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Abstract

Local structure of Cu in a type-I BagCuySiy, clathrate has been investigated by synchrotron X-ray powder diffraction, Cu K-edge
extended X-ray absorption fine spectroscopy, X-ray absorption near edge spectroscopy (XANES) and theoretical calculation. It is
found that XANES spectra cannot be explained by the substitution of Cu atoms at Sil16i, and Si24k positions. Our calculations show
that the binding energies of the Si atom in Sil6i, Si24k and Si6¢ positions are 9.000, 9.495 and 8.911¢eV, respectively. Both
experimental and theoretical results support that Cu atoms in the type-I BagCuySiy, clathrate, as a doped element, prefer to occupy
the least-binding Si, i.e., the Si6c¢ sites. No structural change between 112 and 300 K was observed and the (100)-faceted cubic crystal

has negligible distortion/ordering according to transmission electron microscopy.

© 2005 Elsevier Inc. All rights reserved.

PACS: 82.75.Fq; 81.05.Zx; 61.72.Tt; 61.10.Ht

Keywords: Synchrotron radiation; EXAFS; Silicides; Semiconductor; FP-LMTO

1. Introduction

Type-1 clathrates, with space group Pm3n, are
composed of host atoms of Si or other group IV or
III/V elements with guest atoms such as alkali and
alkaline earth elements exhibiting many interesting
properties, e.g., superconductivity [1-3], thermoelectric
applications [4,5], magnetism [6] and wide band gap
[7,8]. Silicon clathrates were mostly synthesized by
thermal decomposition of Zintl silicides [9,10]. Recently,
a high-pressure high-temperature synthesis route was
developed [11]. For instance, a silicon clathrate doped
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with only barium, BagSiss, was obtained for the first
time under a pressure of 3GPa and at 800°C [11].
However, substituting Si atoms by noble elements, e.g.,
Cu, Ag, Au, clathrate structure in the BaSi system can
be easily formed even in ingots prepared by arc melting
furnance [12,13]. The catalytic role of noble elements for
forming type-I clathrates is not well understood. Prior
to solving the problem, the knowledge of the atomic
structure of noble elements located in clathrates is
required. Although one previous work [14], based on
X-ray single crystal diffraction measurements, was
reported for the system, other techniques, e.g., X-ray
absorption fine spectroscopy (XAFS) technique, which
are sensitive to the fine difference in local structure, are
still desirable to be applied to study the atomic structure
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of the BaCuSi system. In this work, the local structure of
Cu for the prototypical type-1 BagCuySis, system was
investigated by performing Cu K-edge extended X-ray
absorption fine spectroscopy (EXAFS), X-ray absorp-
tion near edge spectroscopy (XANES) measurements
and theoretical simulation.

2. Experimental

Alloy ingot with a composition of BagCuySiy, was
prepared by arc melting pure elements of 99.99%
copper, 99.9% barium and 99.9999% silicon in a
purified argon atmosphere. The as-prepared sample
was examined by synchrotron X-ray powder diffraction
with Rietveld refinement. X-ray powder diffraction data
were collected at beamline 1711 at the MAX 11
synchrotron in Lund, Sweden, using a Huber G670
imaging plate Guinier camera between 8° and 100° in
steps of 0.005° in 20. The Rietveld refinement program is
a local variation of the LHMPI1 program [15], using the
pseudo-Voigt profile function and Chebyshev polyno-
mial background fitting. The compact polycrystals were
also pulverized by an alumina mortar and pestle, and
then collected on copper grids overlaid with a carbon-
coated film for transmission electron microscopic
(TEM) study using a JEOL 3010 instrument at
300 keV and a beam current of 60 pA/cm?.

X-ray absorption fine spectroscopy measurements
were carried out in transmission at 112, 132, 172, 212,
and 300 K at the IW1B beamline of Beijing Synchrotron
Radiation Facility operating at 60—100 mA and 2.2 GeV.
The high-order harmonic content was suppressed by
detuning the two crystals by about 30% of the
maximum intensity in a Si (111) double-crystal mono-
chromator. The samples were ground into fine powder
and taped on the Scotch tape. The tape was folded in
order to access the optimal jump at the absorption edge.
A cryogenic set up was used working at temperature
range between liquid nitrogen and ambient temperature.
WINXAS program was used for data analysis, which
follows a typical data-analyzing process. The EXAFS
oscillations were multiplied by a scaling factor k*, where
k ranged from 2.5 to 13.5 A~!. The first shell (at about
2.5 A) of coordination at the Fourier transformation
was filtered and fitted using the theoretical phase-shift
and backscattering amplitude. The coordination num-
ber was fixed to 4. XANES calculations of clusters were
carried out using FEFF8 programs, a real-space full
multiple-scattering approach using self-consistent po-
tential. Various clusters around a central Cu atom
(containing 5 atoms up to about 2.5 A for three Si sites,
9 atoms up to about 3.7 A for three Si sites, 23 atoms for
Si6c site, 22 atoms for Si24k site, or 21 atoms for Sil6i
site up to about 4.6 A, and 31 atoms for Si6¢ site, 32
atoms for Si24k site, or 33 atoms for Sil6i site up to

about 5.5 A) were constructed for the self-consistent
field (SCF) potential calculation. The XANES spectra
were calculated using the Hedin—Lundqvist self-energy
with an energy dispersion of 0.5eV to account for the
core hole lifetime and the instrumental broadening
effects. The full multiple scattering (FMS) calculations
were used for all the clusters. The muffin-tin (MT) radii
were automatically overlapped up to 1.15 (by default) to
reduce the effects of discontinuities between adjacent
regions of muffin-tin potentials. Furthermore, binding
energies at three Sil6i, Si24k, Si6¢ positions with clusters
of about 70 atoms were calculated using the FP-LMTO
method, which is a self-consistent implementation of the
Kohn—Sham equations in the local-density approxima-
tion [16]. In this method, space is divided into two parts:
non-overlapping MT spheres centered at the nuclei and
the remaining interstitial region. The electron wave
functions are expanded in terms of MT orbitals. The
LMTO’s are augmented Hankel functions only inside
the MT spheres [17]. This method has been successfully
used to investigate the structures of the silicon clusters
and properties of the silicon crystal [18].

3. Results and discussion

TEM lattice image (Fig. la) indicated the type-I
BagCu,Sis, clathrate has a cubic structure with well-
developed (100) surface. The inset electron diffraction
pattern indicated a lattice constant of about 1.02nm
with negligible tetragonal or hexagonal distortion. The
reconstructed image, i.e., inverse Fourier transform
(Fig. 1b), shows Si cagelike lattice analogous to the
simulated lattice image of NagSiys clathrate [19] in
accord with Cu substitution for specific Si atoms. The
absence of superlattice diffraction spots (Fig. 1a)
indicated that there is negligible substitutional order.
Fig. 2 shows observed and difference X-ray powder
diffraction profiles for the type-I BagCu,Siy, clathrate at
323 K. A structure with space group of Pm3n and Z = 1
was found to be the most promising indexing scheme.
Tiny residual pure silicon was found while some weak
peaks located at low angles were also detected and
attributed to an as yet unidentified phase. Results for the
type-I BagCuuSiys», clathrate obtained from structure
refinements are summarized in Table 1. In the type-I
BagSiye clathrate [2,11], 46 Si atoms in its simple cubic
primitive unit cell are located at three distinct Wyckoff
symmetry sites marked as Si6c, Sil6i and Si24k. The
crystal structure is open since it is obtained by packing
two ‘small’ Sirp-atom cages and six ‘large’ Sirs-atom
cages together. The two non-framework symmetry sites
marked Ba2a and Ba6d, are the centers of the ‘small
cage’ (pentagonal dodecahedron) and the ‘large cage’
(tetrakaidecahedron), respectively. During the Rietveld
refinement for the BagCuuSiy, clathrate, a few atomic
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Fig. 1. TEM of the type-1 BagCu4Siy; clathrate. (a) Lattice image with
inset electron diffraction pattern showing well-developed (100) surface
and negligible distortion. (b) The reconstructed image shows Si
cagelike lattice (arrows), analogous to the simulated lattice image of
NagSiye clathrate [19].
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Fig. 2. Observed and difference X-ray powder diffraction profiles for
the type-1 BagCu,Siy, clathrate at 323 K.

arrangements were tested, e.g., (1) Cu atoms substitute
Ba2a or Bab6d, sites, which do not work at all. (2) Cu
atoms substitute Sil6i or Si24k. It seems that the XRD
pattern could be fitted, but with a larger R-value as
compared to the scheme that Cu atoms substitute Si6c¢,
as shown in Fig. 2.

It is well known that XAFS technique is sensitive to
the fine difference in local structure. Thus, we further
apply this technique to directly study the local structure
of Cu atoms by performing Cu K-edge XAFS measure-
ments. If Cu atoms substituted Sil6i or Si24k, the
nearest neighbor coordination number and elements of
the Cu atom were 3Si and 1Cu while 4Si for the
substitution of Si6c. Fig. 3a show the normalized
experimental EXAFS spectra measured at the Cu-K
edge of BagCuySiyy at 112 and 172K and the corre-
sponding FTs are shown in Fig. 3b. No significant
structural change for the type-I BagCuy4Siy, clathrate
was detected between 112 and 300K, except that the
oscillating amplitude of EXAFS was weakened due to
the thermal effect.

Fig. 4 shows XANES spectra of BagCuySiy, at 112
and 172K. The features of A, B, C, D and E are
marked. According to the Rietveld results, we know that
Cu atoms can only sit at Si sites. Following simulation
schemes were thus pursued. (1) Convergence for various
cluster sizes when Cu atoms substitute three different Si
sites. We found for all three sites, simulated XANES
spectra converge above clusters containing about 20-23
atoms. One example is shown in Fig. 4a for the Si6¢ site.
The main peaks appearing in the spectra are marked as
A, B, C, D and E. Peaks A and B show up for cluster
size of 5, Peaks C and D show up for cluster size of 9, E
shows for 23. (2) Cu concentration dependence of
XANES spectra when Cu atoms substitute three
different Si sites. For the Si24k site in the type-I
clathrate, there are 24 Si atoms. We compare the
XANES spectra for four arrangements: (A) Cu atoms
substitute all 24 Si24k sites, (B) only Si and Ba atoms are
in the first five shells (at about 5.5 A), (C) one Cu atom
sits in the first shell (at about 2.5 A) and the rest are Si
and Ba, and (D) one Cu atom sits in both the first (at
about 2.5 A) and third shell (at about 4.0 A) and the rest
are Si and Ba. Surprisingly, we found the simulated
XANES spectra are very similar for the four arrange-
ments. This result indicates that XANES spectra are
sensitive to the location of Cu atoms in Si sites rather
than the concentration. (3) Simulation of XANES
spectra for the substitution of three different Si sites,
as shown in Fig. 4b. It is clear that spectra for Sil6i and
Si24k are far from the experimental curve while the Si6¢
gives the best match, which is consistent with results
reported from the X-ray single crystal diffraction
measurements in the system [14].

From a crystallographic point of view, the Si6c¢ sites
have the highest symmetry in the three Si sites. They are
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Table 1

Structural data for the type-1 BagCuySiy, clathrate at 323 K

a(A) Bal Ba2 Si16i

10.3236(1)  0,0,0 0.25,0.5, 0 0.1844(2), 0.1844(2), 0.1844(2)
g =0.042(1) g=0.125 g=0333
B =0.53(3)A> B =2.193)A> B = 1I9(7)A2

Si2dk Si6e Cu p (g/em®) R

0, 0.3099, 0.1192 0.25,0,0.5 0.25, 0, 0.5 3.808 Rp = 6.65
g=0.5 g =0.047 (1) g=0.078 (1) R, = 17.51
B =0.63(5)A” B =0.64(1)A? B = 0.64(71)A> Ryp = 20.07

Numbers in parentheses are estimated standard deviations in the last decimal places quoted. g is the occupancy factors and B is the equivalent

isotropic temperature factor coefficient.
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Fig. 3. (a) Experimental k2 - y(k) spectra measured at the Cu-K edge of
the type-1 BagCuy4Sis, clathrate at 112 and 172K and (b) the
corresponding FT’s spectra. 1st peak: Cu-Si at about 2A, 2nd peak:
Cu-Si and Cu—Cu at about 3.5A.

not located at the strongly bonded Si,, cage and have
thus more space available. We further calculated binding
energies for three Sil6i, Si24k, and Si6¢ positions using
the FP-LMTO method. All atomic coordination data
were taken from type-I BagSise [2,11]. Our calculations
show that the binding energies of the Si atom in Sil6i,
Si24/k, and Si6¢ positions are 9.000, 9.495 and 8.911¢eV,
respectively. The lowest binding energy is the Si6¢ position.
We believe that the Si6c atom with the lowest binding
energy is most likely replaced by other metal atom. This
might be the reason that Cu atoms in the type-I
BagCu,Siy, clathrate, as a doped element, prefer the Si6¢
sites, as experimentally observed here. In addition,
calculations of binding energies in the ternary BagCuySiy,
clathrate, in which Cu atoms randomly substituted Si
atoms, are still desirable.
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Fig. 4. (a) XANES spectra of the type-1 BagCuySiy, clathrate at 112
and 172K together with multiple scattering calculations of Cu K-edge
XANES for the substitution of Cu atom at Si6¢ site of various clusters
around Cu: 5,9, 23 and 31 atoms. The features of A, B, C, D and E are
marked. (b) Multiple scattering calculations of Cu K-edge XANES for
the type-I BagCu,Siy, clathrate at three Si6e, Sil6i, and Si24k
crystallographic sites for clusters of 23, 22, 21, respectively, centered
by Cu. For comparison, the experimental data at 112 and 172K are
also presented. (c) The Cu centered clusters for the substitution of Cu
atom at Si6¢ site: 5, 9, 23 and 31 atoms.
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4. Conclusions

In conclusion, local structure of Cu in type-I BagCuySiy,
clathrate has been investigated by synchrotron X-ray
powder diffraction, Cu K-edge EXAFS, XANES and
theoretical calculation. It is experimentally found that
XANES spectra cannot be explained by the substitution of
Cu atoms at Sil6i and Si24k positions. Our calculations
show that the lowest binding energy of Si atom is in fact at
the Si6¢ position. Both experimental and theoretical results
support that doped Cu atoms in the type-I BagCuySiy,
clathrate, as a doped element, prefer the Si6c sites without
structural change between 112 and 300 K.
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