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The unoccupied electronic states of Al-Pd-Ru quasicrystal (QC) have been investigated by X-ray absorption spectroscopy (XAS). In
addition, the core-level peak binding energies have been verified by hard X-ray photoemission spectroscopy. From the comparison of the XAS
spectra of the Al-Pd-Ru QC with those of single-element metals, the shift of the Al K edge can be explained by a shift in the Al 1s core level. In
contrast, the shifts of the Pd and Ru L3 edges cannot be explained solely by the shifts of the core levels. These differences are due to differences
in the orbital-dependent partial density of states near the Fermi level. [doi:10.2320/matertrans.MT-MD2025012]
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1. Introduction

Al-based icosahedral quasicrystals (QCs) and their
approximants have attracted attention for their thermoelectric
properties due to suppression of the density of states (DOS)
around the Fermi level (EF), which is so called pseudogap
structure [1, 2]. Therefore, many efforts have been made
to enhance their thermoelectric properties [3–5]. Since
semiconducting QCs with energy gaps are expected to show
high thermoelectric performance, various systems have been
surveyed for the discovery of them [6, 7]. Improving
thermoelectric performance of the Al-based QCs requires
enhancing Seebeck coefficient and electrical conductivity,
both of which depend on the electronic structure in the
vicinity of EF. Therefore, direct observation of the electronic
structure of the Al-based QCs is important for further
investigations.

Understanding the electronic structure on the unoccupied
side is just as important as that on the occupied side in Al-
based quasicrystals. This insight is crucial for predicting
changes in physical properties with increasing e/a (electrons
per atom) ratio, for example. X-ray absorption spectroscopy
(XAS) is powerful to investigate the orbital-selective
unoccupied electronic states. However, examples of XAS
studies on Al-based quasicrystals remain limited at present.
In addition, discussions of the absorption-edge shifts must

account for shifts in the core level, yet such discussions have
been largely absent to date. While Al-Pd-Re QCs, Al-Pd-Mn
QCs and Al-Cu-Fe QCs have been the main targets for XAS
study [8–10], observing the 2p levels of 5d TMs (Transition
Metals) or the 1s levels of 3d TMs using photoemission
spectroscopy is not easy due to their high binding energies.
Study on Al-Pd-4d TM QC has been suitable systems for this
discussion since the binding energy of the 2p3/2 orbital in 4d
TM is approximately 2–3.3 keV.

Recently Al-Pd-Ru QCs with the largest thermoelectric
power factor S2· of 780 µW/(m·K2) among QCs has been
discovered [11]. The Al-Pd-Ru QC exhibits nonmetallic
behavior in the temperature dependence of electrical con-
ductivity [12], where the Al71.5Pd19Ru9.5 QC is ³360/(³·cm)
at ³300K and ³910/(³·cm) at ³870K. This is due to the
deep pseudogap structure, which is directly observed by
hard x-ray photoemission spectroscopy (HAXPES) in our
previous study [13]. On the other hand, the unoccupied states
above EF remain still unclear, which is also important for
improving the thermoelectric properties in future. Al K-edge
XAS (Pd and Ru L3-edge XAS) provides the information
about unoccupied Al 3p (Pd and Ru 4d) states owing to the
dipole selection rule in the X-ray absorption process with the
1s ¼ 3p (2p ¼ 4d) transition.

In this paper, we report on the unoccupied Al 3p, Pd and
Ru 4d states of the Al-Pd-Ru QC investigated by the Al K-
edge, Pd and Ru L3-edge XAS. For Pd and Ru L3-edge XAS,
the spectra have been obtained in the total-electron-yield
(TEY), partial-fluorescence-yield (PFY) and Transmission
mode simultaneously on powder samples to evaluate the
dependence on yield mode and the influence of the self-
absorption effect. We have also performed the core-level
HAXPES. The combination of the XAS and core-level
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HAXPES allow us to reveal the orbital-dependent pseudogap
structure, for which the gap would be opened for the Pd and
Ru d-orbital partial density of states (PDOS) whereas the
pseudogap is narrower for the Al sites.

2. Experimental Procedures

Polycrystalline sample of Al71.5Pd19Ru9.5 QC was prepared
by the arc-melting method. The process of the synthesis
has been described elsewhere [13]. As reference materials,
the spectra of polycrystalline Al, Pd and Ru metals were also
measured under the same conditions as those for the Al-
Pd-Ru QC. All X-ray spectroscopic experiments described
below were conducted at room temperature.

The Al K-edge XAS and photoemission spectroscopy
(PES) for the Al-Pd-Ru QC and Al metal were performed
at BL17SU in SPring-8 [14–16]. The XAS spectra were
obtained in the TEY mode. The clean surface of the Al-Pd-
Ru QC was obtained by fracturing in situ. The surface of
the Al plate was scraped in situ with a diamond file. Surface
cleanliness was checked with the weakness of the shoulder
structure caused by the oxidation in PES spectra.

The Pd and Ru L3-edge XAS measurements for the Al-Pd-
Ru QC, Pd and Ru metals were performed at BL27SU in
SPring-8 [17]. The experimental geometry is shown in Fig. 1.
For the Al-Pd-Ru QC, bulk and powder samples were used.
The bulk sample of the Al-Pd-Ru QC and the plate of Pd
metal were polished in air. The Pd foil, the Ru plate and the
powder sample of the Al-Pd-Ru QC were measured without
surface treatment. The XAS spectra of the samples except for
the powder sample were measured in PFY mode. The powder
sample of the Al-Pd-Ru QC was uniformly covered onto the
carbon tape and measured in PFY, TEY and transmission
modes simultaneously. These three methods complement
each other in probing depth, ensuring a reliable discussion
[18]. The advantage of TEY and PFY mode is that the
measurement can be performed on thick samples. The
disadvantage of TEY is that it is relatively sensitive to
surface conditions. PFY is relatively bulk-sensitive but can be
affected by self-absorption effect or diffraction. In the Pd and
Ru L3-edge PFY-XAS, luminescence including Pd Lα1 line
and Ru Lα1 line, respectively, were detected as signals using
a silicon drift detector (SDD) with four channels.

The HAXPES measurements for the Al-Pd-Ru QC, Al, Pd
and Ru metals were performed at BL09XU [19] in SPring-8
with SCIENTA OMICRON R4000 photoelectron spectrom-
eter. The photon energy was set to 7.2 keV, and the overall
energy resolution was set to 180meV. The Fermi energy was
determined by the Fermi edge of Au. The clean surface of
the Al-Pd-Ru QC was obtained by fracturing in situ at the
measuring temperature. The surface of the Al and Pd plates
were scraped in situ with a diamond file. The Ru metal was
evaporated onto Si(100) and then transferred to the measure-
ment chamber after exposure to air. The thickness of the
evaporated Ru layer is estimated to be about 65 nm by XRR
(X-Ray Reflectivity) measurements. Sample cleanliness was
checked with the weakness of the shoulder structure caused
by the oxidation.

3. Results and Discussions

Figure 2 shows the Pd and Ru L3-edge XAS spectra for
the powder sample of the Al-Pd-Ru QC. The PFY- and TEY-
XAS spectra were normalized by the intensity of the incident
X-rays (I0). The background signals have been subtracted
from the TEY-XAS spectra. The spectra in the transmission
mode are defined as ¹ln(I1/I0), where I1 is the intensity of
the transmitted X-rays. We have determined the absorption
edge of each spectrum by the first inflection point (FIP). The
FIP has been defined as the point where the second derivative
of the spectrum becomes zero for the first time. The FIP of
each spectrum is shown in Table 1. The difference of FIP is
at most about «0.1 eV, indicating that differences in surface
state or measurement mode have little influence for
determining the absorption edges. Also note that the possible
effect of the self absorption in the PFY mode can be included
in the above difference of FIP as <«0.1 eV. Furthermore,
these differences are much smaller compared to the
differences between the absorption edges of the Al-Pd-Ru
QC and the reference single-element metals as discussed
below.

Figure 3 shows the Al K-edge and Pd and Ru L3-edge
XAS spectra of the Al-Pd-Ru QC and reference single-
element metals. The spectra were normalized by I0 and then
aligned by intensity in the EXAFS (Extended X-ray
Absorption Fine Structure) region well above the absorption
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Fig. 1 (a) Experimental geometry for the XAS measurements in SPring-8 BL27SU. (b) Picture of the XAS instruments. (online color)
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edge. When we compare the spectra of the bulk Al-Pd-Ru
QC with those of the powder QC, it is found that the
difference of the spectra is negligible between the bulk and
powder. The absorption edges of the Al-Pd-Ru QC shifts to
higher energy than those of single-element metals. This
tendency, where the absorption edges of a QC are observed at
higher energy sides than those of simple metals in all XAS
spectra, has also been reported for the Al-Pd-Re QCs [10]
with deep pseudogap structures [20]. The relative absorption-
edge shifts are estimated as 0.5 eV and 0.6 eV for the Al K
and Ru L3 edges, respectively. In contrast, the shift is
relatively large as 3.1 eV at the Pd L3 edge. This difference is
larger than the difference between Pd metal and Pd(II) oxide
[21]. On the other hand, the absorption-edge shift originates
from both unoccupied partial density of states and core levels
to be excited. For discussion of the difference in the
absorption-edge shifts, it is necessary to investigate the core
levels of the Al-Pd-Ru QC and single-element metals.

Figure 4 shows the Al 1s, Pd and Ru 2p3/2 core-level
HAXPES spectra of the Al-Pd-Ru QC and reference single-

element metals. The shoulder structure observed around
³2 eV higher binding energy side from the main peak in
Fig. 4(a) was caused by the oxidation. Even as surface
oxidation progresses, the main peak binding energy has been
hardly shifted. The Al 1s and Pd 2p3/2 core-level peaks of the
Al-Pd-Ru QC are shifted toward the higher binding energy
side by about 0.2 eV and 2.0 eV, respectively, compared to
those of the simple metals. On the other hand, the Ru 2p3/2
core-level peak of the Al-Pd-Ru QC is located on the lower
binding energy side by about 0.4 eV compared to that of the
Ru metal. The different tendency of the peak shifts would
reflect the degree of the charge transfer among the sites as
pointed out elsewhere [13]. Possible intrinsic charge-transfer
satellite structure due to electron correlations is not seen in
all core-level HAXPES spectra, which indicates that the
core-level peak binding energy directly reflects the core level
energy.

In order to discuss the unoccupied electronic states near EF

based on the XAS spectra, we need to take both shifts of the
absorption edge in the XAS spectra and the core-level peak
in the HAXPES spectra, which has been lacking in previous
studies, into account. When ¦ is defined as the difference
between the absorption edge and the peak binding energy EB

to be excited, it is evaluated as about ¹0.5, ¹2.3 and ¹1.7 eV
for the Al, Pd and Ru sites of the single-element metals from
Table 2. These negative values are due to the attractive
Coulomb interactions between the outer valence electrons

Table 1 Values of the first inflection point (FIP) determined as the
absorption edge for each XAS spectrum of the powder Al-Pd-Ru QC
in Fig. 2.

Fig. 2 (a) Pd and (b) Ru L3-edge XAS spectra of the powder Al-Pd-Ru QC
in the TEY, Transmission (Trans.) and PFY modes. Each spectrum has
been normalized by the intensity of the incident X-ray. The background
signal has been subtracted from the TEY-XAS spectra. The dashed lines
indicate the absorption edge determined by the first inflection point (FIP)
for each spectrum. (online color)

Fig. 3 (a) Al K-edge TEY-XAS, (b) Pd and (c) Ru L3-edge PFY-XAS
spectra of the Al-Pd-Ru QC and reference single-element metals. The
dashed lines indicate the absorption edge determined by FIP of each
spectrum. The gray arrows indicate the direction of the absorption-edge
shift in the XAS spectra of the Al-Pd-Ru QC compared with those of the
single-element metals. (online color)

N.U. Sakamoto et al.628



(including excited electrons) and the core hole created in
the X-ray absorption process. If these attractive Coulomb
interactions were negligible, ¦ = 0 eV would be expected
for conventional metals. Note that the attractive Coulomb
interactions depend on element and orbital but are essentially
independent on material since these are intraatomic
quantities. On the other hand, ¦ is estimated from Table 2
as about ¹0.2, ¹1.2 and ¹0.7 eV for the Al, Pd and Ru sites
of the Al-Pd-Ru QC. Thus, the differences in ¦ between the
Al-Pd-Ru QC and single-element metals are evaluated as
³0.3 eV for the Al sites and ³1 eV for the Pd and Ru sites.

When we assume that the element-dependent attractive
Coulomb interactions are essentially equivalent between the
QC and single-element metals, the differences in ¦ reflect
the pseudogap electronic structure in the unoccupied side for
the Al-Pd-Ru QC.

Figure 5 summarizes the element-dependent energy-level
diagrams of the Al-Pd-Ru QC compared to those of the
single-element metals based on our XAS and core-level
HAXPES results. In the Pd and Ru sites, the 2p ¼ 4d
transitions to the absorption edges correspond to the
transitions to the 4d unoccupied states at ³1 eV above EF

for the Al-Pd-Ru QC while those are due to the transitions
to the unoccupied states at EF for the single-element metals.
This indicates the opening of the pseudogap in the 4d PDOS

Table 2 Values of the absorption edge of the XAS spectra in Fig. 3 and
main peak binding energies (EB) in the HAXPES spectra in Fig. 4. These
values have been obtained from the spectra for the bulk samples. The
error of the core-level peak fitting is ³0.03 eV.

2

2

Fig. 4 (a) Al 1s, (b) Pd 2p3/2 and (c) Ru 2p3/2 core-level HAXPES spectra
of the Al-Pd-Ru QC and reference single-element metals. The dashed
lines indicate main peak binding energies (EB). The gray arrows indicate
the directions of shift for the main peaks in the HAXPES spectra of the
Al-Pd-Ru QC relative to that of the single-element metals. (online color)

EF

Al 1s

(a)    Al K-edge XAS (b)    Pd L3-edge XAS (c)    Ru L3-edge XAS

Pd 2p3/2
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Al-Pd-Ru QC Al metal

Al 3p Al 3p
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Al-Pd-Ru QC Pd metal

Pd 4d

Pd 4d
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Ru 4d Ru 4d
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Fig. 5 Schematic energy-level diagrams of (a) Al 1s¼ Al 3p, (b) Pd 2p3/2 ¼ Pd 4d and (c) Ru 2p3/2 ¼ Ru 4d transitions in the Al-Pd-
Ru QC and reference single-element metals. (online color)
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near EF for the Al-Pd-Ru QC. In the Al sites, the 1s ¼ 3p
transitions to the absorption edge are due to the 3p
unoccupied state at ³0.3 eV above EF for the Al-Pd-Ru
QC, which suggests the narrower pseudogap states. These
mean that the Al 3p states contribute predominantly to the
DOS near EF while the Pd and Ru 4d contributions are much
less near EF, which is consistent with the finding obtained
from our previous study for the occupied electronic states of
the Al-Pd-Ru QC [13]. Although the precise discussion on
the pseudogap electronic structure in a meV scale is difficult
from the XAS spectra of which the lifetime broadening is
of the order of 1 eV, we can clarify the orbital-dependent
pseudogap electronic structure of the Al-Pd-Ru QC from the
XAS and core-level HAXPES spectra compared to those of
the single-element metals as discussed here.

Our results show that analysis of the XAS spectrum of
Al-based QCs requires consideration of both core-level shifts
and unoccupied states since the suppression of the PDOS
near EF affects the absorption-edge shift in the XAS spectra
as we have discussed here. In addition, the bottom of the
pseudogap structure of the Al-Pd-Ru QC is largely ascribed
by the Al sites. Identifying the origin of this residual Al state
and controlling it would be important for improving
thermoelectric performance of the Al-Pd-Ru QCs.

4. Conclusion

We have performed the XAS and HAXPES of the Al-Pd-
Ru QC and the Al, Pd and Ru metals. In the XAS, the
absorption edges in the spectra of the Al-Pd-Ru QC have
been all observed at the higher energy side compared to
those of the simple metals. The shift in the core-level peaks in
the HAXPES have shown the different tendency depending
on element. We have concluded that this difference is due to
the difference in the contribution from each site to DOS near
the EF in the Al-Pd-Ru QC.
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