 at
E,). Tt is determined at low temperatures.

IIT. EXAFS DATA REDUCTION AND
ANALYSIS

The EXAFS data were reduced using the RSXAP
package.?? First, a pre-edge background was subtracted
from the data; the empirical Victoreen equations3® were
used such that for the subtracted data, the slope above
the edge had the expected value. Next an experimental
E, was defined as the energy at the half-height point on
each edge. The post-edge background po was obtained
using a spline fit to the data above the edge and the
EXAFS oscillations (x(E)) extracted using the equation
w(E) = po(1+x(E)) where u(E) is the absorption above
the edge of interest. Next x(FE) was converted to k-space

2m(E—E,
h2

via the relation k£ = ), and the k-space data

were Fourier transformed to yield r-space data. Exam-
ples of the k-space data for the Nd and Os Lyj-edges and
the Sb K-edge for NdOs4Sbis are shown in Fig. 2.

To extract parameters such as bond lengths (r;) and
broadening (o;) of the pair distribution functions, fits of
the EXAFS data were carried out in r-space, to a sum of
theoretical functions, corresponding to different shells of
neighboring atoms in the EXAFS equation. The theoreti-
cal functions for each atom pair, including some multiple-
scattering (MS) paths, were calculated using FEFF8.34
In this analysis we fit to both the real (Re) and imagi-
nary (Im) parts of the Fourier Transform in r-space with
some constraints included, as discussed below for specific
samples and edges.

A. Rare earth Li-edge data

The EXAFS r-space data at the Lijj-edge for the rare
earth elements, Nd, Pr, and Eu, are shown in Fig. 3 as
a function of temperature; the temperature dependence
is very strong for each sample, with the amplitude of all
peaks decreasing rapidly as temperature increases. The
Nd sample which has the largest proposed off-center rat-
tler displacement is plotted at the top while the Eu sam-
ple which shows no significant disorder is at the bottom.
For each rare earth atom, the first shell of neighbors is
formed of twelve Sb atoms at ~ 3.5 A from the Ln atom
and the second shell of eight Os atoms at 4.0 A- see Fig.
1. In EXAFS r-space plots, the positions of the peaks
are shifted to shorter r by a well know phase factor for

kx (k)

08— 1
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FIG. 2. Examples of k-space data at 4 K for the Nd and
Os Lmr-edges and at 8 K for the Sb K-edge in NdOs4Sbi2,
showing the high quality of the data. The corresponding data
for PrOs4Sbi2 and EuOs4Sbi2 are similar. Note the k-range
for the rare earth atoms is limited by the Lir edge.

each atom pair, determined by the phase shifts d.(k) and
5i(k).3> The expected positions of the EXAFS r-space
peaks are indicated by short vertical lines for each com-
pound; these were determined using FEFF834 and the
space group from diffraction.?27

Note the different FT ranges for each edge; the high
end of the k-range is limited by the presence of the L
edge - see Fig. 3 for details. The different FT ranges
lead to different amplitudes in r-space; however if the
same FT range (not shown) is used for comparison of the
three samples at 4 K, the difference in amplitude of the
first peak is + 15%, and if modified using the measured
values of S2, the effective amplitudes only vary by + 5%.
Consquently the variation in ¢ at 4 K for the Nd-Sb,
Pr-Sb and Eu-Sb pairs will be small.

The first double-peak structure for NdOs,Sbis from
2.3-3.8 A has a large amplitude at 4 K with a sharp dip
near 3 A; it is remarkably similar in shape to the Nd-
Sb pair theoretical function calculated using FEFF834
which has maxima at 2.75 and 3.43 A. Similar results are
seen for the Pr and Eu Lyj; data. The similar shape and
comparable amplitude when using the same FFT range
indicates there is little distortion of the Nd-Sb and Pr-Sb
peaks; the data are not consistent with Nd or Pr being
significantly off-center. A further indication that there is
little disorder of the first peak for any of the Ly data,
is that the sharp dip near 3A is observed for all three
samples. If the pair distribution function were strongly
broadened, this dip would almost disappear.

In contrast the second neighbor peaks for the Nd-Os
and Pr-Os pairs, which should occur between roughly
3.5 and 4.3 A, appear to be very weak at ~ 4 K, when
compared to the Eu-Os peak. Since at low temperatures
the thermal vibrations are reduced to zero-point-motion,
a greatly reduced amplitude indicates significant static
(or quasi-static) disorder, resulting in a large value for o.

To investigate this in more detail, 2-peak fits of the
4 K data (a sum of Ln-Sb and Ln-Os functions) were
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FIG. 3. Plots of the r-space data for the Nd, Pr, and Eu Li-
edges as a function of temperature, showing a strong tem-
perature dependence. The expected positions of the first and
second neighbors are indicated by short vertical black lines.
Here, and in all r-space plots, the rapidly oscillating function
is the real (Re) part of the FT while the envelope is given by
Vv Re? + Im? where Im is the imaginary part of the FT. The
FT ranges are: 3.5-10.2 A~ for Nd, 3.5-9.2 A™! for Pr and
3.5-11.2 A~ for Eu.

carried out from 2.5-4.3 A for the Nd, Pr and Eu Lyj-
edges. For these fits at 4 K, we kept the amplitude ratio
of the first Nd-Sb and Nd-Os pairs fixed at the ratio of
the coordination numbers - 12:8, but varied the Nd-Sb
amplitude to obtain S2. We allowed five other parameters
to vary: two dr’s, two o’s and E, (the energy at which
k = 0 for the theoretical functions). The values of SZ
are 0.79, 0.75 and 0.96 for Nd, Pr, and Eu respectively.
These fits are shown in Fig. 4, including the individual
peaks.

For the Eu L1 edge, the Eu-Os peak has a moderate

amplitude (Fig. 4c) and the values of o2 for the Eu-Sb
and Eu-Os peaks are comparable (¢ ~ 0.06 A), which
is expected for a rattler atom vibrating inside a nearly
rigid cage. In contrast, the Nd-Os and Pr-Os peaks are
significantly broadened (o ~ 0.13 A for Nd-Os and 0.12
A for Pr-Os) and there is little amplitude where these
peaks are expected. Because the second neighbor peak
is expected to be much smaller than the first peak we
compare the second neighbor region from 3.2-4.2 A for
the Nd and Eu samples in Fig. 5. To emphasize the small
amplitude for Nd (and similarly for Pr), we have also
calculated the second peak for the Nd sample (See purple,
dot-dash line in top panel of Fig. 5) assuming the second
peak has the same o as the first peak as observed for
FEuOsy4Sbys. Clearly there is significant excess disorder
for the Nd-Os peak. In fact both the Nd and Pr LIII-edge
data can be fit quite well over the 2.5-4.3 A fit-range using
only the first neighbor Nd-Sb or Pr-Sb FEFF functions.

Since the ultrasonic data'® 17 have been interpreted in
terms of a significant 100 off-center displacement of Nd or
Pr (Nd-0.4 A,?° Pr-0.2 A), we first simulated the low
temperature data using these off-center results. In these
simulations, both the Pr-Sb and Nd-Sb peak amplitudes
were strongly reduced and the shape of all peaks changed.
Thus a large 100 displacement is completely inconsistent
with the EXAFS data. To check off-center models in
more detail, we carried out fits assuming that the Nd
or Pr atoms were displaced off-center along either the
100, 110, or 111 directions, within a rigid OssShis cage.
Here we follow the procedures we developed for off-center
atoms in clathrates - see Ref. 36. Briefly, within a rigid
cage assumption, all the Nd-Sb and Nd-Os distances can
be expressed in terms of the off-center displacement, D,
and the off-center direction.

For the 100 off-center model (six wells) there are five
different Nd-Sb distances with amplitudes in the ratio
2:2:4:2:2. The distances can be written as r; = r, +
a;D where r, is the Nd-Sb distance for Nd on-center
and the slopes «; are calculated for the different pairs
with Nd off-center using FEFF8. There are four bonds
shorter than r,, four longer, while the Nd-Sb distance
for the middle peak is almost unchanged. For this model
the eight Nd-Os pairs separate into two groups of four,
with pair distances that are shorter and longer than the
nominal Nd-Os distance. Another set of slopes f3; define
the Nd-Os distances in terms of D. Therefore allowing
an off-center displacement introduces only one additional
distance parameter. In addition, the broadening of the
longer bonds is expected to be more than the shorter
bonds and therefore several additional ¢’s were allowed
to vary.

Similar models were considered for the other off-center
displacement models. For 110, the most complicated
model (twelve wells), the eight Ln-Sb amplitudes are in
the ratio 1:2:1:2:2:1:2:1 but again all distances can be ex-
pressed in terms of D and eight slopes «;, which were cal-
culated using FEFFS8. Here the eight Nd-Os pairs form
three groups with amplitudes in the ratio of 2:4:2. Fi-
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FIG. 4. Fits of the 4K data for each sample to a sum of two
peaks, Ln-Sb and Ln-Os (Ln = Nd, Pr, Eu). The individual
peaks obtained in the fits are also plotted and show that the
first Ln-Sb peak dominates. The second neighbor peak (Nd-
OS and Pr-Os) for Nd and Pr is surprisingly small.

nally, for the 111 model (eight wells), the Nd-Sb distances
are in four groups with amplitudes in the ratio 3:3:3:3
while the Nd-Os amplitudes are in the ratio 1:3:3:1. Iden-
tical models were used for the Pr off-center models.
Additional fits were carried out for each of the above
models for the 4 K data. Surprisingly, there was very
little improvement in the fits over the fit for an on-center
model and in all cases D was small. Using Hamilton’s F-
test criteria,” the slight improvement using an off-center
model is not significant for any model, and therefore,
there is no statistical difference between an off-center
model with a small off-center displacement and an on-
center fit with a larger static disorder. More importantly,
the off-center fits also resulted in some of the ¢’s for Nd-
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FIG. 5. (Color on-line) An expanded view of the second neigh-
bor region comparing the Nd L1 data with that for Eu L.
The data are shown as squares, the fit of the first peak as
dashed (blue) lines and the fit for the second peak as a solid
black line. Note that for Nd, the Nd-Sb first neighbor func-
tion extends above 4.2 A, and already is close to the data over
the r-range for the the second peak; the Nd-Os amplitude is
low. In contrast for Eu, the Eu-Sb function is not close to the
data above 3.5 A, and the the Eu-Os function has a significant
amplitude above 3.5 A.

Sb or Pr-Sb pairs being smaller than expected for zero-
point-motion (ZPM). It is well known that a static split-
ting of a peak leads to a broadening, ogtatic, of the pair
distribution function,®® but the thermal contributions to
the broadening of each peak must still be above the ZPM
value. Thus small ¢’s within an off-center model indicate
that the off-center displacement used is too large. These
fits place an upper limit to any off-center displacement,
D < 0.06 A, which is less than the thermal vibration
amplitude even at 75-100 K.

The important remaining anomaly is the low ampli-
tude for the Nd-Os and Pr-Os peaks. Even within the
off-center models, the fits make the ¢’s for Nd-Os and
Pr-Os surprisingly large at 4 K. Thus, for the Nd and
Pr samples there must be some other explanation for the
extreme broadening. We return to this problem later.

To investigate the thermal vibrations of the rare earth
rattler atoms, we fit the Ln Ly-edge data (Fig. 3), for
temperatures from 4 to 300 K. From these fits we ex-
tracted (T), and in Fig. 6 we plot 02 as a function of T
for each sample. o2 is well defined for the Ln-Sb neigh-
bors and increases monotonically with T. The results are



TABLE II. Einstein temperatures, O, and static off-sets,
02 tic for the first two peaks at the Lim-edge for Nd, Pr,
and Eu. Estimated errors including systematics for O (K)
are &5 K; errors for 02,;c ~ 0.0004 A2

Atom pair |1 (A) 0ue(X7) O (K)
NdOS4Sb12
Nd-Sb  |3.483 0.00337 61
Nd-Os [4.030 0.0137 42
PI‘OS4 Sb12
Pr-Sb 3.480 0.00471 65
Pr-Os 4.027 0.00968 51
EuOS4 Sb12
Eu-Sb  |3.487 0.00120 76
Eu-Os |4.035 0.00071 64

quite well described by an Einstein model as shown by
the solid lines, leading to low Einstein temperatures Og
=61, 65, and 76 K for the Nd-Sb, Pr-Sb and Eu-Sb peaks
respectively. In this model, we have assumed that the Sb-
Os cage structure is stiff (as found in the next sections)
and only the rare earth atom is vibrating; hence the rat-
tler motion is modeled as the rattler mass attached inside
a rigid (infinite mass) cage. In this case, it is not correct
to use the usual small reduced mass for say a Nd-Sb pair
as the Sb atom is held fixed by the rest of the lattice.
The actual reduced mass should be slightly less than the
full rattler mass as discussed in Ref. 11 for the Eu rattler,
but this effect is very small.

The low values of O for the first peak indicate that
all the rare earth atoms are weakly bound within stiff
skutterudite cages; O for the Eu-Sb peak is consistent
with our previous EXAFS results.!! The new value of
Of for Pr is a bit lower. More importantly the static off-
sets at low temperature for Nd-Sb and Pr-Sb are fairly
small and inconsistent with the large proposed off-center
displacement of 0.4 A for Nd,?® in agreement with our
unsuccessful attempts to fit to various off-center models
discussed above. Generally there is some small static
contribution to 2 from local strains; the small static off-
sets from the fits are consistent with such local strain
distortions.

The values of 02 for the second peaks are not as well
defined because of the low peak amplitudes and therefore
also have much larger errors, particularly for Nd-Os and
Pr-Os. In addition, at high temperature these peaks, in-
cluding the Eu-Os peak, become too low in amplitude
to extract 0. For the Eu-Os peak, the values of o2(T)
are very similar to those for the Eu-Sb peak but increase
slightly faster with T; the calculated Einstein tempera-
ture is thus a bit smaller. These results are given in Ta-
ble II. None of the previous EXAFS studies investigated
02(T) for the second neighbors.

0.03 - -

0.02 N

0.01 -

Eu-Sb 1 |
Elll—OS I'—‘-‘

0 s | s | s |
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FIG. 6. ¢*(T) for the Ln-Sb and Ln-Os peaks, at the Ln
Li-edges for the LnOssSbi2 samples (Ln = Nd, Pr, and Eu).
Note that for Nd and Pr the values of o for the Ln-Os peak
are large even at low T, while for the Eu sample, o2 is com-
parable for Eu-Sb and Eu-Os. The solid lines are fits to an
Einstein model - see text and Table II.

B. Sb K-edge data

Next we considered the local distortions from the per-
spective of the Sb atoms. The Sb K-edge r-space data
for the three samples are plotted in Fig. 7 (FT range
3.5-14 A‘l) and show very similar spectra for each sam-
ple. The first few peaks are Sb-Os, and several Sb-Sb
peaks - see Fig. 1; the weak Sb-Ln peak (one neighbor)
is not visible because it is under the larger Sb-Sb peaks.
The amplitudes of the Sb-Os and Sb-Sb peaks are high
at low temperature and decreases slowly with temper-
ature, indicative of moderately high, correlated Debye
temperatures, and quite stiff effective spring constants.
In particular, there is no obvious evidence for disorder in
the Sb-Os bond.

We fit the data from 1.8-3.8 A to a sum of five single
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FIG. 7. Plots of the Sb K-edge r-space data vs temperature
for NdOs4Sbi2, PrOssSbi2, and EuOssSbi2; FT range 3.5-14
A~1. The plots are very similar and have large amplitudes
indicating little distortion. The first peak is Sb-Os, the next
three are Sb-Sb; the small Sb-Ln peaks are not visible as a
separate peak and occurs near 3.3 A; the EXAFS peak posi-
tions for Sb-O and three Sb-Sb peaks are indicated by short
vertical lines for each sample.

scattering standards (calculated using FEFF83%); within
this r-space fit-range there are no significant multi-
scattering peaks. The ratios of the amplitudes were con-
strained to the crystal structure (i.e. the amplitude ra-
tios were 2:2:1:4:4 — for the Os, first Sb, nearest Nd
neighbor, second Sb, an abrupt Sb neighbors); note that
the first Sb-Sb peak is actually the sum of two closely
spaced peaks that cannot be resolved and we treat this
first Sb-Sb peak as a single peak with two Sb neighbors.
In these fits, only the first peak amplitude was allowed
to vary to obtain S2; S2 = 1.0. For higher temperatures,
all amplitudes were fixed using this value of S2. Sim-
ilarly the atom-pair distances were constrained to the
structure with only an overall lattice constant allowed to
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FIG. 8. An example of a fit of the Sb K-edge data at 8 K for
the NdOs4Sbi2 sample. Data are shown as filled squares with
the fit given by the solid line. Five peaks were used for the
fit. The r-space fit range is 1.8-3.8 A. Same FT range as for
Fig. 7.

vary. From preliminary fits, we found that ¢ for the small
Sb-Nd peak and the overlapping Sb-Sb peak at 3.53 A
were highly correlated, and therefore constrained o(T)
for the Sb-Nd peak to be the same as for Nd-Sb from the
Nd Liyp-edge fit. This leads to consistent values of o for
the Sb-Sb peak at 3.53 A. E, was determined from the
low temperature fits for each sample and then fixed for
all higher T fits. In these fits, we only varied five param-
eters (four os and one overall distance), much less than
the number of independent parameters, 16.6, calculated
using Stern’s criteria,®®. An example of such fits is shown
in Fig. 8 for the Nd sample at 4 K. The resulting Sb-Os
and Sb-Sb distances were approximately 0.01 A shorter
than the x-ray structure data, but this is within system-
atic uncertainties and indicates that there is no major
distortion of the environment about the Sb atoms.
From these fits, we extracted o(T) for the Sb-Os and
the three Sb-Sb peaks; o?(T) for each pair is plotted in
Fig. 9. All plots show a fairly weak temperature depen-
dence, with the strongest T-dependence observed for the
longest pairs (~ 3.88 A) as expected. The ¢(T) data for
each peak were fit to a correlated Debye model - these
results are show as solid lines on Fig. 9, and the cor-
related Debye temperatures, ©.p, and the static disor-

der, 02,.:., are tabulated in Table III. The temperature
dependencies of ¢%(T) and the values of 02, for the

various atoms pairs are similar for the three LnOs4Sbo
samples. Thus from the perspective of the Sb atoms,
the structure agrees well with the average structure from
diffraction.

C. Os Li-edge data

Finally, we show the Os Lj-edge data for the same
three samples in Fig. 10; the FT range is 4-14 A—! for
each sample. Here the first peak near 2.5 A is due to
the six nearest Sb neighbors, while the next large peak
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FIG. 9. o*(T) for the first few atom-pairs about Sb for

NdOssSbi2, PrOssSbiz, and EuOssSbiz. Correlated Debye
fits for each peak are shown as solid lines.

near 4.2-4.5 A is a sum of an Os-Sb and an Os-Os peak
- see Fig. 1. The weak Os-Ln peak occurs near 3.6-3.7
A, but is under the tail of the second Os-Sb peak. The
temperature dependence is quite weak for the first Os-
Sb pair and the peak still has a large amplitude at 300
K, indicating a stiff Os-Sb bond. For the more distant
neighbors, the temperature dependence is considerably
stronger, as expected.

The Os Lyp-edge data were fit following the same pro-
cedures as described above with S2 = 0.92; however the
r-space fit range was longer, 2-4.7 g, and only four peaks
(Os-Sb, Os-Nd, second Os-Sb and Os-Os) were included,
with the amplitude ratios constrained to 6:2:12:6. No sig-
nificant multiscattering peaks occur within this fit range.
Again the distances were constrained to the structure and
only an overall lattice constant was allowed to vary. Thus
only five parameters were varied - four ¢’s and one dis-
tance, while the number of independent parameters from

TABLE III. Pair distances, static disorder, o2 .., and cor-
related Debye temperatures, O.p, for the Sb-Os and three
Sb-Sb peaks in each sample. The small static disorder is con-
sistent with zero static disorder. Uncertainties in 0%, are
often dominated by correlations between ¢’s for partially over-
lapping peaks and are typically £+ 0.0004 A2, Because most
correlated Debye temperatures are comparable to or above
the highest temperature used to collect data (300 K), Ocp is
very sensitive to the highest temperature data point and the
estimated systematic error is + 30 K.

Atom pair [1(5) (&) 0hare(A%) Oun(K)
NdOs4Sb12
Sb-Os 2.624 0.00067 325
Sb-Sb 2.94 -0.00036 296
Sb-Sb 3.531 0.00074 277
Sb-Sb 3.88 -0.00034 240
PrOs4Sb12
Sb-Os 2.622 0.00097 399
Sb-Sb 2.94 -0.00043 331
Sb-Sb 3.528 0.00097 323
Sb-Sb 3.879 0.00037 281
EuOs4Sb12
Sb-Os 2.627 0.00038 299
Sb-Sb 2.94 -0.00064 268
Sb-Sb 3.536 0.00085 280
Sb-Sb 3.887  -0.00035 241

Stern’s criteria’®

11.

Fig. 12 shows 02(T) for two Os-Sb and the Os-Os atom
pairs. All plots show a weak temperature dependence as
expected for a rigid cage structure. The o(T) data for
each peak were fit to a correlated Debye model - except
for the Os-Os peak in the NdOssSbis and PrOs,Sbio
samples (see below); these results are shown as solid lines
on Fig. 12, and the correlated Debye temperatures ©.p,
and the static off-set 02 ;. are tabulated in Table IV. For
FEuOs4Sbyg, the results show very little static disorder -
consistent with little or no strain in the sample and no off-
center effects. For NdOs4Sb12 and PrOssSbq, the results
are similar for the two Os-Sb peaks, although there is a
bit more static disorder for the Os-Sb pair at ~ 4.54 A.

However the o%(T) data for the Os-Os peak are not fit
well by the correlated Debye model and there is signifi-
cant excess static disorder at low temperature. Since the
NdOs4Sbio data have the best signal-to-noise and many
more temperature points, we focus the discussion of the
Os-Os peak on this sample. First, we consider the cor-
related Debye model fit to all the 03, o (T) data for
NdOs4Sbya (solid line); note that all data points from
100-250 K are below the fit, while the 300 K point is well
above it. Also note that below 50 K, 03, .(T) appears
to increase slightly, similar to the unusual behavior ob-
served previously for PrRusP12,'® and the static off-set
for the full fit is very large, ~ 0.003 A2. If instead, we
only fit the top four points (dotted line for Os-Os in Fig.
12a), then the correlated Debye temperature is somewhat
lower (222 K) and the ZPM contribution to ¢2(0) is also

is ~ 15. An example fit is shown in Fig.
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FIG. 10. The r-space data at the Os Lir-edge for NdOs4Sbi2,
PrOs4Sbi2, and EuOssSbi2; FT range, 4-14 A=, The first
large peak is Os-Sb near 2.5 A; the Os-Sb (near 4.3 A) and
Os-Os (~ 4.5 A) peaks partially overlap and form the large
peak from 4.2-4.5 A. The small Os-Ln peak is near 3.6-3.7 A.
The positions of these peaks on the EXAFS plots are shown
as short vertical lines.

larger. Consequently o2 ,;. would be lower (0.0157 A2).
This suggests that the static disorder in the Os-Os PDF
increases as T drops below ~ 150 K and becomes con-
stant near 40 K, close to the temperature at which the
anomaly is observed in the ultrasonic measurements for

NdOS4Sb12.15

For PrOs,Sbhyz, there are larger errors in o(T) for the
Os-Os pair and it appears that there is a step increase in
0% as T is decreased below 200 K. Although we do not
consider this pair further, the temperature dependence of
o2 for the Os-Os pair in PrOs;Sb1s has a similar behavior
to that for the Nd sample.
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1t Fit Os-Sb — _
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0 Mk el | e
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FIG. 11. The r-space data at 6 K and fits at the Os Lir-edge
for NdOs4Sbi2; FT range, 4-14 A~'. The data are presented
as (red) squares with the total fit shown as a solid (green)
line; we obtain an excellent fit up to 4.5 A. Three shells of
neighbors are shown below the fit (the Os-Nd is too weak to
see on this scale). The second (blue) trace is the fit for the
Os-Sb peak at 2.624 A, the third (purple) trace is for the Os-
Sb peak at 4.53 A, and the tiny, fourth trace is the Os-Os
peak at 4.654 A.

TABLE IV. Pair distances, static disorder, o2 ;., and corre-
lated Debye temperatures, ©.p, for two Os-Sb and the Os-Os
peaks in each sample. The small static disorder for the OS-Sb
peaks is consistent with zero static disorder. Uncertainties in
02 atic are ~ £ 0.0004 A2, Because most correlated Debye
temperatures are comparable to 300 K, ©.p is very sensitive
to the highest temperature data point and the estimated sys-
tematic error is + 30 K except for the Os-Os peaks in a) and
b).

Atom pair [r(3) (A) 0% (A7) O (K)
NdOS4Sb12
Os-Sb 2.624 0.0003 327
Os-Sb 4.53 0.00056 248
Os-Os 4.654 0.00277 257
PI’OS4 Sb12
Os-Sb 2.622 0.00009 308
Os-Sb 4.53 0.00025 244
0Os-Os 4.650 0.00252 255
EHOS4 Sb12
Os-Sb 2.627 0.00040 309
Os-Sb 4.54 0.00053 251
0Os-Os 4.660 .00039 340

IV. DISCUSSION AND CONCLUSIONS

Our analysis of the Ln Li;; EXAFS data show that,
relative to the nearest Sb neighbors, the Nd, Pr, and Eu
are all on-center and have similar vibrational behavior.
The average pair distances also agree well with diffrac-
tion and the space group Im3. All Ln-atoms are rattlers
inside fairly rigid Os/Sb cages and have low Einstein tem-
peratures; consequently all should scatter phonons well.
The values of o2 are quite small for Nd-Sb, Pr-Sb

static

and very small for Eu-Sb. In addition, attempts to fit
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FIG. 12. ¢*(T) for Sb and Os neighbors about Os for

NdOssSbi2, PrOssSbi2, and EuOssSbiz; open squares (red)
Os-Sb (~ 2.63 A); filled circles (blue), Os-Sb (~ 4.54 A); filled
squares (black) Os-Os (~ 4.65 A). Solid lines are correlated
Debye model fits over the entire temperature range. Note the
poor agreement between the data and the correlated Debye fit
for the Os-Os pair in NdOs4Sb12 and PrOssSbi2 compared to
EuOs4Sbi2. In a), a fit to only the four highest temperature
points for NdOs4Sbi2 is shown as a dotted line, and leads to
a lower O.p and a smaller value of 02 -

the Nd-Sb and Pr-Sb data using off-center models with
displacements along 111, 110 or 100, did not significantly
improve the fits and lead to an off-center displacement of
at most 0.06 A. Thus we conclude that Nd and Pr are
not significantly off-center, as proposed to explain ultra-
sonic data at low T.1%16:2% On the basis of the EXAFS
results, it would appear that another mechanism must
be operative to explain the results of the ultrasonic mea-
surements.

In contrast to the first neighbor peak, the second neigh-
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bor peaks corresponding to Ln-Os pairs are highly disor-
dered at 4 K in NdOs4Sbyz and PrOssSbyai (i.e. 02, is
large), but not in EuOs4Sb1s - see Fig. 6. This indicates
that other distortions of the lattice exist for the Nd and
Pr samples, at least at low temperatures.

EXAFS data at the Sb K- and Os Ljj-edges allows us
to explore other possible distortions. From the perspec-
tive of the Sb atoms, the static disorder is quite small and
consistent with random strains in the materials — see Fig.
9. There is a bit more static distortion for Sb-Os pairs
in the Nd and Pr samples compared to the Eu sample,
but the effect is small. The first few Sb-Sb peaks have
quite small static disorder and moderately stiff bonds,
consistent with a stiff Os/Sb cage around the Ln atoms.

For the Os Lij-edge data, the o?(T) plots show com-
parable disorder for the Os-Sb bonds in all three samples
but a significantly larger distortion for the Os-Os pairs
in the Nd and Pr samples compared to the Eu sample.
The combined results indicate that the largest disorder
is observed for the Nd-Os, Pr-Os, and Os-Os peaks in
NdOs4Sbis and PrOs4Sbys, with a smaller distortion for
Sb-Os pairs. All the peaks in EuOs4Sb1o and the other
peaks for the Nd and Pr samples show typical behavior.

Before considering possible models to explain the EX-
AFS data, it is first useful to contrast/compare with
other structural measurements and attempt to include
those results in forming a model. We first start with
experiments that characterize the rattler vibrations in
terms of an Einstein temperature and a static off-set. In
EXAFS, 0, _¢,(T) for the Ln-Sb pair is given by:

2

Ox
Otn_sb(T) = Oatic + k08 coth o (2)

while in diffraction the isotropic thermal parameter
Uiso(T) (here for the rare arth atom) is given by

R’ Or
2ka@E coth ﬁ7 (3)

Usso(T) = u2 +
where p is the effective mass of the Einstein oscillator
in EXAFS, m is the mass of the rattler atom in diffrac-
tion experiments, O is the Einstein temperature, and
02 atic and u? are the static off-sets in EXAFS and diffrac-
tion, respectively. Although in many systems the effec-
tive mass for EXAFS is calculated from the two atoms
involved, that is not appropriate here; the cage is quite
rigid and effectively has a large cage mass. In the limit
of a large rigid cage, then y = m, the rattler mass, and
Eqns. 2 and 3 are essentially identical - i.e because the Sb
atom is held firmly within the OsySbyo lattice, the rela-
tive vibration of the Ln-Sb pair is primarily the vibration
of the central Ln atom, and in this special case ¢ from
EXAFS should be similar to Uig, from diffraction. There
is still one important difference — o7 ¢, (T) is a measure
of vibrations along the Ln-Sb direction, whereas Uis,(T)
is an average over all directions. Since the vibrations



TABLE V. Comparison between Einstein temperatures (O)
and the static off-sets - called ¢2,;;c (or C3) in EXAFS and
u? in diffraction. Note: for Ref. 24 there appears to be a typo
in their Table II and we have used values of u, from their Fig.
6 for Nd and Pr. Furthermore, they use a high temperature
approximation for the Einstein model; extrapolation to T=0
often gives an intercept larger than u2.

EXAFS (Nitta)'® Diff. (Yamaura)®* This work
Atom|Og(K) 0%a:c(A%)[Or(K) ud (A%) [Or(K) ol (A?)
Nd | 134 0.107 47 0.013 61 0.0034
Pr 127 0.078 59 0.011 65 .0047

may be larger in directions where there are no Sb neigh-
bors - i.e. towards voids in the Sb cage, then the average
mean square vibrations for Uijg, (T) might be larger than
0%« (T) - and the corresponding Og, slightly smaller.

As T goes to zero, 02, ¢, (0) or Uis(0) is the sum of
two constant terms;

Otn_sp(0) = 0%atic T 07PN
Uiso(o) == Ug + U%PM (4.)

where 02py; = uzpy = 72/ (2mkpOg). Here, ZPM refers
to zero-point-motion; oZpy; is quite large for systems
with a small ©g. Also note that the value of o2;. de-
pends on the value of O used — if O is large, then
02py is small and more of the value of o%(0) is associ-
ated with static distortion. Thus, it is crucial to use the
correct value of O to estimate the static contributions.
In Table V we summarize some results from various ex-
periments for the Nd and Pr rattlers in NdOs4Sb1s and
PI‘OS4Sb12.

First note that our values of values of O for Nd and
Pr (61 and 65 K) agree quite well with the diffraction
results (47 and 59 K), considering that the Og values
for diffraction should be somewhat smaller because Usig,
refers to an isotropic average. The values of of u2 from
diffraction are somewhat larger than our results - but as
noted in the Table caption, their use of the high temper-
ature approximation for the Einstein model equation can
overestimate the static contributions.

The main disagreement is with Nitta et al.’s EXAFS
results, where they report O to be 134 and 127 K — see
Table V. Much of this discrepancy is due to using the
Ln-Sb reduced mass instead of the rattler mass. Sb is
slightly lighter than the rare earth masses (123 for Sb vs
140 and 144 for Pr and Nd, respectively); consequently,
the Ln-Sb reduced mass is about a factor of two smaller
than the rattler masses. In addition, the much larger
values of O also increases their estimate of the static
distortions; if O is large, then o2p,; will be small and

02 .tic contribution must be correspondingly larger - see
Equ. 4. In addition there is a significant difference in

their k-space data compared to ours. In our k-space data
the amplitudes for Nd and Pr Ly traces are very similar,
while for Nitta et al.'* the amplitude for the Nd sample
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TABLE VI. Atomic coordinates for the space group Pm3
where x is the variable that describes the degree to which the
structure deviates from Im3. If x = 0, and for the Sb sites,
y =y’ and z = 7z’, one obtains the same positions as for the
Im3 space group. For PrRusP12 which takes the Pm3 space
group at low temperatures,*®#! x is very small, ~ 0.0007.

Atom |Site  x y zZ
Nd(1)| 1a 0 0 0
Nd(2)[ 1b 0 05 05
Os | 8i 0.254x 0.25+x 0.25+x
Sb(1) | 125 0 y z
Sb(2) |12k 0.5 0.5+y’ -0.5+7’

is considerably smaller than for Pr, particularly above k
=7 A=, Thus the very large values of o2 .. they report
are in part a consequence of the large value of O and
an overall increased disorder in their NdOssSbis sam-
ple. Unfortunately they do not provide enough details to
make a more detailed comparison; although they appear
to fit more than one neighbor, they do not report any

results for Nd-Os or Pr-Os.

Other diffraction results,?43? particularly the neutron
scattering measurements,?* show that the nuclear den-
sity about the rattler site is not spherical but is slightly
peaked towards the Os atoms (111 direction) at high tem-
peratures. This is the same direction for which we see
excess distortion for the Nd-Os and Pr-Os pairs - so it is
likely related.

The above comparisons show considerable agreement
between our EXAF'S results and diffraction, and we have
suggested a plausible explanation for the disagreement
with another EXAFS experiment.' Thus we conclude
that there is little evidence for off-center displacements
of the rattler atoms or unusual distortions of the Ln-
Sb PDF. Extending our analysis out to several shells of
neighbors suggests that the Ln-Os PDF and also the Os-
Os PDF have excess static distortion, while other pair
distributions have little excess distortion.

What distortions might lead to these particular pairs
being distorted? Studies of PrRuyP15'34%4! suggest one
possibility: in that material, the Ru-Ru peak becomes
split at low temperature leading to a metal/insulator
transition near 60 K, and the structure can be mod-
eled using the Pm3 space group instead of the usual
Im3 space group for the skutterudites. The atomic po-
sitions for this space group are shown in Table VI. The
most important difference is that the Os positions are
at (0.254x,0.25+x,0.25+x), with x determining the de-
viation from Im3 (x = 0 corresponds to Im3). Applying
this scenario to the LnOssSbis systems, the two main
effects are a splitting of the Ln-Os distances and the Os-
Os distances, with a much smaller splitting of the Sb-Os
distances. In Fig. 13, we show the structure for an exag-
gerated example of the change, with a focus on the Os
positions (i.e. x is large for the Os positions). The figure
shows large and small Os cubes about each Ln atom - see
also Fig. 4 in Ref. 41. To see how these splittings vary



FIG. 13. The change in skutterudite structure for the Pm3
space group showing two different sized cubes of Os atoms
around the Ln atoms, along a 111 axis. The displacement
x is large to show how one cube is enlarged and the other
contracted.
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FIG. 14. Splitting for the Os-Os, Os-Sb, and Os-Nd peaks as a
function of the displacement x in the Pm3 space group. The
splittings are comparable for Nd-Os and Os-Os pairs while
that for the Sb-Os pair is roughly half as large. Note that
to first order, Nd-Sb and Sb-Sb peaks are not affected by the
increase in x under the approximation that y =y’ and z = z’.

we plot them for the Os-Os, Ln-Os, and Os-Sb pairs in
Fig. 14 as a function of x. For small x, the splittings are
linear in x; the Os-Os and Ln-Os splittings are compa-
rable while the Os-Sb splitting is about a factor of two
smaller.

A second type of possible distortion that would lead
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FIG. 15. A distortion of a skutterudite unit cell (viewed along
a 001 axis) that keeps the Os-Os distance constant but splits
the Ln-Os distances into four longer and four shorter dis-
tances. Large atoms - Ln; Sb atoms not shown for clarity.

primarily to long and short Ln-Os distances, but no
change in the Os-Os distances, is illustrated in Fig. 15
looking down a 100 axis. It is a distortion in which the
Os cubes surrounding an Ln atom in the skutterudite
structure are slightly sheared so that two cube-faces are
distorted from squares to parallelograms.

Note that the EXAFS results indicate a gradual struc-
tural change as T is lowered below ~ 150 K - i.e. it ap-
pears that the static (or quasi-static) disorder observed
at low temperature is not present at high T; otherwise,
the fit of the Os-Os data would have been better in Fig.
12. Also the diffraction experiments show no unusual
behavior for Os, although there was little focus on the
Os atom positions. In contrast, the ultrasonic data show
a sudden change in elastic constants at low temperature
suggesting an abrupt change in structure. This may indi-
cate a dynamic effect because EXAFS is very fast (10~1¢
s time scale) and observes all distortions, while ultrasonic
measurements are on relatively slow time scales. If the
structure is distorting dynamically, EXAFS will observe
all the distortions but ultrasonics may not be sensitive to
such distortions until the fluctuations are slower than the
ultrasonic time scale. There may well be a mixture of the
two distortions discussed above, particularly if the dis-
tortions are fluctuating rapidly, or a distribution of such
distortions. In that case the EXAFS results indicate the
following splittings from the magnitudes of o2 ,,;. for var-
ious atom pairs. The distortions for the Os-Os and Os-Sb
are roughly consistent with the distortions present within
a Pm3 structure for x ~ 0.003; a splitting of the Os-Os
distances of roughly 0.1 A (ie. r =1, + 0.05 A) and a
possible small splitting of the Sb-Os peak of 0.03-0.05 A.
However, the experimental splitting for Nd-Os to explain

the large value of 02 ;. for this pair is about a factor of



two larger, - ~ 0.2 A. Thus, if roughly half the disorder
of the Nd-Os pair came from the Pm3 structure and half
arose from a further distortion as pictured in Fig. 15,
then the excess EXAFS distortions could be explained.
It is not clear how much such distortions would change
the elastic constants. Another possibility is suggested by
the diffraction results?* which suggest that vibrations of
the rattler are larger towards Os than towards Sb at least
at high T. If that is also true at low T, then the ZPM
vibrations will also be anisotropic, and larger along 111.
Then, less displacement of Os is needed to explain the
large 02,,;. for Nd-Os (and Pr-Os). Thus, it is not clear
if a dynamic Pm3 distortion is sufficient to explain the
disorder of the further neighbors or an additional distor-
tion, as suggested in Fig. 15 is required.

It is not clear why the Nd and Pr samples have this
unusual distortion whereas Eu does not; unfortunately
earlier EXAFS analyzes have not explored distortions be-
yond the first neighbor pair. However we are just com-
pleting a detailed study of CeT4As12 (T = Fe, Ru, and
Os) at all edges and find no significant distortions in this
Ce-As family of compounds; the results are very simi-
lar to those for EuOssSbis, except the Einstein and cor-
related Debye temperatures are higher as expected for
the smaller unit cell.*? Thus in our opinion it is the Nd
and Pr samples that are unusual. Earlier work on the
PrRuyPis system!®40:41 indicated that the skutterudite
structure can have the distortion shown in Fig. 13 for
space group Pm3, and the distortions for the NdOs4Sb
and Pr Os;Sbis compounds may be additional examples.
Eu does have a lower valence (Eu is +2; Nd and Pr are
+3) but the bond lengths for Nd-Sb, Pr-Sb and Eu-Sb
differ by less than 0.01 A; consequently it is unlikely that
valence plays an important role.

Disorder in the structure of the Os/Sb cage network,
either static or dynamic, will scatter phonons and elec-
trons, reducing both the thermal (k) and electrical (o)
conductivities. Although a reduced thermal conductivity
is desirable to increase the thermoelectric figure of merit
ZT = TS?0./k, a reduced electrical conductivity is not.
Thus, materials that show such disorder are less suitable
for thermoelectric applications. If the entire material has
a static change to a different crystal space group then,
although the local displacements are different, the crys-
tal would have long range order and there should be no
increase in scattering from a change in crystal structure.
The fact that these materials have considerable struc-
tural disorder, but not off-center displacements of Nd or
Pr, needs to be included in any modeling of physical prop-
erties.
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