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‡ Laboratoire de Science et Génie des Mat́eriaux Métalliques, UMR 7584 and GDR CINQ,
Ecole des Mines de Nancy, Parc de Saurupt, 54042 Nancy, France

Received 30 June 1997

Abstract. The stability of quasicrystals is related to the Hume–Rothery mechanism known to
take place in many intermetallics, especially Al–Cu alloys. In order to assess to what extent
the electronic density of states in aperiodic Al–Cu–Fe compounds is sensitive to Hume–Rothery
stabilization, we present experimental measurements by soft x-ray emission and absorption
spectroscopies of the aluminium electronic states in a series of Al–Cu crystalline compounds.
Some of them, like icosahedral Al–Cu–Fe, are characterized by nearly spherical Brillouin zones.
We observe the opening of a narrow but definite pseudo-gap in such Al–Cu compounds. We
point out a strong interaction between Cu d states and the Al states in the middle of the valence
band which is well described by a Fano-like effect. Some other characteristic features of our
spectra are interpreted on the basis of band structure calculations. A comparison to previous data
published for quasicrystalline and approximant phases stresses the importance for the stability
of these compounds of sp–d hybridization at the Fermi level. It also leads to the conclusion that
the effect of Hume–Rothery interaction is dramatically enhanced by the hierarchical structure of
quasicrystals rather than by the almost spherical shape of the Brillouin zone.

1. Introduction

The electronic properties of quasicrystals have been the subject of numerous experimental
and theoretical investigations due to their unusual behaviour for alloys based on good
metals like fcc Al (Janot 1994, Janot and Mosseri 1995, Takeuchi and Fujiwara 1998).
Their very high electrical resistivity, that furthermore increases with decreasing temperature
and improved structural quality, the low carrier concentration and reduced density of states
at the Fermi level, are well known features characteristic of quasicrystals (Poon 1993). The
fundamental question is to understand how quasiperiodicity will affect the properties of these
materials. Does the self-similarity of the structure require a new approach, different from the
band-structure approach in crystals or from localization in disordered solids? Band structure
calculations performed for approximant phases (Fujiwara 1989, Fujiwara and Yokokawa
1991, Hafner and Krajci 1992, 1993) are in line with the existence of the pseudo-gap
observed experimentally at the Fermi level (EF ) (Belin and Traverse 1991, Belinet al
1992, 1994a, b, Belin-Ferré et al 1996). Current interpretations invoke a Hume–Rothery
mechanism (HR), optimum in the case of quasicrystals because of the high multiplicity of the
Bragg planes resulting from icosahedral symmetry (Friedel and Dénoyer 1987). According
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to this high multiplicity, the pseudo-Brillouin zone (hereafter for short PBZ) is closely
approaching a sphere for it is a truncated polyhedron of the icosahedral group. Such a PBZ
may be defined by taking into account only the most important Fourier components of the
electron scattering potential in reciprocal space. Also, the average electron density turns
out to be the exact density that fits the Fermi sphere into contact with the facets of the
PBZ. In Al–Cu–Li, it is equal to 2.2 electrons per atom (e−/at) whereas in Al–Cu–Fe and
Al–Pd–Mn icosahedral phases it amounts to 1.85 e−/at. It must be stressed however that
this latter calculation assumes negative valences for the Fe and Mn atoms, irrespectively of
their local environment. Despite that fact that this last assumption might be questionable, it
is still reasonable to assign the peculiar stability of quasicrystals to the interaction between
Bragg planes and electronic waves.

This view is however not entirely satisfactory, as we will see later in this paper, for
conventional crystalline Al–Cu alloys, well known to be Hume–Rothery type compounds
with e/a in the vicinity of 1.8 e−/at and Brillouin zone (BZ) close to a sphere, do not
exhibit the exact characteristics of quasicrystals. With this in mind, we present here
several experimental results on the electronic distributions for a set of binary Al–Cu alloys,
performed using soft x-ray emission and absorption. Our study was designed to determine
the possible spectral characteristics induced by the HR conditions as a function of increasing
isotropy of the BZ zone in order to compare quasicrystals for which the PBZ zone is almost
spherical.

The first part of the paper describes the Al–Cu samples which we have studied and shows
with quantitative arguments that they are of the HR type. Then, we recall the experimental
methodology. The results are presented and discussed in a third part with the help of
band structure calculations performed on related crystals using APW or TB–LMTO–ASA
methods. Comparison with previous data obtained from the same experimental methodology
eventually leads us to discuss the origin of the pseudo-gap observed in quasicrystals.

2. Samples

In this work, our aim is to analyse the effect of the HR criterion on the formation of the
pseudogap observed in quasicrystalline alloys. For such a purpose, we focus our attention
on the Al–Cu system for two reasons. The first one is that Al and Cu atoms have small
differences in electronegativity and radii (1Rat < 15%) and that the phase diagram presents
various structures for which the HR conditions might be fulfilled. Also, the BZ display a
wide variety of shapes, including nearly spherical ones. The second reason is that the Cu
d band lies far enough from the Fermi level (about 4 eV in these alloys) so that it will not
affect the Fermi surface–Brillouin zone interaction that we are looking at.

The six alloys which we choose are listed in table 1 together with some relevant
crystallographic information. The samples were prepared using 99.95% pure element for
Al and Fe and 99.99% pure Cu. They were melted in an induction furnace under an
argon atmosphere. Further annealing was performed to obtain single phase alloys. The
characterization of the phases was achieved by using x-ray diffraction experiments.

Each of the phases has a composition very close to the boundary of its existence domain
and verifies thekF ∼ K/2 condition, whereK is the reciprocal lattice vector associated with
a strong peak of the diffraction pattern. The Al content ranges from 35 to 66 at.%, scanning
a large number of structures, from the simple monoclinic AlCu with 20 atoms per unit cell to
the cubicγ -brass Al4Cu9 wit 52 atoms per unit cell. Some of the phases have CsCl-related
structures of the type that are found in the Al–Cu–Fe phase diagram, neighbouring the
icosahedral Al62Cu25.5Fe12.5 phase (i-AlCuFe). For example, the unit cell ofγ -Al 4Cu9 can
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Table 1. Crystallographic data of the alloys prepared for the present study.

Phase Composition Structure type Lattice Space group Parameters (nm)

γ Al 35Cu65 Al 4Cu9 cubic P − 43m a = 0.8703
δ Al 39Cu61 rhombohedral R3m a = 0.8789,α = 89.78◦
ζ Al 43Cu57 Al 9Cu12 monoclinic m∗21 a = 0.707,b = 0.408, c = 1.002,

β = 90.63◦
η Al 50Cu50 AlCu monoclinic C2/m a = 1.2066,b = 0.4105,c = 0.691,

β = 124.96◦
φ Al 10Cu10Fe Al3Ni2 hexagonal P − 3m1 a = 0.4136,c = 0.509
θ Al 2Cu Al2Cu tetragonal I4/mcm a = 0.6063,c = 0.4872

Table 2. Important reflections of the Hume–Rothery Al–Cu compounds.

Phase Index K (Å−1) Multiplicity Index K (Å−1) Multiplicity 2kF (Å−1) e/a N

γ 411 3.063 24 330 3.063 12 3.166 1.70 36
δ 306 3.062 8 324 3.068 4 3.178 1.78 36

−336 3.062 4 330 3.073 2
5–24 3.068 4 502 3.072 4
630 3.073 4 −534 3.068 4
−552 3.072 2

ζ 311 3.148 4 021 3.143 4 3.160 1.86 32
−311 3.136 4 005 3.135 2

204 3.090 2 114 3.083 4
020 3.080 2 310 3.079 4
−114 3.067 4 −204 3.058 2

η −313 3.127 4 −511 3.103 4 3.232 2.00 24
020 3.061 2 −512 3.046 4
112 3.046 4 311 3.103 4
202 3.125 2

φ 110 3.037 2 012 3.028 8 3.050 1.81 18
−210 3.037 4 1–12 3.037 4

θ 310 3.274 8 202 3.305 8 3.334 2.33 16

be viewed as 3×3×3 distorted CsCl cubes, with formula unit Al16Cu36V2 (V is a vacancy
site). The structural relationship between these vacancy ordered CsCl-related phases and
quasicrystalline i-AlCuFe has been pointed out by Dong (1996). The Al10Cu10Fe phase
with Al 3Ni2 structure and the Al9Cu12 compound with a modifiedγ -brass structure (Dong
1995) are of peculiar interest as they lie very close to the line with constant electron per
atom ratioe/a = 1.85 in the AlCuFe system, along which the icosahedral phase forms
(Dong et al 1994).

For each alloy, we have determined the shape of the BZ defined as the polyhedron
constructed from the bisecting planes associated with reciprocal vectorsK with a non-
vanishing structure factor and satisfying the HR conditionkF ∼ K/2. The radius of the FS,
kF , is given in the free electron model by the relationkF ∼ (3π2n)1/3, where the electronic
densityn is calculated using the valences+3, +1 and−2 for Al, Cu and Fe, respectively.
Table 2 gives the values of 2kF for the different alloys as well as the reciprocal lattice
vectorsK from which the BZ is constructed, the corresponding multiplicity,e/a and the
number of contact pointsN between the Fermi surface (FS) and the BZ. The way we have
definedN is specified hereafter. In each case, the corresponding x-ray diffraction peaks are
the most intense of the diffraction pattern.
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The electronic stabilization of a system depends on several factors. The strength of
the Fourier componentVK of the potential seen by the electrons and the multiplicity of
the corresponding Bragg planes determine the width and the depth of the pseudo-gap. The
potentialVK can be written as the product

VK = S(K)Vps(K) (1)

whereS(K) is the structure factorS(K) = N−1∑
R eiKR andVps(K) is the pseudopotential

at pointK of the reciprocal lattice. The pseudopotential for copper is about six times larger
than that for aluminium at the Fermi level, so the Cu atoms scatter predominantly both the
valence electrons and x-rays (Cohen and Heine 1970). It is then reasonable to conclude
that an intense Bragg peak will be associated with a strongVK (Friedel and D́enoyer
1987). Furthermore, we verified on a set of our samples that the Bragg peaks of the x-ray
diffraction patterns from which the BZ are constructed give rise also to strong diffraction
by fast electron scattering. In such an experiment, the Fourier transform of the Coulomb
potential is obtained whereas an x-ray diffraction experiment gives the Fourier transform of
the corresponding electronic density, both being connected by the Poisson relation.

There is also a ‘closeness condition’ between 2kF andK which states that the band
contribution to the total energy will be minimized if the FS just comes into contact with
the BZ boundaries. To see whether or not a Bragg plane should be included in the BZ, we
need an estimation of the interval1K in the reciprocal space where the electronic states
are perturbed. In a free electron model,1K is related toVK by(

d

dk
E(k)

)
(kF )

= hvF = 2VK
1K

(2)

wherevF is the Fermi velocity. Assuming a value of 0.5 eV forVK , which is usual for Al

based alloys (Ashcroft 1979), we find a value of1K ∼= 0.1 Å
−1

. This condition is fulfilled
in our alloys as it is in i-AlCuFe for example.

As a conclusion, we have verified that our alloys are all indeed Hume–Rothery
compounds, some of them being rather good candidates to study the spectral features induced
by this genuine effect alone.

3. Experimental techniques

In order to investigate the electronic distributions, we have used the soft x-ray-emission
and soft-x-ray-absorption spectroscopies (SXES and SXAS) which provide separately
information on the valence and conduction bands (VB and CB respectively). Let us recall
the principles of these methods. In SXES, the sample is irradiated with electrons of sufficient
energy to create a hole in an inner level. One of the decay processes is the emission of
a photon accompanying an electron transition from the VB to the core hole. The energy
distribution of the emitted photons is proportional to the density of states (DOS) in the VB
and to the radiative transition probabilityW between the initial state of wave functionψi
(which describes a hole in the inner level) and the final state of wave functionψf (which
describes a hole in the VB). The probabilityW is a function of the square of the dipolar
matrix element〈ψi |εr|ψf 〉. So the x-ray emission is submitted to the dipolar selection rules
(1l = ±1, 1j = 0,±1) and depends on the overlap of the highly localized stateψi with
the rather extended oneψf . Consequently, in an alloy, SXES gives the local electronic
distributions for each type of atom with a given symmetry.

In SXAS, the energy of an incident photon is absorbed by a core electron which is
ejected into the conduction band. The absorption spectrum describes the sum of all the
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transitions towards the continuum levels of the appropriate symmetry. Experimentally,
one measures the current associated with the electrons escaped from the sample owing to
photoabsorption. IfI0 is the intensity of the incident photon beam andI the intensity at a
depthx in the sample, the fraction of the intensity absorbed is

(I0− I )/I0 = γ (1− e−µx) ∼= γµx = Y (3)

whereγ is a constant,µ is the linear attenuation coefficient andY the photoyield. The
coefficientµ is a function of the photoabsorption cross sectionω̄ of the different elements.
The variation ofω̄ is given by

1ω̄ = hν|〈ψi |6ri |ψf 〉|2ρf (ν = νf i) (4)

whereψi andψf are the wave functions describing, in the one-electron approximation, the
inner electron and the electron ejected in the conduction state, respectively,ri is the position
of the ith core electron andρf is the DOS of the CB. Here again, the transition is required
to obey the dipolar selection rules and depends on the overlap of an extended state with a
highly localized one. This makes the SXAS site and symmetry selective. Consequently,
SXAS as well as SXES can be used as local and partial probes of the electronic structure
when applied to a multicomponent system.

The SXES (SXAS) spectra are the convolution product of the valence DOS (conduction
DOS) with the Lorentzian energy distribution of the core level, weighted by the transition
probability. The energy distribution of this probability is usually negligible over the width
of a band so that the spectra are directly related to the corresponding DOSs. Thus, we can
compare the shape of the different partial distributions in various alloys but no absolute
DOS values can be derived from the experiments. All the spectral curves presented in this
paper are normalized to their maximum intensity.

For a meaningful discussion of the electronic interactions in the solid, it is worthwhile
to adjust all the partial distribution curves in the unique binding energy scale, with the Fermi
energyEF as the origin. This is made possible using XPS measurements of the binding
energies of the inner levels involved in the probed x-ray transitions (Belin and Traverse
1991, Belinet al 1992).

The SXES measurements were carried out with Johann-type vacuum spectrometers fitted
with either a grating 600 grooves mm−1 bent with a radius of 2 m or with SiO2(101̄0) or
Beryl(10̄10) crystals bent with a radius of 0.5 m. Al CB states were probed at the synchrotron
facility of LURE (Orsay, France) using the Super-ACO storage ring at the SA 32 beam line
fitted with a two-quartz crystal monochromator. The width of the core level is usually the
most important limitation to the resolution of the SXS techniques. The values are given
in table 3 for the analysed transitions (Krause and Oliver 1979). The energy range of the
recorded spectra, the analyser used and the final energy resolution are also reported.

Table 3. Analysed x-ray transition, probed states and energy range, analyser used, resolution
and width of the inner level involved in the x-ray transitions.

Energy range Resolution Width of the inner level
X-ray transition Probed states (eV) Analyser (eV) (eV)

OB→ Al 1s Al 3p 1550–1565 SiO2(101̄0) 0.2 0.42
OB→ Al 2p3/2 Al 3s–d 55–85 grating 0.2 <0.1
OB→ Cu 2p3/2 Cu 3d 920–940 Beryl 0.3 0.56
Al 1s→ UB Al p 1555–1585 SiO2 0.2 0.42
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The Cu 2p3/2 and Al 2p3/2 binding energies have been obtained with a spectrometer
fitted with an Al anode as the x-ray source and calibrated using the binding energy of the C
contamination 1s level energy taken equal to 285.0 eV. The value for the Al 1s level could
not be obtained directly. It was deduced from complementary measurements of the Al Kα1

(2p3/2→ 1s) line. Within the experimental precision, the wavelength of the Al Kα1 line is
the same in pure Al and in the alloys. Finally, we could locateEF on the transition scales
within ±0.2 eV for Al and±0.3 eV for Cu.

4. Results and discussion

The Cu Lα spectral curves (3d–4s→ 2p3/2) shown in figure 1 reflect essentially the occupied
3d distribution because the probability of a d–p transition is much higher than that of an
s–p one and, in addition, the contribution of the s states to the occupied band is already
faint in elemental Cu (Papaconstantopoulos 1986). In all samples, the Cu 3d distributions
have almost the same shape as in pure Cu. The maximum lies at about 4 eV fromEF so
that it is shifted towards the centre of the VB as compared to the pure metal. The position
of the peak varies from 3.4± 0.3 eV to 4.1± 0.3 eV according to the Cu concentration
and local environment (Fournée et al 1998). The structures observed on the low binding
energy (BE) side of the curves labelledα′, α′′′ andα′′ on the curve for Al2Cu are satellite
emissions. However, if we define the principal part of the spectral distribution as the high
BE part of the Lα curve plus its symmetric, the actual full width at half maximum intensity

Figure 1. Cu Lα emission band of Cu metal and of the Al–Cu Hume–Rothery alloys. Cu
concentration increases from top to bottom.
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(FWHM) of the Cu Lα band becomes 2.85 eV in the pure element and about 2.6 eV in the
alloys. This small narrowing is due to an alloying effect, the Cu–Cu coordination number
being reduced in the alloys with respect to the pure metal.

Let us recall that in pure Al (inset of figure 2), a typical free-electron system, the
distributions are parabolic-like, with a narrow peak nearEF for the partial 3s–d contribution.
This peak arises from (i) the infrared catastrophy, due to the generation of electron–hole
pairs of very low energy accompanying the creation of the core hole in a nearly-free-electron
system (Nozìeres and de Dominicis 1969) and (ii) the presence nearEF of states with some
d character (Papaconstantopoulos 1986, Léonard 1978). The Al 3p and 3s–d distributions
overlap on the entire VB; consequently the states are sp hybridized, with some d character
close toEF . Figure 2 shows the Al 3s–d distribution curves in the alloys. The shape of
these distributions are significantly modified as compared to the pure metal, consistently
with what one can expect for extended states. The 3s–d DOS is greatly enhanced in the
5–10 eV BE region and reduced in the lower BE region over about 4 eV fromEF , so
that the bottom of the Al 3s–d band has an almost pure s character. Its maximum lies
between 6 and 7 eV fromEF and its minimum is around 4 eV, close to the position of the
Cu d maximum. This asymmetric deformation is a common feature observed in transition
metal–simple metal alloys. It is related to the Fano effect as discussed by Terakura (1977).
The interaction between the relatively narrow d band and the broad sp bands results in

Figure 2. Al s–d distribution curves in the Al–Cu Hume–Rothery alloys. Cu concentration
increases from top to bottom. The inset shows the Al 3s–d and 3p distribution curves for pure
Al.
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the formation of a hybridization gap which splits the simple metal sp states into bonding
and antibonding parts. For concentrated alloys, the position of the d resonance does not
necessarily coincide with the antiresonance dip, denoted AR hereafter (i.e. the minimum in
the hybridization gap), whereas it is practically the case in the impurity limit described by
the Anderson model (Anderson 1961). In our Al–Cu alloys, the position of the minimum
in the Al 3s–d distribution follows approximately the shift of the Cu d maximum with the
Cu concentration. With respect to the AR dip position, the shift of the Al 3s bonding peak,
1σ , is a function of the hybridization matrix element between Al s and Cu d states. It
increases as the Cu concentration increases from 2.0±0.2 eV in theθ phase (33 at.% Cu) to
3.3± 0.2 eV in theγ phase (65 at.% Cu), as reported in figure 3. Note that some Al states
of d character remain nearEF which are responsible for the structure observed between+1
and+2 eV in the spectra. This point is discussed in a forthcoming paper (Fournée et al
1998).

Figure 3. Shift of the Al s and Al p bonding peaks with respect to the antiresonance dip position.

The coupling between the Al p and Cu d states results also in the splitting of the Al 3p
distribution. The two parts are located on each side of the Cu d band with the AR dip at
about 4 eV (figure 4). The shift of the maximum of the bonding peak with respect to the
AR dip position,1π , increases with the Cu concentration, from 0.9±0.2 eV in theθ phase
1.6± 0.2 eV in theγ phase (figure 3). As far as the Al 3p edge is concerned, it is repelled
from EF by about 0.3 eV at half the maximum intensity as compared to pure Al. This
makes the intensity of the corresponding Al Kβ spectral curve at the Fermi level reduce to
40% of the maximum intensity or less in the alloys, against 50% in pure fcc Al.

The interpretation of the experimental features based on the work of Terakura (1977)
has been confirmed by a set of band structure calculations on hypothetical Al–Cu alloys
using the APW method. More details about these calculations will be given elsewhere
(Fourńee et al 1998). As an example, figures 5(a) and 5(b) show the calculated Al L2,3

and Al Kβ spectra for an equiatomic AlCu compound in the CsCl structure. As recalled
in the previous section, the experimental spectral distribution curves reflect the product
|M|2N(E)×L(E) whereM is the matrix element of the x-ray transition probability,N(E)
is the partial DOS andL(E) is a Lorentzian function whose FWHM is the energy width
of the inner level involved in the x-ray transition. Thus, for a meaningful comparison with
the experimental spectra, we have broadened each partial DOS by a convenientL(E) and,
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Figure 4. Al p distribution curves in the Hume–Rothery alloys. Cu concentration increases
from top to bottom.

to account for the instrumental function of the spectrometer, we have smoothed the result
by a Gaussian functionG. The widths ofL(E) andG functions are given in table 3. The
Al L 2,3 calculated curve contains the Al s DOS plus two-fifths of the Al d DOS. The factor
2/5 arises directly from the selection rules that allow transitions for which1m = ±1 or
0. On average, only 2/5 of the d states can make a transition to a p state (Goodings and
Harris 1969). We neglected the variation of the transition matrix element over the width
of the band. We find the same features as in the experimental distribution curves: the
positions of the peaks are in good agreement, the splitting of the Al p states into bonding
and antibonding parts is well reproduced and the Al s states are repelled by the interaction
with the Cu d states. The hybridization gap is clearly seen in the Al s and p LDOS. Al d
states are present around 5 eV fromEF ; they are hybridized to the Al p and Cu d states and
could be responsible for the faint structure observed in several of the Al L2,3 spectra within
the same energy range (see for example Al L2,3 curve of theγ phase). Note however that
there is a discrepancy concerning the relative peak intensities of the Al Kβ and Al L2,3

calculated spectra when compared to the experimental ones. For equivalent compositions,
the intensity of the bonding peak seems to be overestimated in the calculations as compared
to the experimental results (Fournéeet al 1998).

The intensity of the Al p conduction band at the Fermi level is adjusted assuming that
the distribution of p character is a continuous function of the energy. This assumption
is valid if the transition probabilitiesW between the Al 1s wave functionψi and either
the wave functionψf describing the Al 3p valence state or the Al p conduction state can
be considered as nearly equal. As mentioned in the first part,W depends on the overlap
betweenψi andψf . Only the amplitude ofψf in the region of the Al core contributes to the
transition matrix element. As shown in figure 6, the conduction band is slightly flattened
as compared to that of pure Al, but less than in approximant and quasicrystalline phases
(Belin-Ferrŕe and Dubois 1996).
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(a)

(b)

Figure 5. (a) Al p DOS (dotted line) and the corresponding calculated Al Kβ spectrum (full
line) for a model AlCu alloy in CsCl-type structure. (b) Al s (dotted line) and Al d (line with
squares) DOS and corresponding calculated Al L2,3 spectra (full line) for a model AlCu alloy
in CsCl structure.

As mentioned, the Al 3p distribution in the alloys is repelled fromEF and the intensity
of the corresponding Al Kβ spectra at the Fermi level is reduced in the alloys with respect
to the pure metal. Thus, a small pseudo-gap is observed experimentally in the distribution
of Al p states at the Fermi level which can be assigned to both the sp–d hybridization
and the diffraction by the Bragg planes. The depletion should increase with the number of
contact points between the Fermi surface and the Brillouin zone. However, the differences
observed in the XES spectra from one alloy to the other are small. This might be due to
the fact that the broadening of the DOS by the Lorentzian distribution of the inner level and
the experimental resolution hide this effect which concerns a small energy region around
EF scaling withVK .
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Figure 6. Al p CB distribution curves in pure Al (full line),γ -Al 35Cu65 (starred line) and
i-AlCuFe (line with triangles) alloys as adjusted to the Al 3p intensity at the Fermi level (see
text). For clarity only the Al 3p distribution curve of pure Al is shown.

Figure 7. X-ray diffraction pattern of theδ-Al 39Cu61 phase and its Brillouin–Jones zone.

Our alloys are HR compounds and consequently a pseudo-gap is expected atEF .
The one we observe is quite small as compared to the pseudo-gap in approximant and
quasicrystalline alloys, whereIF goes down to less than 15% in icosahedral phases.
Nevertheless, the FS–BZ interaction should be strong, especially in the case of theγ and
δ phases, where the BZ is constructed with 36 faces corresponding to Bragg peaks that
concentrate almost all the intensity of the x-ray diffraction pattern as shown in figure 7.
The partial Al p DOS inγ -Al 4Cu9 calculated using the TB–LMTO–ASA method and the
corresponding calculated Al Kβ spectra are presented in figure 8. In that case, a direct
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Figure 8. Experimental (top) and calculated (bottom) Al p DOS curves of theγ -Al 4Cu9 phase
and its Brillouin zone.

comparison withγ -Al 35Cu65 is possible, as it has the sameγ -brass structure. The Fermi
level falls in a pronounced pseudo-gap, confirming the strong FS–BZ interaction. The
width of this pseudogap is about 1 eV. After broadening, the relative intensity atEF is
IF = 40%, just as the experimental value. Taking the number of facesN as a rough
parameter for the sphericity of the BZ, the comparison with the case of the approximant
Al 13Fe4 or the quasicrystalline i-AlCuFe, withN equal to 30 and 42 respectively, shows
that the HR mechanism alone is not sufficient to explain the formation of the pseudogap
observed by SXS in Al–TM–TM′ quasicrystalline phases (TM, TM′: transition metals). The
wider depletion cannot be the result of a more spherical shape of the PBZ, differences with
the γ phase being too small.

More likely, the effect of the TM should be invoked. Indeed, it has been shown
(Friedel 1992, Trambly de Laissardière et al 1995) that the presence of TM d states of
energies close to the gap, coupled to the sp states, results in an increase of the magnitude
of the potential acting on the Fermi electrons and consequently an increase of the width
of the resulting pseudo-gap. Previous experiments on Al–TM alloys have revealed indeed
the strong Al p–TM d hybridization atEF , the result of which is to repel the electronic
states on both sides of the Fermi level, giving rise to an enhanced pseudo-gap (Belin
et al 1992, 1994a, Belin-Ferré et al 1996). The p–d hybridization is even responsible for
the opening of an almost true gap in Al2Ru and Ga2Ru semiconductors (Nguyen Manh
et al 1992, Fourńee et al 1997). Note that these two effects, diffraction by Bragg planes
and hybridization with TM d states, should not be considered as distinct effects as the
sublattice of the TM atoms contributes predominantly to the scattering potentialVK . Note
also that the HR effect has almost no influence on the flattening of the Al p CB within
the normalization scheme exposed above. This is consistent with the conclusion of Belin-
Ferŕe and Dubois (1996) who noticed the continuous change in the shape of the Al p CB,
from a tan−1(E) behaviour to a parabolic-like one when going from pure Al to perfect
i-AlCuFe. Such a dependence of the DOS in the CB is in good accordance with the
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model proposed by Janot and de Boissieu (1994) and Janot (1995). In this model, the
structure is described by a hierarchical self-similar packing of atomic clusters, named
pseudo-Mackay icosahedra (PMIs). These basic units combine to reproduce a similar
configuration via an inflation operation with a scale factor close toτ 3 giving rise to
a cluster of PMI clusters. The structure develops via successive steps of this inflation
process (Janot 1997). The PMIs are supposed to be very stable and, in a simple jellium
model, they behave as a spherical well confining most of the electrons on the cluster
levels. Then the valence band consists in the bonding states of the elementary PMI plus
the bonding states of the clusters in the next steps of the inflation process. The special
electron per atom ratio arises from the constraint for PMIs at each stage of the hierarchy
to have a closed electronic shell to ensure stability of the system. All the occupied states
are bonding states and the conduction states are then free states, thus showing anE1/2

dependence.

5. Conclusion

With the aim to examine the possible influence of the HR factor on the formation of the
pseudo-gap as observed by SXS in quasicrystalline phases, we have studied Al–Cu alloys
of the HR type. This allowed us to separate the contributions of the two related factors
that participate in the gap opening in sp–d quasicrystals: scattering by Bragg planes and
presence of TM d states atEF . The interaction between the Cu d states and the electronic
states of Al that takes place at about 4 eV fromEF appeared to be Fano type. Our
results show that the FS–BZ interaction in Al–Cu crystals gives rise to a sizeable effect,
somewhat smeared out by the broadening effects inherent to the SXS techniques. Hence, the
differences observed with increasing isotropy of the BZ are very small. Comparison with
similar studies on crystalline, approximant or quasicrystalline phases stresses the importance
of the sp–d hybridization atEF by increasing the width and the depth of the pseudogap and
making it easier to observe by spectroscopic measurements.
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