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Abstract. Electronic state distributions of decagonal Al65Cu15Co20 and Al70Co15Ni15

quasicrystals have been investigated by experimental means using the soft-x-ray spectroscopy
technique complemented by photoemission spectroscopy measurements. In both quasicrystals,
interaction is shown within an energy range of 2 eV below the Fermi level between the Al
states and either the Co 3d states or both the Ni 3d and the Co 3d states. In Al65Cu15Co20, the
Cu 3d states are observed in the middle of the occupied band. The formation of a significant
pseudo-gap at the Fermi level is shown in the Al 3p and 3s–d distributions of these alloys.
The comparison with available photoemission data an Al65Cu20Co15 and Al70Co15Ni15 samples
shows good agreement in the energy positions of Cu, Co and Ni occupied states. The results
for Al65Cu15Co20 are compared with calculations of densities of states for two models of the
Al–Co–Cu decagonal quasicrystals. Very good agreement between experiment and one of these
calculations is found for the Al distributions. For Al70Co15Ni15, fair agreement between the
present results and data for crystalline Al5Co2 is shown. The Al p and Ni s–d unoccupied states
are considered as well in Al70Co15Ni15. It is suggested that a slight charge transfer may occur
from Al to Ni in this sample and that most of the Al p unoccupied states presumably occur from
the contribution of the quasiperiodic planes in this specimen.

1. Introduction

Soon after icosahedral quasicrystalline alloys were found by Shechtmanet al (1984), decago-
nal phases (sometimes referred to as T phases) were recognized by Bendersky (1985) in
the Al–Mn system. These phases combine two structural characteristics since they pos-
sess quasiperiodic planes with a tenfold rotational symmetry axis that are perpendicular to
one axis of crystalline-like periodicity. The first alloys of this new class of quasicrystals
(Bendersky 1985) were metastable. Later, stable decagonal quasicrystals were found in
the Al–Co–Cu system (Heet al 1988) which gave impetus to the analysis of their atomic
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arrangement (Tsaiet al 1989, Liao et al 1992, Steurer 1993, 1994, Steureret al 1993,
Fettweisset al 1994, Wittmannet al 1995) as well as to the study of their properties and
electronic structure (Gozlan 1991, Stadniket al 1995a, b). In the case of icosahedral qua-
sicrystals, many of the electronic properties have been inferred from the existence of a more
or less marked pseudo-gap at the Fermi level EF in the densities of states (DOS) (see, e.g.,
Poon (1992) and Bergeret al (1993), and references therein). The decagonal Al–Co–Cu and
Al–Co–Ni quasicrystal structures are isotopic. They are built up of two quasiperiodic atomic
layers with a stacking sequence and a translation period of about 4Å. Columnar clusters
of about 20Å diameter are parallel to the local tenfold screw axes; they are formed by ten
pentagonal antiprismatic columns surrounding a central column; these clusters are found to
be the basic structural building elements. Quasiperiodicity is forced by the formation of
interconnected networks of closed icosagonal rings of pentagonal and rectangular structure
motifs and columnar clusters. The global structure acts as a weak matching rule that sta-
bilizes the quasiperiodic structure (Steurer 1993, 1994, Steureret al 1993). The specificity
of the electronic properties of these decagonal quasicrystals is connected to their structural
anisotropy; for example the electric conductivity at low temperatures is non-metallic like in
the quasicrystalline plane and metallic like along the periodic axis. A calculation by Tram-
bly de Laissardìere and Fujiwara (1994a, b) made for a model Al–Cu–Co alloy predicts that
a pseudo-gap should exist at EF in the DOS whereas such a pseudo-gap is not pointed out
in another calculation by Sabiryanovet al (1995) for a similar alloy with different nominal
composition. Furthermore, Stadniket al (1995a, b) have investigated through photoemis-
sion means the valence bands of Al65Cu20Co15 and Al70Co15Ni15 decagonal quasicrystals
and they claim that no pseudo-gap exists in these phases.

Thus, more insight is needed into the electronic structure of decagonal phases and
related crystalline approximants. One possibility for studying the distributions of occupied
band (OB) and unoccupied band (UB) states is to combine both soft-x-ray spectroscopy
(SXS) and x-ray photoemission spectroscopy (XPS) techniques. These have already been
used to investigate OBs and UBs in icosahedral Al–Cu (or Pd)-transition-metal (TM) or
Al–TM quasicrystals (Belin and Traverse 1991, Belinet al 1992, 1994a, b, 1995, Belin and
Dankh́azi 1993, Sadocet al 1993). For the OBs, the results differ according to the chemical
composition of the sample. They can be summarized as follows. In Al–Cu (or Pd)–TM
alloys, interaction exists at EF between hybridized Al p–d and TM d states; the Al states
exhibit a pseudo-gap at this energy and a depletion in the middle of the band coincides with
the maximum of the Cu (or Pd) occupied d-like subband. For Al–TM alloys, interaction at
EF between hybridized Al p–d and TM d states is preserved; the pseudo-gap is still present
but no depletion is seen in the middle of the OBs.

In this paper, we report an experimental investigation of two single-phase decagonal
quasicrystalline Al65Cu15Co20 and Al70Co15Ni15 alloys whose atomic structures are
analogous although the chemical order should not be the same in both phases (Steurer
1993, 1994, Steureret al 1993). The paper is divided as follows. In section 2, the
principles of SXS and XPS are summarized; information about the sample preparation and
characterization including experimental procedures is also given. The results are presented
in section 3. In section 4, the results are briefly compared with those of the pure elements
and with crystalline approximants. They are discussed in connection with the XPS data from
Stadniket al (1995a, b) on Al65Cu20Co15 and Al70Co15Ni15 and with DOS calculations for
a model decagonal Al–Cu–Co phase by Trambly de Laissardière and Fujiwara (1994a, b)
and by Sabiryanovet al (1995). For Al70Co15Ni15, comparison is made with calculations
for crystalline Al5Co2 which is an approximant of decagonal quasicrystals (Song and Ryba
1992). Finally, the results are summarized in the conclusion.
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2. Experiments

2.1. Principles

The soft-x-ray emission spectroscopy (SXES) and soft-x-ray absorption spectroscopy
(SXAS) techniques investigate separately OB and/or UB states of the various components of
a solid due to transitions that involve an inner levelLn,l and either the OB or UB states. The
x-ray transitions are governed by dipole selection rules (1l = ±1 and1j = 0, ±1) and the
inner hole is on a given atomic site of the solid. This makes SXS both a symmetry- and a
site-selective technique. The energy distributions of the intensities emitted or absorbed
during SXES or SXAS processes are proportional to|M|2N(ε)Ln,l . M is the matrix
element of the transition probability that depends upon the overlap between the initial
and final wavefunctions of the system and it may be considered as being constant over the
energy ranges which are investigated here.N(ε) is the OB or UB DOS probed during the
measurement.Ln,l is the Lorentzian-like energy distribution of the inner level involved in
the x-ray transition. Although no absolute DOS values are obtained from these techniques,
the shapes of the emission or absorption spectral curves are directly connected to either the
occupied or the unoccupied partial DOSs spatially averaged over the bulk material.

In the XPS technique, electrons are ejected from the solid owing to the interaction
with an incident radiation. According to the energy of the incident photons, the electrons
are ejected from the very surface of the solid up to a thickness of sample of a few
nanometres. The kinetic energies of the outcoming electrons are measured; consequently
the corresponding binding energies are gained provided that suitable calibration is made
to account for the work function of the solid. The binding energies of the inner levels
are obtained separately. On the contrary, the binding energies of the electrons of the
OB are achieved all together. Note that, owing to photoemission cross sections that
considerably favour d and f states (Yeh 1993), this technique does not provide any view
of the energy distributions of s and p OB states in alloys containing both sp metals and
TM or rare earths. This emphasizes the interest of using the SXS technique to analyse
the electronic distributions of Al in quasicrystalline alloys since it is a major component in
these intermetallics and since one can expect that s and p states which are extended states
could be much more sensitive than localized states to any kind of modification of the atomic
environment.

The binding energies of the core levels involved in the various x-ray transitions which
we investigate can be measured with respect to the Fermi level energy EF through XPS
experiments owing to proper calibration of the binding energy scale. Consequently, EF may
be set on the corresponding x-ray transition energy scales. This allows adjustment of the
partial local occupied and/or unoccupied electronic distributions in the same absolute energy
scale. So, combining SXS and XPS techniques makes it possible to obtain a picture of the
OBs and UBs and to gain insight into the electronic interactions in the solid.

2.2. The samples

Ingots of Al65Cu15Co20 and Al70Co15Ni15 were first arc melted in an argon atmosphere, from
pure (99.99%) elemental constituents. Thin ribbons of the order of 35–50µm thick were
then melt spun in a He atmosphere. Annealing of samples was achieved in high vacuum at
900◦C and 920◦C for 48 h and then prompt cooling for Al65Cu15Co20 and Al70Co15Ni15,
respectively. The samples were characterized by powder x-ray diffraction using the Cu Kα

line. The spectra could be indexed within the planar T-phase indexation scheme (Takeuchi
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and Kimura 1987), with five vectors in the quasicrystalline planes and one vector along
the periodic axis. This indexation scheme is best adapted to a periodic stacking of planes
describing the T-phase structure (McRaeet al 1990). The positions and peak intensities in
our diagrams were in good agreement with results published elsewhere (Tsaiet al 1989).
The width peaks measured for our samples reveal a good structural quality.

2.3. Experimental procedures

To describe the energy distribution of OB and UB states we hve measured several x-ray
transitions, as shown in table 1. The soft-x-ray emission spectra were obtained using vacuum
spectrometers fixed with bent SiO2 101̄0 or RbAP crystals or a grating of energy resolutions
ranging from±0.3 (SiO2 101̄0 and grating) to±0.5 eV (RbAP). The spectra were excited
with incoming electrons or photons. The samples were water cooled. The emitted photons
were collected with gas flow proportional counters or a photocathode coupled together with
a channeltron. The Al K and Ni LIII absorption edges were scanned at the synchrotron
radiation facility of the Laboratoire pour l’Utilisation du Rayonnement Electromagnétique
(LURE), Orsay, France. The yield technique was used at the Super ACO storage ring
(experimental station SA 32) owing to two-crystal monochromators equipped with SiO2

101̄0 slabs for the study of the Al K edge and beryl 101̄0 crystals for investigating the
Ni L III edge. The energy resolutions were the same as for SXES measurements. Soft-x-ray
spectra of pure Al, Cu, Co and Ni metals were also measured for comparison and energy
calibration purposes.

Table 1. Analysed x-ray transitions, states investigated, energy ranges studied, experimental
techniques and widths of the inner level involved in the x-ray transition. The values of the
widths of inner levels are taken from Krause and Oliver (1979).

Energy Width of the
X-ray States range inner level
transition investigated (eV) Technique (eV)

Al K β : OB → 1s Al 3p 1550–1565 SXES 0.40
Al L 2.3 : OB 2p3/2 Al 3s–d 55–75 SXES < 0.1
Cu Lα : OB → 2p3/2 Cu 3s–d 920–940 SXES 0.56
Co Lα : OB → 2p3/2 Co 3s–d 770–785 SXES 0.43
Ni Lα : OB → 2p3/2 Ni 3s–d 840–860 SXES 0.48
Al K : 1s → UB Al p 1555–1585 SXAS 0.40
N LIII : 2p3/2 → UB Ni s–d 850–880 SXAS 0.48

In addition to the instrumental resolutions of the different spectrometers, it is necessary
to account for the intrinsic broadening by the inner levels involved in the x-ray transitions
that is inherent to the SXS technique (see table 1). Thus, finally, the experimental energy
resolutions are less than 0.5 eV in the case of the Al spectra and within 0.6–0.8 eV for
the spectra of the other elements. Note that the resolution of XPS experiments is generally
about 0.4 eV, i.e. similar to that obtained in the SXS measurements of Al spectra.

3. Results

The Al, Cu, Co and Ni 2p3/2 binding energies were obtained from XPS measurements using
the Mg or Al Kα radiations (Mg or Al 2p3/2 → 1s) which ensures the contribution of the
bulk material. The binding energy scale was calibrated with respect to the C 1s level taken
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equal to 285.0 eV. The binding energy of the Al 1s level that could not be reached directly
was deduced from the energy of the Al 2p3/2 level complemented by the measurement of
the energy of the Al Kα (2p3/2 → 1s) emission line. Compared with pure metals, the levels
in both quasicrystals were found to be shifted by 0.4± 0.1 eV for Al, 0.8± 0.3 eV for Cu,
0.7 ± 0.3 eV for Co and 0.3 ± 0.3 eV for Ni. In the case of the Al65Cu15Co20 sample, we
did not obtain sufficient accuracy in measuring the binding energy of the Co 2p3/2 level;
thus we used our value for Co in Al70Co15Ni15 to adjust the Co Lα distribution curve of
Al 65Cu15Co20 on the binding energy scale; note that in this way, within the experimental
accuracy, we found that the maximum of the Co 3d state distribution is at the same energy
position as measured using the XPS technique by Stadniket al (1995a, b) for Al65Cu20Co15.
Finally, we could place EF on the various x-ray transition energy scales within±0.1 eV for
Al and not better than±0.3 eV for the other elements.

The SXS emission curves are normalized on the intensity scale between their own
maximum and the baseline taken in energy ranges where the variation in intensity is
negligible. The absorption curves are normalized as well. In the figure describing both
the Al 3p and the Al p state distributions, the absorption curve is adjusted to the same
intensity at EF as that of the corresponding emission curve.

Figures 1(a) and 1(b) show the Al 3p and 3s–d distribution curves for Al65Cu15Co20

and Al70Co15Ni15, respectively, as well as for pure FCC Al (insert in figure 1(a)).
The curves for pure Al display an abrupt emission edge. The arctangent-like emission

edge of the Al 3p curve cuts EF at half the maximum intensity. Beyond the edge, there
is a rounded maximum at about 1.3 eV and a parabolic-like decrease in intensity that is
continued by a long monotonical decreasing tail. The edge of the Al 3s–d curve is followed
by a sharp intense peak almost at EF and then the shape is parabolic.

For the two decagonal quasicrystalline alloys, the shapes of the Al 3p as well as Al 3s–d
curves differ somewhat from those for pure Al in that they show emission edges much less
steep than in the metal.

For Al65Cu15Co20, the maximum of the Al 3p curve is shifted to EF+2.5±0.1 eV. Both
sides of the maximum are structured as seen from the slight feature a at about EF + 1.3 eV
and the shoulder after the relative plain b at about EF+4.3 eV. The Al 3s–d curve shows two
distinct well separated broad peaks of nearly same intensity with a pronounced minimum
β in between at around 4.0 eV below EF. The maximum of the first broad peak is at
EF + 2.5± 0.1 eV. In the energy range of feature a of the Al 3p curve there is a change in
slope denotedα just after the Al 3s–d edge. The second maximumγ at EF + 6.2± 0.2 eV
and featureδ at EF + 8 ± 0.2 eV are in energy ranges where the intensity of the Al 3p
curve strongly decreases with increasing binding energy. The general shapes of the Al
curves are similar to those already observed for crystalline or quasicrystalline Al-based
alloys containing Cu. Indeed, as recalled above, a depletion is shown in the middle of the
Al 3s–d distribution curve whereas a shoulder is seen in the same energy range of the Al 3p
curve (Fuggleet al 1977, Belin and Dankh́azi 1993, Belinet al 1994a, b, 1995, Nakamura
and Mizutani 1994, Trambly de Laissardière and Fujiwara 1994a, b).

In Al 70Co15Ni15, as in other Al–TM alloys (Belin and Traverse 1991, Belinet al 1992,
Dankh́azi et al 1993) the Al 3p curve turns out to have a sharp broad peak. Here, maximum
c is 3 eV below EF and the emission edge exhibits two shoulders a and b at EF+0.9±0.1 eV
and EF + 1.6 ± 0.1 eV, respectively. The intensity of the high-binding-energy side of the
curve decreases monotonically; however, a faint smooth broad bump d is present at about
5.4 eV below EF. From EF towards increasing energies, the edge of the Al 3s–d curve is
followed by firstly a slight humpα that coincides within experimental accuracy with feature
a of the Al 3p curve, secondly two marked minimaβ andγ that are in the energy ranges
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Figure 1. (a) Al 3p (——) and Al 3s–d (?) distribution curves in Al65Cu15Co20. For the
significance of the broken and full vertical lines, see text. The inset shows Al 3p (——) and
Al 3s–d (——•——) distribution curves for pure FCC Al. (b) Al 3p (——) and Al 3s–d (?)
distribution curves for Al70Co15Ni15. The vertical lines are a guide for the eyes.

of feature b and maximum c of the Al 3p curve, thirdly a broad maximumδ that is in the
energy range of feature d of the Al 3p curve and fourthly a shoulderε. The vertical lines
in figure 1(b) are simply a guide for the eyes to demonstrate the coincidence between the
features of the Al 3s–d and Al 3p distribution curves.

Let us emphasize that for both Al65Cu15Co20 and Al70Co15Ni15 quasicrystals the
intensities of the Al 3p and 3s–d curves at EF are much lower than for pure Al. The
emission edges are pushed away from EF so that they cut the Fermi level at a lower
intensity than half the maximum intensity as for pure Al. We shall return to this point in
the next section.

The shapes of the Cu, Co or Ni 3d–4s curves do not differ significantly from those
of the pure metals as shown in figures 2, 3 and 4, respectively. Note that these curves
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Figure 2. Cu 3d–s distribution curves for Al65Cu15Co20. (——•——) and for pure Cu (——).

Figure 3. Co 3d–s distribution curves for Al65Cu15Co20. (——•——) and for pure Co
(——?——).

mainly reflect the distribution of 3d states since x-ray transition probabilities favour p→ d
transitions over p→ s transitions. When going from metal to alloys, the Co and Ni 3d
curves are shifted slightly to higher x-ray transition energies, whereas the Cu 3d curve is
shifted towards low x-ray transition energies. The full widths at half-maximum intensity of
the peak are reduced by about 1 eV for Co 3d and are the same within the limits of the
experimental accuracy for Ni 3d and Cu 3d. The energy distances EF–maxima of the Cu
and TM distributions in Al65Cu15Co20 are 3.9 ± 0.1 eV and 0.8 ± 0.1 eV for Cu 3d and
Co 3d, respectively, whereas in Al70Co15Ni15 they are 1.3 ± 0.1 eV and 0.8 ± 0.1 eV for
Ni 3d and Co 3d, respectively.

Adjustment of all the occupied distributions are displayed for Al65Cu15Co20 in figure 5
and for Al70Co15Ni15 in figure 6. This shows that, in Al65Cu15Co20, the OB picture is
analogous to that already observed in ternary or quaternary crystalline or quasicrystalline
alloys containing both Cu and a TM. Indeed in such alloys, as mentioned above, one finds
that TM 3d (4d or 5d) states are near EF, Cu 3d states are in the middle of the band and
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Figure 4. Ni 3d–s distribution curves for Al70Co15Ni15. (——•——) and for pure Ni (——?——).

Figure 5. Occupied distribution curves for Al65Cu15Co20: ——, Al 3p; ——•——, Al 3s–d;
——?——, Cu 3d; ——•——, Ni 3d.

the Al subbands are split into two subbands located on each side of the Cu 3d states curve
(Belin and Dankhazi 1993, Belinet al 1992, 1994a, b). In spite of this, the OB picture for
Al 70Co15Ni15 resembles that obtained for binary Al–TM alloys; TM 3d states are present
close to EF and the Al states are spread over an energy range of about 10 ev below EF

(Belin and Traverse 1991, Belinet al 1991, Traverseet al 1996).
Figure 7 shows the unoccupied Ni d states in pure metal and in decagonal Al70Co15Ni15.

In the metal the curve exhibits a sharp peak A (the so-called ‘white line’) followed towards
decreasing binding energy by two broad faint bumps B and C. In the alloy, the white line
is no longer present; a very broad peakβ is approximately at the same energy as feature
B in the metal. This broad peak is continued by a monotonic decrease in intensity towards
the energy range of structure C of the spectrum of pure Ni.

Figure 8 displays the Al p curves for pure Al and for Al70Co15Ni15. In the metal
the curve presents an abrupt absorption edge that is followed by a monotonic increase in
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Figure 6. Occupied distribution curves for Al70Co15Ni15: ——, Al 3p; ——?——, Al 3s–d;
——•——, Ni 3d; ——N——, Co 3d.

Figure 7. Ni d–s distribution curves for Al70Co15Ni15: ——, pure Ni; ——?——, Ni in
Al 70Co15Ni15.

intensity up to about 7 eV from the edge where the curve shows a maximum. In the alloy,
the edge is less steep and much less contrasted than in the metal; beyond the edge, the
increase in intensity is also monotonic up to a flat maximum.

4. Discussion

Let us first discuss the OB state distributions. For pure Al, we have already mentioned that
the Al 3p and 3s–d curves totally overlap and so the Al states are p–s hybridized over the
whole OB with some p–s, d contribution near EF. Indeed, the sharp peak observed in the
Al 3s, d curve in the close vicinity of EF is due to both the presence of a few d-like states
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Figure 8. Al p distribution curves for Al70Co15Ni15: ——?——, Al; ——•——, Al in
Al 70Co15Ni15.

(Léonard 1978, Papaconstantopoulos 1986) and the well known Nozières–de Dominicis
(1969) many-body effect. Such a peak is characteristic of a free-electron-like metal.

For Al65Cu15Co20 and Al70Co15Ni15 quasicrystals, over an energy range of about 4–
5 eV from the Fermi level, the Al 3p and 3s–d curves are of significant intensity and totally
overlap. Accordingly, the corresponding states are hybridized states as well. In the highly
bonded part of the curves, the intensity of the Al 3p states seriously decreases whereas the
Al 3s, d are dominant. Changes in the electronic distributions against energy are seen as
dramatic changes in the shapes of the Al 3p and 3s–d curves for these alloys compared
with the pure metal which emphasizes that the free-electron model does not apply in the
interpretation of the electronic properties of the two quasicrystals. Let us recall here that
the experimental results provide information averaged over the bulk material. Since, to our
knowledge, no data are available concerning the actual positions of all the atoms in both
Al–Cu–Co and Al–Co–Ni quasicrystals, we are not able to discuss possible differences in
local environments. To analyse the results in more depth we shall compare in the following
our data, with theoretical DOSs based on model alloys.

In the framework of the linear muffin-tin orbital (LMTO) method within the
atomic sphere approximation (ASA), Trambly de Laissardière and Fujiwara (1994a, b)
have calculated the band structure of a crystalline approximant Al60Cu27.3Co12.7 of the
quasicrystalline structure based on the cluster model proposed by Burkov (1991, 1992) for
decagonal Al–TM alloys. Although the nominal concentrations in the model differ from
experiment, let us compare the partial calculated DOSs and the experimental electronic
distributions.

To begin with we shall discuss the Al states. The calculated Al s, p and d DOS curves
are displayed in figure 9 (which is from the work of Trambly de Laissardière and Fujiwara
(1994a, b). EF is shown by a vertical axis with respect to the origin of the energy scale
given in rydbergs and is taken as the origin of the binding energy scale. All the curves
show a spiky structure especially in the regions of maximum DOSs. The occupied Al s
DOSs are of very low intensity beyond about 2 eV from EF and of high intensity beyond
5 eV from EF. On the contrary, the intensity of the occupied Al d DOSs is very faint in
the energy region beyond 5 eV from EF and thus the Al states in this part of the OB are
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Figure 9. Calculated partial DOSs for Al60Cu27.3Co12.7, a model crystalline approximant of
the Al–Cu–Co decagonal quasicrystalline alloys. (Courtesy of G Trambly de Laissardière and
T Fujiwara.)

almost pure s like in character. This confirms that states corresponding to the part of the
Al 3s, d experimental curve that extend beyond featureβ of figure 1(a) and mainly s like
in character whereas the states in between featureβ and EF are more d like. The part of
the Al d calculated curve between EF and about 5 eV from EF overlaps the Al p curve and
the most salient features of both curves coincide in energy. Accordingly, p–d hybridization
is very important since there is only a very faint s contribution in this energy range. This
corresponds to the parts of the experimental Al 3p and Al 3s, d curves that are between EF

and features b andβ of figure 1(a). The most important features of the partial calculated
curves are shown by arrows in figure 9 to which the vertical lines in figure 1(a) correspond.
The broken vertical lines denote s-like states whereas the thin full vertical lines indicate
p–d states with a faint s-like contribution. Note that the states present at the Al 3p or 3s, d
edges are essentially p–d-like states.

We have mentioned above that, in Al65Cu15Co20, interaction exists between Al and Cu
states in the middle of the OB and between Al and Co states in the vicinity of EF, the result
of which produces the splitting of the Al subbands in the energy range 4.3 eV below EF

and the shift back of the Al subband edges with respect to the pure metal near EF. The
splitting around 4.3 eV is indicated on the calculated curves of figure 9 by double arrows.
The experimental Al edges are away from EF in contrast with pure Al. The intensities of
both Al 3p and Al 3s, d curves are much lower than for pure Al; whereas it is 50% of the
maximum intensity in the pure metal it is reduced to about 20% of the maximum intensity in
Al 65Cu15Co20. However, whereas the Al 3p edge cuts the Fermi level at half the maximum
intensity in the pure metal, the same point in Al65Cu15Co20 is distant by 0.55 eV from EF.
This characterizes a rather pronounced pseudo-gap in the decagonal quasicrystal. Note that,
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although EF in the calculation is not exactly at a minimum of the curves, our experimental
data for Al states and the calculation by Trambly de Laissardière and Fujiwara (1994a, b)
are in good agreement.

In this calculation, Cu atoms are in two different kinds of cluster (large and small) and
there are also two different Co sites in the large clusters. The maximum of the Cu d states
are at 3.5 eV from EF and 4.35 eV from EF in the large and small clusters, respectively.
In the same way, the DOS maxima corresponding to the two different Co sites in the large
clusters are at 1.74 eV and 2.72 eV, respectively. The experimental results show that Cu
states are at 3.9 eV from EF, which suggests that, in the sample used, whose Cu nominal
concentration is lower than that of the model alloy, the Cu atoms should be located mainly
in large clusters according to Burkov’s model. A discrepancy remains as far as Co atoms
are concerned since none of the positions as deduced from the model provide spectral
distributions in agreement with the experimental results.

Recently, using the tight-binding LMTO basis and the recursion method, Sabiryanov
et al (1995) have studied the electronic structure of decagonal and crystalline Al–Cu–Co
alloys also based on the structural model proposed by Burkov (1991, 1992). Comparison
between the calculated partial Al, Cu and Co DOSs and our experimental results shows no
agreement for the position of spectral features or for intensity at EF. Note, however, that no
partial DOS calculation is shown for clusters with a Cu content lower than the Co content,
which is the case in the experimental sample. Sabiryanovet al (1995) conclude that a local
minimum in the DOS at EF is exhibited only by clusters with a Cu concentration higher
than the Co concentration; no minimum in the total DOS distribution at EF is observed for
clusters with equal or almost equal Cu and Co concentrations. To establish their results,
these workers argue that the XPS investigation by Stadniket al (1995a, b) of the OB states
of Al 65Cu20Co15 did not provide evidence of a pseudo-gap at EF. Let us recall here that,
because of the photoemission cross sections that noticeably favour d states with respect to
sp states, the XPS technique cannot provide a clear view of the s- and p-state distributions.
Note also that the Al DOSs calculated by Sabiryanovet al (1995) disagree with those
calculated by Trambly de Laissardière and Fujiwara (1994a, b) although both calculations
are made for a Cu nominal concentration higher than the Co concentration.

As mentioned above, Stadniket al (1995a, b) have investigated OB states using XPS
measurements. These provide essentially the Co and Cu state distributions spatially averaged
within a small depth of the sample and a superficial layer whose contribution may be
significant. These workers do not reportin situ chracterization of the surface of the sample
that they measure. The XPS curve exhibits two well separated broad peaks 0.7 and 3.7 eV
below EF. Our SXS measurements of the energy positions of the Cu and Co 3d states agree
with the XPS data.

We can now discuss our results for Al70Co15Ni15. Because there are no calculations for
this system, we shall compare with calculations (tight binding and LMTO ASA) as well
as with experimental results for crystalline Al5Co2 (Pêcheuret al 1995). Indeed this latter
alloy is an approximant of quasicrystalline decagonal phases (Song and Ryba 1992). We
have shown experimentally and theoretically (Pêcheuret al 1995) that the TM 3d states in
Al 5Co2 (Co 3d states) are present about 1.5 eV below EF and interact with Al hybridized
p–d states, whereas far from EF, below about 4 eV, the Al states are essentially s like
(figure 10). The same should hold true for Al70Co15Ni15. Indeed, the shapes of the Al 3p
and Al 3s, d curves in the quasicrystal and in the approximant are somewhat related. The
main differences lie in the facts that firstly for Al70Co15Ni15 just after the edge the Al 3p
curve is more structured than for Al5Co2 owing to the interaction with two different TMs in
the quasicrystal which occur at slightly different binding energies and secondly the intensity



Quasicrystalline decagonal Al65Cu15Co20 and Al70Co15Ni15 6225

Figure 10. Calculated and experimental electronic distributions for crystalline Al5Co2.
Experimental curves: ——. Calculated curves: ——|—— Co 3d, ——•—— Al 3p, ——N——
Al 3s, ——×—— Al 3d. The calculated curves were obtained from the theroetical partial densities
of states of P̂echeuret al (1996) broadened by a Lorentzian distribution to account for the width
of the inner level involved in the x-ray transitions.

of the Al 3s, d curve for Al70Co15Ni15 is less important within an energy range of about
3 eV below EF than for Al5Co2. We ascribe these variations to differences in the strength
of interactions between Al and TM elements in both alloys. Note that, for Al70Co15Ni15,
almost pure p-like states should be present around 2 and 3 eV below EF because of the
presence of feature b corresponding to a relative minimumβ of the Al 3s, d curve and
because of the plateau in the 3 eV energy range just before featureγ of the Al 3s, d curve
which coincides with the maximum c of the Al 3p curve.

Compared with pure FCC Al, in the Al70Co15Ni15 quasicrystal, the edges of the Al
subbands are pushed significantly away from EF to the centre of the OB. The Al 3p intensity
at EF is about 17% of the maximum intensity and the half-maximum intensity is distant
from EF by 0.6± 0.1 eV. Thus a rather pronounced pseudo-gap is observed in the Al state
distribution of this decagonal quasicrystal. This has not been observed by Stadniket al
(1995(a) (b)) from XPS measurements on a decagonal quasirystal of the same composition.
Let us recall again that, owing to the photoionization cross section, these workers cannot
obtain any information concerning Al states at the energies where these overlap MT states.

Note that the shapes of the spectral distributions as well as the observation of a pseudo-
gap at the Fermi level in the Al distributions in the Al–Cu–Co and Al–Ni–Co alloys are
in agreement with previous results from the SXS experiments that we performed on other
Al–Cu–TM (Belin et al 1992) and Al–TM decagonal phases (Belin and Traverse 1991,
Belin et al 1991).

The shapes of the distribution curves of Cu and TM 3d states in both Al65Cu15Co20

and Al70Co15Ni15 quasicrystals are not affected by the alloying as expected and already
observed in other alloys for d-like states (Belin and Traverse 1991, Belinet al 1991, 1992).
For Al70Co15Ni15, the curve for unoccupied Ni d–s states no longer preserves a localized-like
(non-extended-like) character in the samples. Indeed, as pointed out in the previous section,
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Figure 11. Al 3p (left side) and Al p (right side) distribution curves for pure Al (——?——) and
for Al 70Co15Ni15 (——) as adjusted to the same intensity at the Fermi level. The unoccupied
Ni s–d distribution curve is also plotted, adjusted to its maximum intensity.

the unoccupied states are mainly s–d in character with no clear pure d-like contribution.
This could be due to filling of Ni d orbitals following charge transfer originating from Al
atoms in the alloy. The shift of the Cu 2p3/2 levels towards the position of oxides may
also indicate that some d-like character could be expected for the unoccupied distributions
of this element in Al65Cu15Co20; charge transfer from Cu atoms could be anticipated in
Al 65Cu15Co20. The result of all these charge transfers may induce some covalent bonding
in the quasicrystalline alloys in which they happen. More enlightenment is expected from
the investigation of Co and Cu unoccupied states that is in progress and will be reported
elsewhere compared with an Al–Cu–Co crystalline approximant.

Figure 11 displays the Al p distribution curves for pure Al and for Al70Co15Ni15 as
adjusted to the intensity of the Al 3p curve at EF. This adjustment shows that, although all
Al sites of the alloy are probed together, there is a noticeable depletion in both OB and UB
Al p-like states in the vicinity of the Fermi level; this is less important than it is in icosahedral
quasicrystals of high resistivity (Belin-Ferré and Dubois 1996). The unoccupied Ni s–d
distribution curve is also plotted in this figure. From the overlap between the distribution
curves of unoccupied states, it is confirmed that the first conduction states averaged over
the bulk material should be of extended character.

Along the quasiperiodic planes, for Al70Co15Ni15 the resistivity at 4 K has been measured
to be 255± 20 µ� cm whereas it is about 100µ� cm along the periodic direction (Gozlan
1991). This demonstrates the strong anisotropy of the material which cannot be distinguished
by either the SXS or the XPS experiments undertaken so far. The resistivity value in
the quasiperiodic direction is, however, not as high as those measured for other ternary
icosahedral quasicrystals. In the highly resistive quasicrystals, we assumed that the extreme
high resistivities were due to both important depletion of unoccupied Al extended states
and the presence near EF of a few unoccupied localized d-like states. For Al70Co15Ni15, it
looks like no such localized states exist near EF that could somewhat prevent the motion of
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electrons throughout conduction states. However, we observe that the depletion of Al states
in the vicinity of EF is more important than in Hume-Rothery phases such as Al2Cu (Dong
et al 1994) or Al7Cu2Fe (Belin et al 1994) which is consistent with the higher resistivity
of this alloy with respect to the usual Al-based intermetallics. This might indicate that the
experimental results reported here, although spatially averaged, could involve a significant
contribution from the quasiperiodic planes of the sample. In the case of Al66Cu30Co14,
Trambly de Laissardière and Fujiwara (1994a, b) have calculated the dispersion curves in
the periodic and non-periodic directions. These workers pointed out that, in the quasiperiodic
directions, the curves are much more dispersionless than in the periodic direction and are
similar to those found in the two-dimensional Penrose lattice. In the two-dimensional
case, the dispersionless curves lead to very spiky DOSs the investigation of which by
experimental means is quite a challenge since it would require energy resolutions less than
a millielectronvolt. We have suggested above that a slight covalent-like character of bonding
could be due to a small charge transfer from Al atoms. Such a covalency could also be
invoked to explain the resistivity of the sample. This has to be confirmed by the study of
Co empty states in this alloy as well as by that of the unoccupied states in Al65Cu15Co20.

5. Conclusion

In this paper we have presented the results of an experimental investigation of partial
occupied and unoccupied electronic distributions in two different decagonal quasicrystals,
namely Al65Cu15Co20 and Al70Co15Ni15. For Al65Cu15Co20, we have shown that, in the
OB, the Al states are p–d hybridized and interact with Co 3d states in the vicinity of EF and
that they are mainly s like in character beyond 5 eV from EF. The Cu 3d states are found
in the middle of the OB; their interaction with the Al states produces a depletion of the
Al 3s–d distribution curve and a shoulder in the Al 3p curve. A noticeable pseudo-gap is
shown at EF in the Al electronic distributions. For Al70Co15Ni15, a pseudo-gap at EF in the
Al distributions is also shown. The interaction between Al states and Co and Ni 3d states
gives rise to distinct shoulders on the Al distribution curves in the vicinity of EF. The OB
Al states are p–d hybridized over the first electronvolt beyond EF and are almost pure s like
below 5 eV from EF. In the UB, we have shown that the Al p states overlap Ni s–d states,
which suggest a charge transfer from Al to Ni. Although the information which is obtained
by our experimental techniques is spatially averaged over the bulk material and does not in
principle clearly distinguish between quasiperiodic and periodic contributions, we suggest
that, in Al70Co15Ni15, information about the Al p UB presumably may be ascribed to a
significant contribution from the quasiperiodic planes.

For Al65Cu15Co20, our results for the Al and Cu OBs are in good agreement with a
calculation by Trambly de Laissardière and Fujiwara (1994a, b) based on the model proposed
by Burkov (1991, 1992). For Al70Co15Ni15, our data agree fairly well with previous results
obtained by theoretical and experimental means on the crystalline approximant Al5Co2. The
present results are in line with previous measurements using the same methodology on other
quasicrystalline alloys of icosahedral or decagonal atomic structure.
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