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We report comprehensive x-ray absorption spectroscopy studies at both Ga K-edge and Yb La-
edge to elucidate the local structure of Ga and Yb dopants in Yb,Ga,CosSbi2. Our extended
x-ray absorption fine structure (EXAFS) data confirm that Ga atoms occupy two crystallographic
sites: one is the 24g site replacing Sb, and the other is the 2a site in the off-center void position.
We find that the occupancy ratio of these two sites varies significantly as a function of the filling
fraction of additional Yb, which exclusively occupies the 2a on-center site. At low concentrations
of Yb, Gassy and Gag, dopants coexist and they form a charge-compensated compound defect
proposed by Qiu et al. [Adv. Funct. Mater. 23, 3194 (2013)]. The Gagsy occupancy increases
gradually with increasing Yb concentration, and almost all Ga occupies the 24¢ site for the highest
Yb concentration studied(z = 0.4). In addition to the local structural evidence provided by our
EXAFS data, we also present x-ray absorption near-edge structure (XANES) spectra, which show
a small Ga K-edge energy shift as a function of Yb concentration consistent with the change from
predominantly Gag, to Gagsg states. Our result suggests that the increased solubility of Yb in
Yb-Ga co-doped Co4Sbiz skutterudites is due to the increased Gasgsy electron acceptor, and thus
provides an important strategy to optimize the carrier concentration in partially filled skutterudites.

I. INTRODUCTION

The skutterudites with the chemical formula M,X12
(M=Co, Rh or Ir; X=P, As or Sb) have attracted
much attention as promising thermoelectric materials for
moderate- and high-temperature energy harvesting!”.
These compounds crystallize into a body-centered-cubic
structure (space group I'm3), in which a large void is cre-
ated by 8 surrounding M X4 octahedra. The voids can
be filled with a variety of guest atoms, such as rare earth,
alkaline earth and alkali metals, giving rise to extremely
varied electronic and thermal properties®!°. The filler
atom fraction can also be used to tune the carrier con-
centration and optimize electrical performance!!'2. One
of the reasons why filled skutterudites have very high
thermoelectric efficiency (ZT') values is the reduced lat-
tice thermal conductivity, k; , due to the structure of host
network and guest filler atoms. It has been widely be-
lieved that the so-called ‘rattling’ vibration of the filler
atoms reduces ;' !'7. However, recent studies report
that the suppressed k; is due to the quasi-harmonic inter-
action between the host lattice and the filler atoms'® 20,
Though the precise mechanism for how the guest atoms
hinder heat propagation is under debate, it is very clear
that the guest atom plays a significant role in determin-
ing both electrical and lattice properties. Extensive effort
has been put into investigating thermoelectric properties
when different filler atoms are used*2' 28, Another ac-
tively investigated research area is the effect of two or
more dissimilar fillers?® 35,

While most discussions in filled skutterudites focus on
the typical void site fillers such as rare-earth or alkaline-

earth ions, it is important to note that group 13 elements
such as Ga or In exhibit quite unique properties. Al-
though earlier density functional theory studies predicted
that such filling would be energetically unfavorable®®, a
number of experimental studies reported that Ga/In can
fill the voids in the Co4Sbs structure.39-36-38 What is
very intriguing is that these Ga- or In-doped materials
show improved thermoelectric performance,3?:36-38 de-
spite the small solubility of Ga/In in Co4Sb123%40. To
explain this surprising thermoelectric properties of Ga
and In filled Co4Sbys skutterudite, a complex compound
defect model has been proposed*!. This model allows Ga
impurity atoms replacing Sb atoms (24g Wyckoff sites)
within the Sb host network, in addition to the usual void-
filling sites (2a Wyckoff sites). Since Ga in the 24g site
acts as an electron acceptor, unlike the 2a site Ga (elec-
tron donor), the charge is compensated and the materials
can be treated as a nearly intrinsic semiconductor?!42.
Such charge-compensated compound defects (CCCD) re-
duce lattice thermal conductivity, and allows facile incor-
poration of secondary filler atoms, such as Yb, which can
be independently used to control the carrier concentra-
tion. Recent studies also suggest that the band structure
modification due to the 24g-site Ga enhances effective
mass, which explains enhanced thermopower?3.

t44 mi-
41,44,45

Previous electrical and thermal transpor
crostructural and compositional variation studies
have reported results consistent with the CCCD picture.
In recent high resolution scanning transmission electron
microscopy (STEM) studies, structural distortion and in-
tensity variation was interpreted as a particular type of
CCCD due to Ga occupying both 2a and 24g sites in



Ybo.26Gag 2Co4Sb1243. However, direct structural con-
firmation of Ga replacing Sb in 24g-site is still lacking,
partly due to the experimental difficulty. Conventional
x-ray or neutron diffraction is not very sensitive to the
small amount (about 1 %) of dopant atoms in these ma-
terials. In addition, the random distribution of Ga atoms
between void filling and Sb substitutional sites makes it
difficult to carry out structural refinements, since diffrac-
tion averages over the entire sample.

Extended x-ray absorption fine structure (EXAFS) is
a powerful probe to address these issues in an element-
specific manner. The interference patterns in the EX-
AF'S spectra can be used to obtain quantitative informa-
tion about the local structure near an absorbing atom.
During the past three decades, an accurate and general
theoretical treatment of EXAFS spectra has emerged,
and the development of analysis packages such as FEFF
has made the EXAFS technique a reliable method for lo-
cal structure determination?6~°2, EXAFS has significant
advantages for detecting doped impurities at very low
atomic concentrations, thanks to its element sensitivity.
In addition to the local crystal structure, the electronic
structure of dilute dopants can also be studied using x-
ray absorption near-edge structure (XANES).

In this paper, we report comprehensive EXAFS and
XANES studies on polycrystalline Yb and Ga-containing
skutterudites in order to probe the local structure and
Yh, Ga site occupancy in a quantitative manner. Our
EXAFS data provides direct evidence that Ga atoms in
Co4Sbio-based skutterudites not only occupies the 2a
void site but also replaces Sb in the 24¢ site. In addi-
tion, we found that as Yb filling concentration increases,
the fraction of Ga replacing Sb (24g site) increases, and
reaches 100% when x = 0.4. Our experimental results
could be explained with the dual-site defect model, in
which Ga in the off-center void forms a compound defect
with the Ga occupying the nearby 24g site. However, Yb
filler remains in the usual central 2a position regardless
of doping level. These observations are also supported
by the electronic structure information extracted from
our XANES analysis. The implication of our findings on
the solubility limit and thermoelectric properties is also
discussed.

II. EXPERIMENTAL DETAILS

waGao_QCO4Sb11_933 (3;‘:0.05, 0.10, 0.15, 020),
meGao.15CO4Sb11_95 (I’ZO, 025, 0307 035, 040) and
Yb,Co4Sbio (2=0.26, 0.30, 0.35, 0.40) were synthesized
as described in Ref. 43, and then sintered using both hot
press and spark plasma sintering methods. The sintered
bulk samples were quantitatively analyzed elsewhere*3
and then ground into fine powders. Crystalline phase pu-
rity was examined by powder x-ray diffraction at room
temperature using Cu Ko radiation, as shown in the
Supplemental Material®®. Rietveld refinements were per-
formed to extract lattice constants for each sample, which

are listed in Table I. We were not able to meaningfully
refine the position of Ga, as x-ray diffraction refinement is
insensitive to the small amount of Ga. Ignoring Ga still
allows us to obtain good fits as indicated by the small
reduced-x? values in the range of 1.05 to 1.6. In the
current study, we label all samples as Yb,Ga,Co4Sb2,
where x, y represent the nominal filling fraction of Yb
and Ga, respectively. Samples with y = 0.15 and y = 0.2
do not exhibit any significant difference in their physi-
cal properties, and we will not distinguish between them
throughout this paper.

All x-ray absorption measurements were carried out
at the Canadian Light Source (CLS) on the hard x-
ray microanalysis (HXMA) beamline 06ID-1. Ga K-edge
(10367 eV) data were collected for all samples and Yb Lo-
edge (9978 eV) data for select samples. The energy of the
incident x-ray beam was selected using a double-crystal
Si(111) monochromator, with higher harmonic contribu-
tions suppressed by a 50% detuning of the second crys-
tal. Relatively low concentrations of Yb and Ga elements
make transmission geometry not suitable. All EXAFS
measurements were performed in a 90° fluorescence ge-
ometry using an array of 32-element Ge solid-state de-
tectors, with the sample 45° to the incident beam. Yb
EXAFS data were collected at the Ly-edge rather than
the Ls-edge because the Yb La fluorescence line falls on
the tail of the strong Co K/ emission line, limiting the
signal-to-noise ratio for the Yb Lg data. As a result, Yb
Ls-edge data were collected using the Yb LS, fluores-
cence line. A standard Ta foil was utilized for in-step
energy calibration. As a reference, Ta Ls-edge (9881 eV)
spectra were also collected along with each Ga or Yb EX-
AFS measurement. Each sample was diluted with pure
boron nitride powder, finely ground, pressed into a uni-
form pellet, and then affixed to a polyimide tape. These
procedures were done in order to achieve suitable element
concentration and uniformity. The Ga K-edge EXAFS
data were collected with a step size of 10 eV in the pre-
edge region (-200 eV to -30 eV), 0.5 eV in the near-edge
region (-30 eV to 80 eV), and 0.05 A~! in the extended
region (80 eV to 15 A=1). The Yb Lo-edge EXAFS data
were collected with a step size of 10 eV in the region of
(-200 eV to -120 eV), 0.5 eV in the Ta Lz-edge region (-
120 eV to -70 eV), 5 eV in the pre-edge region (-70 eV to
30 €V), 0.5 eV in the near-edge region (-30 eV to 80 eV),
and 0.05 A~! in the extended region (80 eV to 11 A~1).
At each edge for each sample, in order to guarantee data
reproducibility and good signal-to-noise ratio, three or
more scans were collected and then averaged. All data
sets were collected at room temperature.

EXAFS data obtained in energy-space were reduced
using standard procedures®®. The resulting k-space data
were Fourier transformed (FT) to r-space, yielding peaks
that correspond to different shells of neighboring atoms



in the EXAFS equation:
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where j represents different coordination shells made up
of N; identical atoms at approximately the same dis-
tance from the absorbing atom; S3 is the amplitude re-
duction factor which corrects for multielectron scatter-
ing and other experimental effects (in general, 0.7 <
S2 < 1.2)5455; 0]2- is the mean-square disorder factor of
the bond length r;, including both thermal and static
disorder; f;(k) and d;(k) are the scattering factor and
scattering phase shift, which are provided in the FEFF
program?®47; \(k) is the mean-free-path of the photo-

\/2m(E — Ey)/h?, where Ejy is the theo-
retical Fermi level position. By fitting the r-space data to
a sum of complex phase and amplitude functions calcu-
lated using the FEFF program, we extract bond lengths
(rj) and mean-square disorder factors (07) for selected
atom pairs, in addition to Sg and AFEy (the shift in the
edge energy from the theoretical value), for each edge.
Examples of the room temperature Ga K-edge k-space
data weighted with k2 for selected compounds are shown
in Fig. 1; as a comparison, low temperature data for one
selected sample was also measured (See Fig. S2 in the
Supplemental Material®®). In this analysis, the FT of k-,
k2-, and k3-weighted x (k) were examined simultaneously
and we evaluated the sum R-factor to obtain the best fit.
Also, we fit both real and imaginary parts of the r-space
data with the constraints described in the next section.

J
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FIG. 1. Examples of Ga K-edge k-space EXAFS data col-
lected at room temperature for Yb,Gag.15C04Sbi2 (z =
0,0.05,0.25,0.4) samples, showing the good quality of the
data.

III. RESULTS AND ANALYSIS
A. Local structure of Ga

Figure 2 shows the Ga K-edge r-space data for
Yb,Ga,CosSbis (y = 0.15 or 0.2) compounds of which
Yb filling fraction gradually increases from xz = 0 to
z = 0.4. The main peak around 2.2 A and the shoul-
der features extending to 2.85 A contain key information
regarding the local structure of Ga. The data clearly
shows that Ga atoms occupy both 2a (atomic coordinate
(0,0,0)) and 24¢g (atomic coordinate (0,0.335,0.158))
crystallographic sites. A Ga atom in a 2a site fills the
cage void, while a Ga in a 24g site replaces an Sb atom,
as shown in Fig. 3(a) and (b), respectively. To illustrate
various path contributions to the r-space EXAFS signal
shown in Fig. 2, we take x = 0.15 and x = 0.35 as two
examples. The EXAFS contributions due to various sin-
gle scattering paths at Ga K-edge are shown in Fig. 4.

It is worth mentioning that the Ga K-edge data for
these nine samples show little evidence of any Ga occu-
pying the Co 8¢ site (atomic coordinate (0.25,0.25,0.25)).
In the Supplemental Material®®, we show in Fig. S4 that
a mixture model including the Gag. could not fit the
data satisfactorily. We have also collected the Co K-edge
EXAFS data (See Supplemental Material®® Fig. S5) for
select samples, which shows that Ga does not replace Co,
in agreement with the calculation results*2.

If Ga occupies only the 2a site (Fig. 3(a)), the first
neighboring shell would be Gag,-Sb with a bond length of
about 3.35 A and the calculated peak position would be
~ 3.2 A as shown in Fig. 4 (red solid line). However, we
find the first peak position around 2.2 A for all samples as
plotted in Fig. 2. One might argue that Ga still occupies
a void site, but shifts to an off-centred position, which
results in reduced Gasg,-Sb bond length. In that case,
however, we expect the EXAFS signal resulting from the
Ga-Sb single path to exhibit a low-r shoulder, due to
the shell structure of the heavy Sb atom, as displayed in
Fig. 4 (brown solid line).(Usually the non-linearity of the
phase shifts from high-Z atoms leads to multiple local
maxima in the magnitude of the FT)%. The observed
lineshape of the first peak is smooth and almost sym-
metric, ruling out the possibility that Ga only occupies
the off-centred void site. On the other hand, if we as-
sume that Ga occupies the Sb substitutional (24g) site
(Fig. 3(b)), the calculated first neighboring shell Gagag-
Co (= 2.53 A) approximately corresponds to the first ob-
served peak position around 2.2 A. We therefore applied
the Gagsgy model to fit all Ga K-edge r-space data sets
using the first two atomic shells [Gagsy-Co and Gagag-
Sb]. However, these fits were not satisfactory either. For
x = 0to z = 0.35 fits, we found either unreasonably large
values of S2 or negative disorder factors o2 for the first
shell [Gagay-Co]. Thus, Gags, cannot be the complete
structure model and additional atomic shells are required
in order to fit the first sets of peaks in the r-space data.
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FIG. 2. (Color online) Ga K-edge data in r-space
for YbpGag.2Co4Sb12 (2=0.05, 0.10, 0.15, 0.20) and
Yb;Gao.15C04Sb12 (z=0, 0.25, 0.30, 0.35, 0.40) compounds.
Vertical dark yellow dashed lines are guides to the eye for the
similarities and differences between these compounds. The
FT ranges are 3 — 13.5 A™'. Only magnitudes of the FT
of k2x(k) are shown in this figure and the real parts can be
found in the Supplemental Material®3.

Furthermore, the variations of r-space data among differ-
ent Yb filling fraction samples suggest that the real local
structure of Ga could be more complicated, as has been
proposed by earlier theoretical works in Refs. 41 and 42.

In our dual-site model shown in Fig. 3(c), we assume
that a combination of the two sites, Gagsy and Gagg, exist
in such a system. We also allow that the 2a site Ga atoms
can be displaced to an off-center position due to the small
atomic size of Ga and the relatively large void cage of the
Co4Sbis framework, as suggested by the STEM study*3.
We introduce an off-center displacement parameter D for
Gag, and choose (D, D,0) as the simplest displacement
vector that can give a unique nearest-neighboring path.

4

A similar (D, D,0) model was also used in earlier EX-
AFS studies on clathrates®”® and skutterudites®'. In
addition, in order to allow variation in the fractional oc-
cupation of Gagsy and Gag, sites, we introduce a free pa-
rameter 7 to represent Gagyq site fractional occupancy.
Then Gasg, site occupancy is (1 — 7). Since 1 multiplies
with the amplitude parameter S2, these two parameters
are correlated in our fitting. However, we noticed that
the z = 0.4 data are best fitted with S2n = 0.99 + 0.05
and S2(1 —n) = 0, which indicates that for the x = 0.4
sample, all Ga atoms occupy the 24g sites (n = 1). Usu-
ally the SZ value should not significantly vary for small
concentration changes, so we decided to fix SZ to 1.0 for
all samples.

To fit the first peak around 2.2 A in r-space, we con-
sidered three possible nearest-neighbor bonds: Gagsg-Co,
Gagg-Sb or Gag,-Gagsy. However, such a short Ga-Sb
bond is unphysical, suggesting that the off-centered Gas,
should shift towards Gagsg rather than Sb in the host net-
work. Therefore, we used two shortest paths, Gagsy-Co
and Gag,-Gagsy (See Fig. 3(c)), to account for the first
peak. The whole EXAFS fitting equation becomes:

x = n{2[Gazsy — Co] + [Gagag — Sb] + ...}
+(1 — T]){Nl [Gaga — Sb]D + NZ[GGQG — CO]D + }
+min(n, (1 —n)){2[Gag, — Gagaglp}

where the [ | represents the contribution from the path;
the first term contains the paths generated from the
Gagyg site, multiplied by their corresponding coordina-
tion numbers; the second term includes the paths arising
from the off-centered Gag, site, with N7 and Ny rep-
resenting the coordination numbers (7 different Gag,-
Sb paths with coordination number in the ratios of
2:1:2:2:1:2:1, and 3 different Gag,-Co paths in the ra-
tios of 2:4:2, as calculated in Ref. 51); the final term
represents the Gag,-Gagsy path and its fraction depends
on the smaller value of 7 and (1 — 7n); and the subscript
D denotes that the free parameter D is included in the
bond length®®. We also note that an additional term
(1 — 2n)[Gage-Sbaay] should be present in the equation
when 7 is less than 50% (See comments on the z = 0
sample in Section IV).

B. Ga dual-site results

Using the dual-site model described in the previous
section, we fit Ga K-edge r-space data for samples from
z =0 to x = 0.4 in a systematic manner. Examples of
r-space data and fits are plotted in Fig. 5, illustrating
the good quality of the fits. All data sets are well fitted
in a wide 7 range from 1 to 5 A, with z = 0.4 resulting in
a pure Gagyg defect. In these fits, we included 10 paths
from the Gags4 absorber, 2 paths from the Gay, absorber,
and one Gag,-Gagyy path and thus 17 fitting parameters
(13 o%s, one D, one 1, one AEj and one overall distance),
still well below the number of independent points, 27,

calculated using Stern’s criteria®®.
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FIG. 3. (Color online) Schematic representation of the cubic crystal structure of Ga-doped Co4Sbi2 projected into the a-c
plane, with Ga defect atoms shown in red: (a) on-center void filling Gaga; (b) Sb substitutional Gasag; (¢) dual-site complex
defect of Gagag-Gaze, with Gag, off-centred in the (D, D, 0) direction.

TABLE 1. Lattice constants and Ga K-edge fitted parameters ( r and o? for Gagag-Co and Gage-Gassg bond, respectively;
Gag, off-center displacement parameter D, and Gagaq site fractional occupancy 7) for Yb,GayCosSbi2. The error bars for the
lattice constants are 0.0003 A. The error bars for o?(Gagsg-Co) and o(Gazs,-Gag,) are within +0.0016 (A?) and 4-0.0030
(A2), respectively. In the initial fittings for all nine samples, o2s corresponding to the common paths are constrained to be the
same, and then released to vary individually to obtain the best fit for each sample.

Compound Lattice constant(A) Gazyg-Co Gaza-Gazyy (A) n
r(A) %A% r(A) o?(A?%)
z=0 9.0390 2.48(2) 0.0057 2.35(3) 0.0080 0.77(2) 0.3140.10
z =0.05 9.0410 2.47(2) 0.0057 2.64(4) 0.0103 0.55(3) 0.49+0.06
z =0.10 9.0432 2.48(1) 0.0054 2.68(3) 0.0135 0.51(2) 0.67+0.04
xz=0.15 9.0461 2.46(1) 0.0057 2.67(3) 0.0120 0.53(2) 0.5240.02
z=0.20 9.0491 2.47(3) 0.0051 2.64(6) 0.0110 0.55(5) 0.72+0.15
z =025 9.0521 2.51(2) 0.0067 2.44(5) 0.0119 0.70(4) 0.57+0.05
z =0.30 9.0522 2.50(1) 0.0062  2.44(5) 0.0099 0.73(4) 0.784+0.10
@ =0.35 9.0551 2.50(1)  0.0067 2.41(3) 0.0103 0.73(2) 0.78+0.05
z = 0.40 9.0590 2.50(1)  0.0067 —— —— —— 1.0

The fitting parameters are listed in Table I. Here, as One possible reason for this difference will be discussed
expected, the bond length of Gagsg-Co is similar to that in Section IV.
of the nearest Sb-Co distance in Co4Sbis. If Gao, is
on the void center, we expect a nearest Gag,-Gagagy dis-
tance to be about 3.35 A. However, we found that Gasg-
Gagsg has much shorter bond distance. Our observa-
tion suggests that Gag, significantly shifts away from the
void center and moves toward neighboring Gasg, leading
to a severe cage distortion and a much shorter Gag,-
Gagsg bond length compared to those between Gag,
and the other Sb atoms. This observation is consistent
with recent STEM result, in which distorted skutterudite
cages were observed?3. Theoretical calculations also in-
dicate that Gag, and Gagss are prone to attract each
other and form short bonding due to the intra-defect
interaction*?44. However, it is to be noted that the Ga-
Ga bond length varies in the range of 2.3 to 2.7 A among
these nine samples because of the various D values. The
difference in D explains the prominent peak around 4.5 A
for the Yb,Gag.2oCo4Sb1o samples, which becomes much
broader for the Yb,Gag.15Co4Sb1s as shown in Fig. 2.

Figure 6 plots the fit results (red solid circles) of the
Gagug site fraction (1) as a function of Yb filling z. The
vertical error bars in Fig. 6 represent the standard devia-
tion of the results obtained from the fitting. To estimate
the uncertainty due to the data reduction procedure we
repeated the analysis varying some of the most relevant
parameters, for example, shortening the k range of the
FT or the r fitting range, and using a single k™ weight
(n=1,2 and 3); we found this uncertainty is much smaller
than the standard deviation as plotted in Fig. 6. As Yb
concentration increases from x = 0.05 to x = 0.4, the ra-
tio between Gagyy and Gag, increases gradually from 1:1
to 1:0. This result suggests that as the more Yb atoms
fill the voids, Ga atoms are pushed from 2a to 24g sites.
When the Yb concentration reaches z = 0.4, all doped
Ga atoms have been driven to replace Sb. Our results
provide quantitative experimental evidence for the vari-
ation of Ga dual-site occupancy behavior in response to
the presence of the secondary fillers.
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FIG. 4. (Color online) Comparison between Ga K-edge data
(unfilled circles) on representative compounds and FEFF cal-
culations (solid lines) of individual single scattering paths dis-
played in r-space.

C. Local structure of Yb

In order to highlight the unusual behavior of Ga fillers,
we also obtained the Yb local structure using EXAFS.
In Fig. 7(a) we show representative EXAFS data sets
in r-space at the Yb Lo-edge for a selection of Yb, Ga
double-doped and Yb single-doped skutterudite samples.
The first peak at ~ 3.2 A with a shoulder around 2.4 A
is due to a Yb-Sb atom pair, for which Yb is assumed to
be at the center of the cage void (2a site). A comparison
of the r-space and k-space data for all compounds show
very little variation of the lineshape and amplitude as a
function of doping. This indicates that for all the samples
studied, there is little cage distortion or bond variation
in the first coordination shell (Yby,-Sb) as well as in the
second coordination shell (Ybg,-Co). To further inves-
tigate the local structure of Yb atoms, we have carried
out fits of the EXAFS r-space data to a sum of FEFF
functions for the first three single scattering shells and
two multiple scattering shells. The fit range in r-space is
2 — 6 A. One constraint introduced in these fits is that
we only allow bond lengths to undergo isotropic expan-
sion/contraction, which is reasonable for a cubic lattice
that does not show any phase transition. One example of
these fits is shown in Fig. 7(b), including the individual
EXAFS contributions from the first and second coordina-
tion shells. In these fits, we only varied 7 parameters (five
02s, one overall distance and one AEp). The fitted bond
lengths of Ybo,-Sb agree well with the diffraction result
within 0.1 A, and the corresponding mean-square disor-
der factors are within 0.016 A? < 02 < 0.019 A2. Details
of each fitting parameter can be found in the Supplemen-
tal Material®®. No off-centering of Yb position is found.
We found neither filling fraction dependence for Yb local
structure, nor any effect of Ga addition on the Yb local
structure.

D. XANES spectra

We display in Fig. 8(a) the near-edge absorption spec-
tra at the Ga K-edge. In order to calibrate any possi-
ble energy drifts caused by the monochromator, Ta ref-
erence spectra were aligned carefully for all Ga K-edge
measurements. The XANES data shows that the edge
energy shifts slightly toward lower energy with increas-
ing YD filling. The shift can be observed more clearly
in the second derivative shown in Fig. 8(b). The second
derivative peak of the x = 0.4 sample near £ — Ey = 0
is located at lower energy than the one for x = 0.05
samples. Also prominent in the second derivative com-
parison is the well-defined negative peak just above the
edge in the x = 0.05 sample (called ‘post-edge’ peak),
which becomes weaker and broader in the x = 0.4 sam-
ple. To model the observed XANES result, we note that
Ga on 2a or 24g site have different valence states and
are expected to produce very different XANES spectra.
Therefore, it is reasonable to expect that the observed
XANES spectra would be reproduced by a linear combi-
nation of the XANES spectrum from each site. We sim-
ulated the XANES spectra with the FEFF program?*”,
which uses the muffin-tin approximation to obtain the
monoelectronic potentials. Real-space atomic clusters
based on two kinds of crystallographic sites (2a and 24g)
in Co4Sbis were constructed and used throughout the
calculations. The cluster sizes were chosen to cover one
unit cell. Several atomic configurations were tested and
the most stable configuration obtained from our EXAFS
results was adopted. Finally, a linear combination was
performed by carefully adding up the calculated 2a site-
and 24g site- Ga K-edge XANES spectra with different
ratios.

Figure 8(c) shows the linear combination results of the
calculated XANES spectra. The overall trend observed
in our XANES experiment is reasonably reproduced by
the simulated XANES spectra. Note that our EXAFS
data suggests that the Gagsy:Gag, ratio for x = 0.05 is
about 1:1 (the third simulated spectrum from the top in
Fig. 8(c)); the 0:1 and 0.5:1 simulations are plotted as ref-
erence. The second derivatives of the calculated XANES
for Gagsy:Gag,=1:1 and Gagyy only configurations are
plotted in Fig. 8(d), showing the small edge shift be-
tween the 2a and the 24¢ site. Also apparent is the post-
edge peak for the Gagyg:Gage=1:1 mixing configuration.
Therefore, one can conclude that this post-edge peak is
a tell-tale signature of the Gas, site, which disappears
for x = 0.4 sample, as expected from our EXAFS re-
sults. The XANES calculation also captures the shift of
the absorption edge to lower energy as the Gagyy fraction
increases. This observation is consistent with the picture
proposed in the charge-compensated compound defect
model*!, in which the Gag, is in the higher valence state
than that of the Gagag, since the absorption edge tends to
shift to lower energy for lower valence ions. Overall, the
doping dependence of the XANES spectra also indicates
that the fraction of Gagsy in Yb,Gag.2Co4Sby2 increases
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with increasing Yb concentration.

It is worth mentioning that no energy shift is observed
at the Yb Ly-edge, which suggests that the Yb dopant has
the same valence state regardless of the filling fraction.

IV. DISCUSSION AND CONCLUSIONS

Our EXAFS study provides direct observation of the
Ga atoms occupying both the 24¢ and the 2a sites in the
Co4Sbys-based skutterudites, of which the distinct two
sites of Ga were difficult to confirm in previous experi-
mental studies. Such observation explains the unusual
transport properties of Ga-doped skutterudite materi-
als, as compared to normal alkaline- or rare-earth filled
skutterudites 3841,

In order to understand the physical origin of the grad-
ually increasing Gagsy site occupancy with Yb concen-
tration as shown in Fig. 6, it is useful to consider the
charge-compensated compound defect (CCCD) model for
Ga-doped Co,Sby2*!. In particular, in their theoretical
work using ab initio total-energy calculations??, Xi and
coworkers found that the dominant defect in Ga doped
Co-Sb skutterudite is the complex dual-site occupancy
defect with the Gagsy:Gag, ratio of 1:2. However, at high
carrier concentrations with significant Fermi level shifts
(~ 0.2 €V), the Gagsy only defect has a charge state of
-2 and becomes more stable than any other defects. Our
x-ray absorption data qualitatively agree with this theo-
retical prediction. We find that the ratio between Gagy,
and Gag, is about 1 : 1 when there is a small amount of
Yb fillers (z = 0.05) and the ratio becomes 1 : 0 when
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the Yb filling concentration increases to x = 0.4. Since
Yb acts as an electron donor, increased Yb concentra-
tion seems to have the effect of shifting the Fermi level
to higher energy. In other words, as a secondary void
filler, Yb competes with Gag, thermodynamically and
drives Gag, defects into Gagygy defects at higher concen-
trations of Yb. Our experimental results show this both
structurally through EXAFS and electronically through
XANES. One interesting future direction is to examine
the role of In dopants. Despite the fact that both In and
Ga are group 13 dopants, Xi et al. found that they be-
have somewhat differently in CosSbys host structure?.
Our observations provide an explanation for an im-
portant question about Yb solubility in CosSbio skut-
terudites. The filling fraction of Yb (up to 0.4 on the
2a sites) in Ga,Yb co-doped samples is much higher than
the solubility limit of YD single-doped samples, which was
previously determined to be around 0.2226. This can be
understood by the fact that the introduction of electron
deficient Gagsy boosts the compound’s capability to ac-
commodate more electron donors. A careful examination

of the local structure gives further credence to this pic-
ture. Like most rare-earth filler species, Yb expands the
skutterudite cage lattice slightly, whereas adding Ga de-
creases the lattice constants compared to Yb single filled
Co4Sbys. Detailed investigation of the lattice constants
can be found in the x-ray powder diffraction results of
Ref. 43. As shown in the EXAFS fit results in Table I,
the fitted nearest-neighbor [Gassg-Co| bond lengths are
2.46 — 2.50 A which is slightly shorter than the bond
length between Sb and Co in unfilled Co4Sbyo structure
(~ 2.53 A). This means that the presence of Gagyq is
most likely causing the observed lattice contraction in
Ga filled Co4Sb12. The lattice expansion due to Yb filler
atoms and the contraction due to Ga atoms compensate
for each other, so that more Yb atoms can enter the cages
as more Ga atoms occupy the Sb substitutional site.

Another important observation from our study is the
contrast between Yb and Ga dopants even when the Ga
atoms fill the cage voids. Our Yb EXAFS data can
be consistently described by the structure with Yb at
the center of the cage void, without any indication of
off-center displacement. On the other hand, our fits
to the Ga EXAFS data consistently give the displace-
ment parameter (D) of 0.5-0.8 A (Table I), indicat-
ing that the Gag, dopants are significantly displaced
from the void center. The D values obtained for the
Yb,Gag2CosSbio samples are relatively smaller than
those for Yb,Gag 15C04Sb1s samples. So far, we do not
have a good understanding of the cause of this difference,
since the samples are synthesized in exactly the same
manner and other physical properties are almost identi-
cal according to previous investigation of these samples
by some of the coauthors*3. We, however, think that the
variation in D might indicate that Gag,-Gassy does not
form a covalent bond entirely, and there is some ionic ten-
dency between them. This is consistent with the observa-
tion in other materials that various Ga-Ga pair distances
were reported in a single structure®®-6!,

It should be emphasized that the local structure of
Ga determined by our EXAFS is consistent with other
supporting room temperature studies, such as diffraction
anomalous near-edge structure (DANES) measurements.
As illustrated in the Supplemental Material®®, our pre-
liminary DANES data shows clear contrast between the
r = 0 and = 0.4 samples, providing direct evidence
that the site occupancy behaviors of Ga in these two
compounds are distinctly different. Similar contrast has
also been revealed by the calculated DANES assuming
that Ga occupies the 2a or 24g site exclusively. These
results complement our EXAFS and XANES data and
bring home the message that there are two distinct Ga
sites in the samples we studied.

Lastly, we would like to comment on the x = 0 sam-
ple. The dual-site model (Fig. 3(c)) we used requires
that each Gag, displaces from the on-center void posi-
tion and moves toward the neighboring Gags,. However,
in particular for the x = 0 sample, our EXAFS data in-
dicates that the Gagag site fraction is less than 50% and
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that there are still a small fraction of Gasg, atoms that do
not have neighboring Gagsy. Although the 7-space data
can be reasonably fitted without incorporating this small
fraction of Gas, into the EXAFS equation, we suspect
that this fitting might not be unique and that it is rather
difficult to interpret the local structure of Ga on multi-
ple possible sites, given the complexity of this particular
x = 0 sample. We showed the EXAFS, XANES and
DANES results for the x = 0 sample to provide a com-
parison with those samples with both Ga and Yb doping.
Full understanding of the defect model in this case will
probably require other measurements with higher preci-
sion.

In summary, we present a comprehensive local struc-
ture study of Yb,Ga,CosSb12 compounds (z = 0.05 to
0.4). Our results confirm that the actual defect structure
for Ga-doped skutterudites is quite complex; two crystal-
lographic sites can be occupied by Ga atoms: the 24g site

replacing Sb or the 2a off-centered void site. The most
important new result from this study is that the fraction
of Ga occupying the 24g site increases gradually as a
function of additional Yb, reaching 100 % when x = 0.4.
This general trend can serve as an important strategy
to optimize the thermoelectric performance in partially
filled skutterudites. Combined with the Fermi level shift
observed in the XANES spectra, we find that the charge-
compensated compound defect model can explain the ob-
served increase of Gagy, fraction very well. Our study
illustrates that combined near-edge and extended x-ray
absorption spectroscopy is a powerful method to inves-
tigate the crystal and electronic structure of complex
local defects. This method will be especially valuable
for studying structural and electronic properties of di-
lute dopants.
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