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Local structure investigation of Ga and Yb dopants in Co4Sb;, skutterudites
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We report comprehensive x-ray absorption spectroscopy studies at both the Ga K edge and Yb L, edge
to elucidate the local structure of Ga and Yb dopants in Yb,Ga,Co4Sb,,. Our extended x-ray absorption fine
structure (EXAFS) data confirm that Ga atoms occupy two crystallographic sites: one is the 24 g site replacing Sb,
and the other is the 24 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, Gay,, and Ga,, dopants coexist and they form a charge-compensated compound
defect proposed by Qiu et al. [Adv. Funct. Mater. 23, 3194 (2013)]. The Gay,, occupancy increases gradually
with increasing Yb concentration, and almost all Ga occupies the 24g site for the highest Yb concentration
studied (x = 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 Ga,, to Gay, states. Our result suggests
that the increased solubility of Yb in Yb-Ga co-doped Co4Sb;, skutterudites is due to the increased Gapy,
electron acceptor, and thus provides an important strategy to optimize the carrier concentration in partially filled

skutterudites.
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I. INTRODUCTION

The skutterudites with the chemical formula M4 X, (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 [1-7]. These compounds
crystallize into a body-centered-cubic structure (space group
Im3), in which a large void is created by eight surrounding
M X 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 [8—10]. The filler atom fraction can also be used
to tune the carrier concentration and optimize electrical per-
formance [11,12]. One of the reasons why filled skutterudites
have very high thermoelectric efficiency (ZT') values is the
reduced lattice thermal conductivity, k;, due to the structure
of host network and guest filler atoms. It has been widely
believed that the so-called rattling vibration of the filler atoms
reduces «; [13-17]. However, recent studies report that the
suppressed «; is due to the quasiharmonic interaction between
the host lattice and the filler atoms [18—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 determining both electrical and lattice
properties. Extensive effort has been put into investigating
thermoelectric properties when different filler atoms are used
[4,21-28]. Another actively investigated research area is the
effect of two or more dissimilar fillers [29-35].

While most discussions in filled skutterudites focus on the
typical void site fillers such as rare-earth or alkaline-earth ions,
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it is important to note that group-13 elements such as Ga or
In exhibit quite unique properties. Although earlier density
functional theory studies predicted that such filling would
be energetically unfavorable [26], a number of experimental
studies reported that Ga/In can fill the voids in the Co4Sbi,
structure [30,36-38]. What is very intriguing is that these
Ga- or In-doped materials show improved thermoelectric
performance [30,36-38], despite the small solubility of Ga/In
in Co4Sby; [39,40]. To explain this surprising thermoelectric
properties of Ga- and In-filled Co4Sb; skutterudite, a complex
compound defect model has been proposed [41]. 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
(electron donor), the charge is compensated and the materials
can be treated as a nearly intrinsic semiconductor [41,42].
Such charge-compensated compound defects (CCCD) reduce
lattice thermal conductivity, and allows facile incorporation of
secondary filler atoms, such as Yb, which can be independently
used to control the carrier concentration. Recent studies
also suggest that the band structure modification due to the
24 g-site Ga enhances effective mass, which explains enhanced
thermopower [43].

Previous electrical and thermal transport [44], microstruc-
tural, and compositional variation studies [41,44,45] have
reported results consistent with the CCCD picture. In recent
high resolution scanning transmission electron microscopy
(STEM) studies, structural distortion and intensity variation
was interpreted as a particular type of CCCD due to Ga
occupying both 2a and 24g sites in Ybg26Gag,CosSby, [43].
However, direct structural confirmation of Ga replacing Sb
in the 24g site is still lacking, partly due to the experimental
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TABLE 1. Lattice constants and Ga K -edge fitted parameters (r and o2 for Gayy,-Co and Gay,-Gayy, bonds, respectively; Gay, off-center
displacement parameter D, and Gay,, site fractional occupancy 1) for Yb,Ga,Co4Sb;,. The error bars for the lattice constants are +0.0003 A.

The error bars for 02(G324g—Co) and az(Gaz4g—Ga2,,) are within +0.0016 1&2 and £0.0030 Az, respectively. In the initial fittings for all nine
samples, o%’s 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.

Gaz4g -Co Ga2a -Ga24g

Compound Lattice constant (A) r (A) o? (AZ) r (A) o? (AZ) D (A) n
x=0 9.0390 2.48(2) 0.0057 2.35(3) 0.0080 0.77(2) 0.31 +£0.10
x = 0.05 9.0410 2.47(2) 0.0057 2.64(4) 0.0103 0.55(3) 0.49 4+ 0.06
x =0.10 9.0432 2.48(1) 0.0054 2.68(3) 0.0135 0.51(2) 0.67 +0.04
x =0.15 9.0461 2.46(1) 0.0057 2.67(3) 0.0120 0.53(2) 0.52 +£0.02
x =0.20 9.0491 2.47(3) 0.0051 2.64(6) 0.0110 0.55(5) 0.72 £ 0.15
x =0.25 9.0521 2.51(2) 0.0067 2.44(5) 0.0119 0.70(4) 0.57 £ 0.05
x =0.30 9.0522 2.50(1) 0.0062 2.44(5) 0.0099 0.73(4) 0.78 £ 0.10
x =0.35 9.0551 2.50(1) 0.0067 2.41(3) 0.0103 0.73(2) 0.78 £ 0.05
x =0.40 9.0590 2.50(1) 0.0067 1.0

difficulty. Conventional x-ray or neutron diffraction is not very
sensitive to the small amount (about 1%) of dopant atoms in
these materials. In addition, the random distribution of Ga
atoms between void filling and Sb substitutional sites makes
it difficult to carry out structural refinements, since diffraction
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 EXAFS spectra can be
used to obtain quantitative information about the local struc-
ture 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
local structure determination [46-52]. 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 Yb,
Ga site occupancy in a quantitative manner. Our EXAFS
data provide direct evidence that Ga atoms in Co4Sb,-based
skutterudites not only occupy the 2a void site but also
replace Sb in the 24g site. In addition, 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

Yb,Gap,Co4Sby1 933 (x =0.05, 0.10, 0.15, 0.20),
Yb,Gap 15C04Sb1195 (x =0, 0.25, 0.30, 0.35, 0.40) and
Yb,CosSby, (x = 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 [43] and
then ground into fine powders. Crystalline phase purity was
examined by powder x-ray diffraction at room temperature
using Cu K « radiation, as shown in the Supplemental Material
[53]. Rietveld refinements were performed 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-x2 values in the range of 1.05 to 1.6.
In the current study, we label all samples as Yb,Ga,Co4Sb,,
where x, y represent the nominal filling fractions of Yb and
Ga, respectively. Samples with y = 0.15 and y = 0.2 do not
exhibit any significant difference in their physical 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 (10 367 eV) data were
collected for all samples and Yb L;-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 contributions suppressed by a 50%
detuning of the second crystal. Relatively low concentrations
of Yb and Ga elements make transmission geometry not
suitable. All EXAFS measurements were performed in a
90° fluorescence geometry using an array of 32-element Ge
solid-state detectors, with the sample 45° to the incident beam.
Yb EXAFS data were collected at the L, edge rather than the
L3 edge because the Yb Lo fluorescence line falls on the tail
of the strong Co K8 emission line, limiting the signal-to-noise
ratio for the Yb L3 data. As a result, Yb L,-edge data were
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FIG. 1. Examples of Ga K-edge k-space EXAFS data collected
at room temperature for Yb,Gay 15Co4Sby, (x = 0, 0.05, 0.25, 0.4)
samples, showing the good quality of the data.

collected using the Yb LgB; fluorescence 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 EXAFS measurement. Each sample was diluted
with pure boron nitride powder, finely ground, pressed into a
uniform 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
(—200eV to —30eV), 0.5 eV in the near-edge region (—30 eV

to 80 eV), and 0.05 A_l in the extended region (80 eV to

15 Ail). The Yb L,-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 L3-edge region (—120 eV to —70eV), 5eV in
the pre-edge region (—70eV to 30eV), 0.5 eV in the near-edge

region (—30eV to 80eV), and 0.05 A" in the extended region

(80eVitoll AT ). 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 [46]. 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:

S2N —2k%0} ,—2r;/M(k) (k
xhy =Y 20T f L ® Gnrokr,; + 5,00,

2
7 krj

ey

where j represents different coordination shells made up
of N; identical atoms at approximately the same distance
from the absorbing atom; Sg is the amplitude reduction
factor which corrects for multielectron scattering and other
experimental effects (in general, 0.7 < 83 < 1.2) [54,55];
o? is the mean-square disorder factor of the bond length

rj, including both thermal and static disorder; f;(k) and
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8j(k) are the scattering factor and scattering phase shift,
which are provided in the FEFF program [46,47]; A(k) is the

mean-free-path of the photoelectron; k = +/2m(E — Ey)/ K2,

where Ej is the theoretical Fermi level position. By fitting
the r-space data to a sum of complex phase and amplitude
functions calculated using the FEFF program, we extract bond
lengths (r;) and mean-square disorder factors (01.2) for selected

atom pairs, in addition to Sg and AEj (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 k% for selected compounds are shown in Fig. 1; as a
comparison, low temperature data for one selected sample
were also measured (see Fig. S2 in the Supplemental Material
[53]). 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.

III. RESULTS AND ANALYSIS

A. Local structure of Ga

Figure 2 shows the Ga K-edge r-space data for
Yb,Ga,CosSbi, (y = 0.15 or 0.2) compounds of which Yb
filling fraction gradually increases from x = 0to x = 0.4. The
main peak around 2.2 A and the shoulder features extending
t02.85 A contain key information regarding the local structure
of Ga. The data clearly show that Ga atoms occupy both
2a [atomic coordinate (0,0,0)] and 24g [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 Figs. 3(a) and 3(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 single scattering paths at
Ga K edge are shown in Fig. 4.

Itis worth mentioning that the Ga K -edge data for these nine
samples show little evidence of any Ga occupying the Co 8¢
site [atomic coordinate (0.25,0.25,0.25)]. In the Supplemental
Material [53], 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 [53] Fig. S5) for select samples, which shows that
Ga does not replace Co, in agreement with the calculation
results [42].

If Ga occupies only the 2a site [Fig. 3(a)], the first
neighboring shell would be Ga,,-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-centered position, which results in reduced
Gay,-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
nonlinearity of the phase shifts from high-Z atoms leads to
multiple local maxima in the magnitude of the FT [56]). The
observed line shape of the first peak is smooth and almost
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FIG. 2. Ga K-edge data in r-space for Yb,Gag,Co4Sby, (x =
0.05,0.10,0.15,0.20) and Yb, Gay 15C04Sb;, (x = 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
k%x (k) are shown in this figure and the real parts can be found in
the Supplemental Material [53].

symmetric, ruling out the possibility that Ga only occupies
the off-centered void site. On the other hand, if we assume
that Ga occupies the Sb substitutional (24g) site [Fig. 3(b)],
the calculated first neighboring shell Gay4g-Co (22.53 A)
approximately corresponds to the first observed peak position
around 2.2 A. We therefore applied the Gays, model to fit
all Ga K-edge r-space data sets using the first two atomic
shells (Gay4,-Co and Gaygg-Sb). However, these fits were not
satisfactory either. For x = 0 to x = 0.35 fits, we found either
unreasonably large values of S& or negative disorder factors
o2 for the first shell (Gapyg-Co). Thus, Gays, 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.
Furthermore, the variations of r-space data among different Yb
filling fraction samples suggest that the real local structure
of Ga could be more complicated, as 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, Gay, and Gay,, exist
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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
Co4Sby, framework, as suggested by the STEM study [43].
We introduce an off-center displacement parameter D for
Gay, and choose (D, D,0) as the simplest displacement vector
that can give a unique nearest-neighboring path. A similar
(D, D,0) model was also used in earlier EXAFS studies on
clathrates [57,58] and skutterudites [51]. In addition, in order
to allow variation in the fractional occupation of Gays, and
Gay, sites, we introduce a free parameter 7 to represent Gaog,
site fractional occupancy. Then Gay, 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 x = 0.4 data are best fitted with Sgn =0.99 +£0.05
and Sg(l —n) =0, which indicates that for the x = 0.4
sample, all Ga atoms occupy the 24g sites (n = 1). Usually the
Sg value should not significantly vary for small concentration
changes, so we decided to fix S? to 1.0 for all samples.

To fit the first peak around 2.2 Ain r-space, we considered
three possible nearest-neighbor bonds: Gay4,-Co, Gay,-Sb, or
Gay,-Gaysg. However, such a short Ga-Sb bond is unphysical,
suggesting that the off-centered Ga,, should shift towards
Gayg, rather than Sb in the host network. Therefore, we used
two shortest paths, Gays,-Co and Gay,-Gay, [see Fig. 3(c)], to
account for the first peak. The whole EXAFS fitting equation
becomes

X = n{2[Gay4e-Co] + [Gapge-Sb] + - - - }
+ (1 — n{N1[Gay-Sblp + N2[Gay,-Colp + - -}
+ min (n,(1 — n){2[Gay,-Gazelp},

where the [ ] represents the contribution from the path; the
first term contains the paths generated from the Gayyg site,
multiplied by their corresponding coordination numbers; the
second term includes the paths arising from the off-centered
Gay, site, with N; and N, representing the coordination
numbers (seven different Gay,-Sb paths with coordination
number in the ratios of 2:1:2:2:1:2:1, and three different
Gay,-Co paths in the ratios of 2:4:2, as calculated in Ref. [51]);
the final term represents the Gay,-Gas, path and its fraction
depends on the smaller value of n and (1 —n); and the
subscript D denotes that the free parameter D is included
in the bond length [53]. We also note that an additional term
(1 — 2n)[Gage-Sbos, ] should be present in the equation when
n is less than 50% (see comments on the x = 0 sample in
Sec. 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 x =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 r range from 1 to 5 A,
with x = 0.4 resulting in a pure Gay4, defect. In these fits, we
included ten paths from the Gay4, absorber, two paths from
the Gay, absorber, and one Gay,-Gayg4, path and thus 17 fitting
parameters (13 o2s, one D, one n, one AEy and one overall
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FIG. 3. Schematic representation of the cubic crystal structure of Ga-doped Co,Sb;, projected into the a-c plane, with Ga defect atoms
shown in red: (a) on-center void filling Ga,,; (b) Sb substitutional Gay,; (c) dual-site complex defect of Gayy,-Gay,, with Ga,, off-centered in

the (D, D,0) direction.

distance), still well below the number of independent points,
27, calculated using Stern’s criteria [59].

The fitting parameters are listed in Table 1. Here, as
expected, the bond length of Gaysg-Co is similar to that of
the nearest Sb-Co distance in Co4Sby,. If Ga,, is on the void
center, we expect a nearest Gay,-Gayy, distance to be about

3.35A. However, we found that Ga,,-Gayy, has much shorter
bond distance. Our observation suggests that Ga,, significantly
shifts away from the void center and moves toward neighboring
Gayyg, leading to a severe cage distortion and a much shorter
Gay,-Gayy, bond length compared to those between Gay,
and the other Sb atoms. This observation is consistent with
recent STEM result, in which distorted skutterudite cages
were observed [43]. Theoretical calculations also indicate that
Gay, and Gayy, are prone to attract each other and form short
bonding due to the intradefect interaction [42,44]. However,
it is to be noted that the Ga-Ga bond length varies in the
range of 2.3 t0 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,Gay,CosSby, samples, which
becomes much broader for the Yb, Gag ;5C04Sb;, as shown in

|
i I r=0.15 -
1
GatK—edge 1 coo £=0.35 1
ata 1
I
B $ | oo
PO 557 S I
- FEFF Calculal:ions 7]

i M(Ga—b’b) —3.35A |
I N r(Ga—Sb) =2.53A ]
r(Ga—Co) =2.53A |
r(Ga—Sb) =2.85A |
r{Cq-Ca) =2.53A]

FT of k* x(k) (a.u.)

1 2 3 4 5
r(A)
FIG. 4. Comparison between Ga K-edge data (unfilled circles)

on representative compounds and FEFF calculations (solid lines) of
individual single scattering paths displayed in r-space.

Fig. 2. One possible reason for this difference will be discussed
in Sec. IV.

Figure 6 plots the fit results (red solid circles) of the Gays,
site fraction (1) as a function of Yb filling x. The vertical
error bars in Fig. 6 represent the standard deviation 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 ratio between Gays, and Ga,, increases
gradually from 1:1 to 1:0. This result suggests that as more
Yb atoms fill the voids, Ga atoms are pushed from 2a to
24g sites. When the Yb concentration reaches x = 0.4, all
doped Ga atoms have been driven to replace Sb. Our results
provide quantitative experimental evidence for the variation of
Ga dual-site occupancy behavior in response to the presence
of the secondary fillers.

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 L, 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 YD 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 line shape 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 (Yb,,-Sb) as well as in the second
coordination shell (Yb,,-Co). To further investigate 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
expansion/contraction, which is reasonable for a cubic lattice
that does not show any phase transition. One example of these
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FIG. 5. Ga K-edge data for Yb,Ga,Co4Sb, in r-space and the fit results based on the dual-site defects model. The fit ranges are 1-5 A.
The high frequency curve below the envelope is the real part of the Fourier transform (FTg). The envelope is the magnitude of the Fourier
transform, defined as v FT?e + FT?, where FT; (not shown) is the imaginary part of the Fourier transform.

fits is shown in Fig. 7(b), including the individual EXAFS
contributions from the first and second coordination shells.
In these fits, we only varied seven parameters (five o>’s, one
overall distance, and one AEy). The fitted bond lengths of
Yb,,-Sb agree well with the diffraction result within 0.1 A
and the corresponding mean-square disorder factors are within

1.00

0.75

0.50

Ga,,, site fraction (1)

.

@

000 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0.00 0.05 0.10 0.15 020 0.25 030 035 040

Yb Content x

FIG. 6. Ybcontent (x) dependent Ga,y, site fractions (1) obtained
from fits for Ga K -edge data in r-space. The corresponding Ga,, site
fractions are (1 — n).

0.016 < 0% < 0.019 A”. Details of each fitting parameter can
be found in the Supplemental Material [53]. 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 spectra
at the Ga K edge. In order to calibrate any possible energy
drifts caused by the monochromator, Ta reference spectra
were aligned carefully for all Ga K-edge measurements.
The XANES data shows that the edge energy shifts slightly
toward lower energy with increasing Yb 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 E — Ey = 0 is located at lower energy than the
one for x = 0.05 samples. Also prominent in the second
derivative comparison is the well-defined negative peak just
above the edge in the x = 0.05 sample (called the “post-edge”
peak), which becomes weaker and broader in the x = 0.4
sample. To model the observed XANES result, we note
that Ga on 2a and 24g sites 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 combination of the
XANES spectrum from each site. We simulated the XANES
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FIG. 7. (a) Plots of the r-space data for the Yb L, edge. There
is no significant Yb filling fraction dependence or Ga-added effects.
The expected positions of the first neighbors are indicated by vertical

dark yellow dashed lines. The FT ranges are 3-9 A™' foreach sample.
(b) Fit to the r-space data for Yb, 3Co,Sby, and peaks from Yb,,-Sb
and Yb,,-Co coordination shells. The fit range is 2-6 A.

spectra with the FEFF program [47], 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 Co4Sbj, 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 Gayg:Gay, 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 references. The second
derivatives of the calculated XANES for Gay,:Gay, = 1:1
and Gay4,-only configurations are plotted in Fig. 8(d), showing
the small edge shift between the 2a and the 24g sites. Also
apparent is the post-edge peak for the Gay,:Gay, = 1:1
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mixing configuration. Therefore, one can conclude that this
post-edge peak is a telltale signature of the Gay, site, which
disappears for x = 0.4 sample, as expected from our EXAFS
results. The XANES calculation also captures the shift of the
absorption edge to lower energy as the Gayg, fraction increases.
This observation is consistent with the picture proposed in the
charge-compensated compound defect model [41], in which
the Gay, site is in a higher valence state than the Gayy,
site. Overall, the doping dependence of the XANES spectra
also indicates that the fraction of Gayy, in Yb,Gag,Co4Sbip
increases with increasing Yb concentration.

It is worth mentioning that no energy shift is observed at
the Yb L, 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 24g and the 2a sites in the Co4Sb,-
based skutterudites, of which the distinct two sites of Ga were
difficult to confirm in previous experimental studies. Such
observation explains the unusual transport properties of Ga-
doped skutterudite materials, as compared to normal alkaline-
or rare-earth-filled skutterudites [11,38,41].

In order to understand the physical origin of the gradually
increasing Gayy, site occupancy with Yb concentration as
shown in Fig. 6, itis useful to consider the charge-compensated
compound defect (CCCD) model for Ga-doped Co4Sby, [41].
In particular, in their theoretical work using ab initio total-
energy calculations [42], Xi and co-workers found that the
dominant defect in Ga doped Co-Sb skutterudite is the complex
dual-site occupancy defect with the Gays,:Gay, ratio of 1:2.
However, at high carrier concentrations with significant Fermi
level shifts (~0.2 eV), the Gay4, 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 theoretical
prediction. We find that the ratio between Gayy, and Gay, is
about 1:1 when there is a small amount of Yb fillers (x = 0.05)
and the ratio becomes 1:0 when the Yb filling concentration
increases to x = 0.4. Since Yb acts as an electron donor,
increased Yb concentration seems to have the effect of shifting
the Fermi level to higher energy. In other words, as a secondary
void filler, Yb competes with Gay, thermodynamically and
drives Gay, defects into Gayy, defects at higher concentrations
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 behave somewhat differently in CosSbi,
host structure [42].

Our observations provide an explanation for an important
question about Yb solubility in Co4Sb;, skutterudites. 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
Yb single-doped samples, which was previously determined to
be around 0.22 [26]. This can be understood by the fact that the
introduction of electron deficient Gays, boosts the compound’s
capability to accommodate more electron donors. A careful
examination of the local structure gives further credence to
this picture. Like most rare-earth filler species, Yb expands the
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FIG. 8. (a) Ga K-edge XANES spectra for Yb,Ga,Co4Sb;> compounds (x = 0 to 0.4, from top to bottom) obtained from experiments.
Vertical black dashed lines are displayed as guides to the eye. Ey = 10371 eV is determined from the experimental data of x = 0.4 (energy at
the half-height position on the edge). (b) The second-derivative spectra of the experimental XANES of x = 0.05 and x = 0.4. (c) Calculated
Ga K -edge XANES spectra for complex Gays,-Gay, structure with varied dual-site ratios listed in the figure. (d) The second derivative spectra
of the calculated XANES for Gayy,:Gay, = 1:1 and Gay,, single defect structures.

skutterudite cage lattice slightly, whereas adding Ga decreases
the lattice constants compared to Yb single filled Co4Sby;.
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
Gagge-Co bond lengths are 2.46-2.50 A which is slightly
shorter than the bond length between Sb and Co in unfilled
Co4Sby, structure (~2.53 A). This means that the presence of
Gayy,g is most likely causing the observed lattice contraction
in Ga filled Co4Sb;,. 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
displacement parameter (D) of 0.5-0.8 A (Table I), indicating
that the Ga,, dopants are significantly displaced from the void
center. The D values obtained for the Yb,Gay,Co4Sby, sam-

ples are relatively smaller than those for Yb,Gap 15C04Sb
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 identical according to previous investigation of these
samples by some of the coauthors [43]. We, however, think
that the variation in D might indicate that Gay,-Gay4, does not
form a covalent bond entirely, and there is some ionic tendency
between them. This is consistent with the observation in other
materials that various Ga-Ga pair distances were reported in a
single structure [60,61].

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 [53], our preliminary DANES data
shows clear contrast between the x = 0 and x = 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
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bring home the message that there are two distinct Ga sites in
the samples we studied.

Last, we would like to comment on the x = 0 sample. The
dual-site model [Fig. 3(c)] we used requires that each Gay,
displaces from the on-center void position and moves toward
the neighboring Gayy,. However, in particular for the x =0
sample, our EXAFS data indicates that the Gayy, site fraction
is less than 50% and that there are still a small fraction of
Gay, atoms that do not have neighboring Gay4,. Although the
r-space data can be reasonably fitted without incorporating this
small fraction of Gay, 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 multiple 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 comparison 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 precision.

In summary, we present a comprehensive local structure
study of Yb,Ga,Co4Sb;, compounds (x = 0.05 to 0.4). Our
results confirm that the actual defect structure for Ga-doped
skutterudites is quite complex; two crystallographic 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

PHYSICAL REVIEW B 96, 224107 (2017)

find that the charge-compensated compound defect model can
explain the observed increase of Gays, fraction very well. Our
study illustrates that combined near-edge and extended x-ray
absorption spectroscopy is a powerful method to investigate
the crystal and electronic structure of complex local defects.
This method will be especially valuable for studying structural
and electronic properties of dilute dopants.
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