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Experimental and theoretical study of the electronic structure of AuAl,, AuGa,, and Auln,
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The binding energies of the Au 5d bands at the I" point for AuAl,, AuGa,, and Auln, calculated from the
first-principles theory agree with those obtained from the angle-integrated or angle-resolved photoemission
spectroscopic study to within 10%. X-ray absorption near-edge spectroscopy (XANES) spectra of these three
compounds are presented and compared with theoretical XANES spectra and site- and momentum-
decomposed partial density of states. Extended x-ray absorption fine structure spectra of AuAl,, AuGa,, and
Auln, are also analyzed to yield the bonding parameters.
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I. INTRODUCTION

The present study is to use x-ray absorption near-edge
spectroscopy (XANES), extended x-ray absorption fine
structure (EXAFS) spectroscopy, and first-principles theoret-
ical calculation to study the electronic structures of three
interesting materials: AuAl,, AuGa,, and Auln,. These inter-
metallic compounds, which all crystallize in the cubic fluo-
rite (CaF,) structure, exhibit anomalies in various physical
properties.’> The discovery of the coexistence of the nuclear
ferromagnetism and superconductivity in Auln, attracts more
interest.? It is noted that the total density of states (DOS) of
these three compounds calculated by the relativistic
parameter-based method* showed three Au 54 bands (Fé, I,
and Fé), and the middle I'; band was resolved in the later
synchrotron-radiation-excited angle-integrated’ and
angle-resolved®’ photoemission spectroscopic (ARPES)
studies. The crystal-field and spin-orbit parameters were then
determined for AuAl,, AuGa,, and Auln,. In contrast to the
above studies, the I'; band of AuAl, was not resolved by
previous angle-integrated photoemission study;> while that
of Auln, was not resolved by any of the previous x-ray pho-
toemission spectroscopic studies.®~!! This means that higher
energy resolution is needed to study in detail the Au 5d va-
lence bands of these compounds. To our knowledge, there
are only a few papers'>!3 published on the Au L, ; XANES
spectra of these three compounds. The purpose of this work
is to study, both experimentally and theoretically, XANES
and EXAFS spectra around Au L;, Ga K, and In Ly and K
absorption edges in order to probe the angular-momentum-
resolved unoccupied states and bonding properties of these
three intermetallic compounds.

II. EXPERIMENT AND THEORY

Preparation of the single-crystal AuAl,, AuGa,, and
Auln, samples was reported previously.>® X-ray absorption
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spectra of these three intermetallics were recorded at beam-
line 17C1 (for Au L and Ga K edges), beamline 01C1 (for In
K edge), and beamline 15B1 (for In L edge) of the National
Synchrotron Radiation Research Center, Taiwan. The
samples were measured at room temperature in the fluores-
cence mode with normal-incidence and grazing-exit geom-
etry in order to eliminate the self-absorption effect.!* An ap-
propriate filter (Ga and As filter for the Au Ly and Au L,
edge, respectively, Zn filter for the Ga K edge, and Ag filter
for the In K edge) along with a set of Soller slits were placed
between the sample and the detector to keep the background
level as low as possible. For the In L edge, no filter was used.
The energy resolution for the Au L3, Ga K, In L3, and In K
level is 0.6, 0.5, 0.2, and 1.4 eV, respectively. Standard Au
and In foils and GaO powder were used as references for
energy calibration. The photon flux was obtained simulta-
neously by measuring the current of a Au mesh located near
the exit slit of the Si(111) double-crystal monochromator and
used for the normalization of the respective XANES and
EXAFS spectra.

Analysis of the EXAFS spectra of these three compounds
was carried out by using the UWXAFS 3.0 software package.'’
The fitting was corrected for the self-absorption effect first,
but the difference in fitting quality with no correction for this
effect is small. Curve-fitting procedures began with the ab
initio calculation of the phase-shift and backscattering ampli-
tude functions for single scattering of atom pairs using the
FEFF6 code.!” The fitting was made in the r space within the
range of the specific peak. For a good fit, the goodness-of-fit
parameter'® was always below 0.02.

The theoretical XANES spectra of AuAl,, AuGa,, and
Auln, are calculated relativistically using the highly accurate
all-electron full-potential linear augmented-plane-wave
method (FLAPW).!” The four-component (including s, p, d,
and f orbitals) version of the WIEN2K code was used in the
spin-orbit calculation.!” The calculations are based on first-
principles density functional theory with the generalized gra-
dient approximation (GGA) to the exchange-correlation
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TABLE 1. The theoretical and experimental lattice constant (a), bulk modulus (B), and total DOS at

Efn(Er)] of AuAl,, AuGa,, and Auln,.

Material Method a (A) B (Mbar) n(Ep) (states/eV cell)
AuAl, LDA 5.97 1.19 0.93
GGA 6.07 1.03 0.92
Exp. 6.0 1.28°
AuGa, LDA 6.03 0.96 0.92
GGA 6.22 0.69 0.90
Exp. 6.08% 1.14%
Auln, LDA 6.47 0.79 1.02
GGA 6.68 0.54 1.02
Exp. 6.51° 1.33b

4Reference 1.
PReference 22.

potential.'® The calculations were also repeated within the
local density approximation (LDA) to estimate the sensitivity
of the results to the exchange correlation potential used. We
begin the calculation by determining total energies at 11 val-
ues of the lattice constant near the experimental ones. These
energies are then fitted to the Murnaghan equation of state'’
to obtain the theoretical equilibrium lattice constants and
bulk moduli, which are listed in the third and fourth col-
umns, respectively, in Table I. The relativistic effects reduce
the difference between the calculated and measured lattice
constants of these compounds. We noted that the theoretical
lattice constants of these three compounds calculated by the
LDA approximation agree better with the experimental val-
ues than those calculated by the GGA method. The same
observation was found for PtGa,.?° In Table I, the GGA over-
estimates the lattice parameters of AuAl,, AuGa,, and Auln,
by 1.2%, 2.3%, and 2.6%, respectively. Furthermore, the
LDA is known to describe the Au lattice better than does the
GGA.?! Thus, we used the LDA in the rest of this paper. The
core state is chosen as [Xe], [Ne], [Ar], and [Kr] for Au, Al,
Ga, and In atoms, respectively. The muffin-tin radius of 1.43,
1.16, 1.16, and 1.32 A is used for Au, Al, Ga, and In atoms,
respectively. The wave functions, the charge densities, and
the potentials are expanded in terms of the spherical harmon-
ics inside the muffin-tin spheres. The cutoff angular momen-
tum (/,,,,) of 10 used for the wave functions and six used for
the charge densities and the potentials are sufficient for ac-
curate total-energy calculations.!” However, we also did a
complete cycle of self-consistent field (SCF) calculations for
Imax=8, and indeed, the thus calculated total energy, DOS,
and XANES spectra are essentially the same as those ob-
tained for /,,,=6. The Brillouin zone (BZ) integration is
carried out by using the improved tetrahedron method.?? The
number of the augmented plane waves included is about 135
per atom, i.e., R, /K.x=9. In the calculation of theoretical
equilibrium lattice constants, the number of the k points used
in the irreducible BZ wedge (IBZW) is 72. In the final cal-
culation, a larger number of 256 k points in the IBZW and
the experimental lattice constants were used in the self-
consistent total-energy calculations. Since our theoretical
equilibrium lattice constants are close to the experimental

ones, using either value is not expected to have a significant
effect on the calculated XANES spectra and DOS curves.
Additionally, we used an even larger number of k points
(680) in the IBZW to do a complete cycle of full SCF cal-
culations. The minimum of the total energy is shifted upward
only by 0.37, 0.78, and 0.67 meV for AuAl,, AuGa,, and
Auln,, respectively, by the transition from 256 to 680 k
points with /,,,,=6. The DOS and XANES spectra are essen-
tially the same as those calculated using 256 k points.

III. RESULTS AND DISCUSSION

A. Valence-band parameters of AuAl,, AuGa,, and Auln,
and the total DOS values

The angle-integrated photoemission spectra of AuAl, and
Auln, were published previously.’ The only ARPES spectra
of AuAl, was reported by Hsu et al.,” and those of AuGa,
and Auln, were reported by Nelson et al.® In Table II, the
experimental and theoretical binding energies (Ej) of the Au
5d bands at I'El;, I';, and I% for AuAl,, AuGa,, and Auln,
derived from the above three photoemission measurements
and present FLAPW calculations including the spin-orbit
coupling are listed. The most important relativistic effect is
the splitting of the I'y5 states into I'; and Ty states as shown
in Table II. We note that the theoretical E values at the three
I' points calculated with the LDA and GGA are essentially
the same. We should also point out that these theoretical Ep
values are within 10% from the experimental ARPES ones,
except for that at the Fé point of AuAl, (with a 14.7% dif-
ference). The value of the total DOS at the Fermi energy
(Ep) [n(EF)] for AuAl,, AuGa,, and Auln, calculated by
using the LDA is 0.93, 0.92, and 1.02 states/eV cell, respec-
tively, as shown in the last column in Table I. We note that
those values calculated by using the GGA are essentially the
same as these, and both approximations underestimate the
experimental total DOS. These n(Ey) values are comparable,
respectively, to those calculated by using the parameter-
based method! (1.08, 1.12, and 1.02 states/eV cell) and to
the values® (1.28, 1.14, and 1.33 states/eV cell) derived
from the specific-heat measurement. The experimental n(Ey)
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TABLE II. The experimental and theoretical binding energies of
the Au 5d bands at the I' point for AuAl,, AuGa,, and Auln,. All
values in eV and referred to the Fermi energy.

Eg (Fgl) Eg (I'7) Eg (I‘gz) Reference
AuAl, 5.05 6.95 58
4.90 5.80 6.85 7b
5.62 6.33 6.98 This work®
5.61 6.31 7.0 This workd
AuGa, 4.92 5.68 7.31 6P
5.16 5.95 7.28 This work®
5.23 5.99 7.27 This workd
Auln, 475 5.45 6.50 58
472 5.48 7.05 6P
4.88 5.37 6.46 This work®
4.94 543 6.46 This work4

4Angle-integrated photoemission study.
YARPES study.

‘LDA.

IGGA.

values obtained from the specific-heat measurement are the
theoretical n(Ey) values enhanced by a factor 1+\, where A
is the electron-phonon mass enhancement parameter. The A\
value thus determined for AuAl,, AuGa,, and Auln, is 0.38,
0.25, and 0.30, respectively. We note that the N value for
PtGa, is 0.45.2° This observation explains in part why PtGa,
has the highest superconducting transition temperature!
(2.15 K) among these four intermetallics.

B. XANES spectra of AuAl,, AuGa,, and Auln, and the
partial DOS curves

The experimental (open circles) and theoretical (solid
line) Au L;-edge XANES spectra for AuAl,, AuGa,, and
Auln, are displayed in Figs. 1(a)-1(c), respectively. The cor-
responding Ga K-edge and In L;- and K-edge XANES spec-
tra for AuGa, and Auln, are displayed in Fig. 2 and Figs.
3(a) and 3(b), respectively. These theoretical XANES spectra
were calculated by the WIEN2K program.!” We note that the
calculated XANES spectra are essentially the same as those
calculated without the spin-orbit coupling within plotting ac-
curacy. The theoretical XANES spectra have been broadened
with a Lorentzian of full width at half maximum of 3 eV to
simulate the broadening due to both instrument and core-
hole lifetime. According to the dipole-transition selection
rule, the Au L3, Ga K, and In L; and K white-line features
correspond, respectively, to the transitions from Au 2p;), to
5dsp, Ga 1s to 2p, In 2p;), to 4dsp, and In Ls to 2p states.
Thus, also plotted in these figures are the Au s+d, Ga p, In
s+d, and In p angular-momentum-decomposed partial DOS
curves (dashed lines) calculated for these intermetallic com-
pounds. The maximum of each XANES spectrum coincides
with the peak in the corresponding partial DOS curve. The
zero energy corresponds to the inflection point of the Au Ls-,
Ga K-, In Ls-, and In K-edge absorption thresholds of 11 919,
10367, 3730, and 27 940 eV, respectively. Overall, we have
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FIG. 1. The Au Lz-edge XANES spectra for (a) AuAl,, (b)
AuGay,, and (c) Auln,.

a reasonably good agreement between theory and experi-
ment. All major features of the absorption peaks, as well as
white-line positions and intensities, are well reproduced. For
example, the energies (with respective to the energy of the
inflection point) of the peaks of the Ga K-edge experimental
XANES spectrum for AuGa, are 6.5, 14.5, 32.5, and
44.3 eV; while the corresponding theoretical values are 6.8,
14.6, 29.8, and 45.6 eV. The worst agreement between
theory and experiment is found for the In L3 edge of Auln,.
The theoretical Au L;-edge XANES spectra for these com-
pounds were calculated by including higher-energy (up to
10 eV above Ep) unoccupied Au s and d states to improve
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FIG. 2. The Ga K-edge XANES spectra for AuGa,.

the agreement in intensity with experimental spectra. The
improvement is least for the Au L; edge of Auln,. The de-
crease in intensity after the second peak of the theoretical Au
Ly-edge XANES spectra for AuAl, and AuGa, is due to the
finite-sized, linearized energy-dependent basis sets in the
muffin-tin spheres used in the present calculations. This dis-
agreement could be further improved by including more or-
bitals inside the Au muffin-tin sphere, but it is not the main
concern in this paper.
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FIG. 3. The In (a) L;-edge and (b) K-edge XANES spectra for
Auln,.

PHYSICAL REVIEW B 72, 115115 (2005)

fi (a) AuAl, AuL, edge

experiment
—— fitted data

FTx(kK]

o

10

FIG. 4. (Color online) The experimental (solid lines) and the
theoretical fitted (open circles) Fourier transforms of k3—weighted
Au Ls-edge EXAFS spectra for AuAl,.

C. EXAFS spectra of AuAl,, AuGa,, and Auln, and the
bonding parameters

Figure 4 shows the experimental (solid lines) and the
theoretically fitted (open circles) Fourier transforms of
k3-weighted Au Ls;-edge EXAFS spectra for AuAl,. Similar
spectra were obtained for Au metal, AuGa,, and Auln,.
These theoretical fitting of the EXAFS spectra were per-
formed by using the UWXAFS 3.0 software package.!> The
bond distance (R), the coordination number (N), and the
scaling constant (¢?) for the first and second shells around
Au or Ga (In) atoms for Au foil, AuAl,, AuGa,, and Auln,
derived from the Au L;- or Ga (In) K-edge EXAFS spectra
are listed in the third, fourth, and fifth columns, respectively,
in Table III. In the fitting the ratio of N’s for different shells
was fixed to the crystallographic values since the N value is
highly correlated with the Debye-Waller factor. The calcu-
lated Au— Au bond length for Au foil is 2.87 A, which is
exactly the same as the bulk value. The calculated Au—Al
and the Au— Au bond length for AuAl, is 2.58 and 4.21 A,

TABLE III. The bond distance (R), the coordination number
(N), and the scaling constant (02) for the first and second shells
around Au or Ga (In) atoms derived from the Au Ls- or Ga (In)
K-edge EXAFS spectra for Au foil, AuAl,, AuGa,, and Auln,.

Edge (material)  Shell R (A) N a2 (1073 A?)
Au Lz (Au foil) Au—Au 2.87 8.6 6.6
Au L; (AuAl) Au—Al 258 73 6.3
Au—Au 4.21 10.9 10.9
Au L; (AuGa,) Au—Ga 2.60 6.2 5.9
Au—Au 4.33 9.4 13.4
Ga K (AuGa,) Ga—Au 2.59 2.3 2.7
Ga—Ga 3.00 3.5 9.8
Au L; (Auln,) Au—In 2.79 54 6.2
Au—Au 4.52 8.1 20.6
In K (Auln,) In—Au 2.81 33 6.4
In—In 3.23 5.1 13.9
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respectively, which is very close to the corresponding bulk
value of 2.60 and 4.24 A. The calculated Au—Ga and the
Ga—Au bond lengths for AuGa, are 2.60 and 2.59 A, re-
spectively, which are essentially the same as the bulk value
of 2.63 A; while the calculated Au—Au and the Ga—Ga
bond lengths for AuGa, are 4.33 and 3.00 A, respectively,
which are very close to the respective bulk values of 4.30
and 3.04 A. The calculated Au—In and In—Au bond
lengths for Auln, are 2.79 and 2.81 A, respectively, which
are essentially the same as the bulk value of 2.82 A; while
the calculated Au—Au and In—In bond lengths for Auln,
are 4.52 and 3.23 A, respectively, which are very close to the
respective bulk values of 4.60 and 3.26 A. However, the
agreement between the N values and those expected from
simple crystal-structure calculation is much worse. For ex-
ample, in AuGa, the Au atom has eight nearest-neighbor Ga
atoms, and 12 second-nearest-neighbor Au atoms; while the
Ga atom has four nearest-neighbor Au atoms, and six
second-nearest-neighbor Ga atoms. The corresponding value
obtained from the EXAFS analysis is 6.2, 9.4, 2.3, and 3.5,
respectively. This is because the N values contain much more
uncertainty than the R values in the EXAFS analysis. From
Table 11, one can see that the o2 value for the second shell is
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much larger than that of the first shell, with the largest value
(20.6) occurring for the Au L; edge of Auln,.

IV. CONCLUSIONS

The calculated binding energies at the I' point of the Au
5d bands for AuAl,, AuGa,, and Auln, agree with those
obtained from the angle-integrated or angle-resolved photo-
emission spectroscopic studies to within 10%. The theoreti-
cal total DOS’s of these materials are compared with the
experimentally derived values. Experimental Au Ls-, Ga K-,
and In L;- and K-edge XANES spectra of these three com-
pounds are compared with theoretical XANES spectra and
site- and momentum-decomposed partial DOS curves. Au
L;-, Ga K-, and In K-edge EXAFS spectra of these three
intermetallics are analyzed to yield their structural and bond-
ing parameters.
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