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Abstract
Low adhesion with normal metals is an intrinsic property of many quasicrystalline surfaces.
Although this property could be useful to develop low friction or non-stick coatings, it is also
responsible for the poor adhesion of quasicrystalline coatings on metal substrates. Here we
investigate the possibility of using complex metallic surface alloys as interface layers to enhance
the adhesion between quasicrystals and simple metal substrates. We first review some examples
where such complex phases are formed as an overlayer. Then we study the formation of such
surface alloys in a controlled way by annealing a thin film deposited on a quasicrystalline
substrate. We demonstrate that a coherent buffer layer consisting of the γ -Al4Cu9 approximant
can be grown between pure Al and the i -Al–Cu–Fe quasicrystal. The interfacial relationships
between the different layers are defined by [111]Al ‖ [110]Al4Cu9 ‖ [5f]i-Al–Cu–Fe.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Adherence of quasicrystalline coatings on a metallic substrate
is usually poor and this is problematic regarding potential
applications of these materials. This poor adherence is intrinsic
to quasicrystalline surfaces [1, 2]. Indeed, adhesion forces
between metals and quasicrystals (QCs) are significantly lower
than for a metal-on-metal contact. This has been verified
at different length scales and under different conditions,
from ultra-high vacuum (UHV) conditions up to atmospheric
pressure [2]. Low adhesion, like other surface properties
of quasicrystals, has been correlated with the aperiodic
long-range order and the associated complex electronic
structure [3–5]. Whereas this low adhesion property can
clearly be useful when used as a coating for non-sticking or
low friction applications, the same property will be detrimental
to the adherence of the coating on the substrate.

A way to circumvent this problem is to tailor the
adherence of the QC coating by growing an interface layer
between substrate and coating. The interface layer should
present intermediate properties between the metal substrate
and the QC. It should also have the ability to promote
an epitaxial relationship with both the metal substrate and

1 Author to whom any correspondence should be addressed.

the QC. Such phases potentially exist in neighbouring regions
of the phase diagram and are called approximant crystals.
Approximants are intrinsically related to their parent QC. More
precisely, in the framework of the cut method, the structure of a
QC and its approximants can be derived from the same periodic
object in a hyperspace of dimension N > 3. Depending
on the relative orientation of the three-dimensional (3D)
physical subspace embedded in the hyperspace, the same N-
dimensional periodic object will lead to either a quasiperiodic
structure or a periodic approximant, via the cut and projection
method [6]. High-order approximants have giant unit cells
containing several hundreds of atoms arranged into highly
symmetric clusters similar to those found in QC structures.
This definition of an approximant has been extended to
other structurally simpler phases, usually superstructures
based on vacancy-ordered CsCl units [7]. These latter
phases are termed ‘approximant’ in the sense that they
locally exhibit distorted fivefold atomic configurations along
certain crystallographic directions and have similar valence
electron concentrations as the corresponding QC phase. The
properties of various approximants have been investigated in
comparison to quasicrystals and it follows that the physical
behaviour of these phases gradually evolves towards the anti-
metallic character typical of QCs with increasing structural
complexity [8]. Therefore, a priori, approximant phases fulfil
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both requirements listed above in order to be used as an
interfacial layer between a QC coating and a metallic substrate.

In this paper, we investigate the possibility of growing
such an interface buffer layer. In section 2, we review
the different studies reporting the formation of approximant
phases on top of a QC substrate resulting from preferential
evaporation or sputtering of some component of the ternary
alloy. Then in section 3 we will describe situations where
intermixing between adsorbate elements and the QC substrate
leads to the formation of a surface alloy. The following
section 4 will describe new experimental results on the growth
of Cu thin films on the fivefold surface of the icosahedral
(i -) Al–Cu–Fe quasicrystal. For coverages ranging from
2–7 monolayers (ML), Cu intermixes with the substrate readily
at room temperature, resulting in the formation of a surface
alloy identified as the β-Al(Cu, Fe) bcc phase. Upon further
deposition, a bulk-like Cu thin film grows on top of the
β buffer layer. Furthermore, by annealing a 20 ML thick
Cu film, we promote the formation of another approximant
phase identified as the γ -Al4Cu9 phase. Finally, this surface
alloy is used as an interface layer in a stacking sequence of
Al(111)/Al4Cu9(110)/i -Al–Cu–Fe (fivefold, or 5f).

2. Phase transformations on quasicrystalline surfaces

Most QCs are obtained from a ternary melt containing a large
amount of Al, typically 60–70 at.%, alloyed with transition
metals, most often 3d and 4d elements. The stabilization of
such a complex structure is attributed to a combination of
both Hume-Rothery and sp–d hybridization effects, leading to
the formation of a minimum in the density of states located
in the vicinity of the Fermi level (EF) [9]. This so-called
pseudogap is a consequence of the interaction between the
Fermi sphere and the pseudo-Jones zone, constructed from the
Bragg planes corresponding to intense diffraction peaks. The
Bragg scattering of the electronic waves is further enhanced
by a hybridization mechanism. The induced depletion of
electronic states at EF contributes to the stabilization of the
QC phase by lowering the total free energy. The formation
of the pseudogap goes along with a specific ratio of valence
electrons per atom that determines the radius of the Fermi
sphere. This explains in part the observation that QC
usually form in a narrow composition range. When deviating
from this small concentration domain, QCs decompose into
neighbouring phases of the phase diagram, which are generally
approximants [10] or B2, CsCl-type β phases. Such phase
transformations at the solid state have been observed many
times in surface studies of various quasicrystalline systems.

Surface science requires the use of large single-grain
QCs which must be cleaned in ultra-high vacuum (UHV) for
investigation. Two different types of surface preparation are
typically used; either fracture in UHV to expose a fresh surface
or cycles of ion sputtering followed by annealing treatments.
The former leads to a rough surface morphology [11] and
is sample-consuming. Therefore the latter method is the
most commonly used and it has the advantage of producing a
step–terrace morphology [12], suitable for scanning tunnelling
microscopy (STM) experiments, for example. However, when

sputtering the surface of a QC, one or more elements are
preferentially removed from the surface and a proper annealing
is needed to recover the composition and structure of the
bulk. This general trend has been reported in several papers.
Table 1 summarizes the evolution of the near-surface chemical
composition and atomic structure during the sputter–annealing
cycle for several high-symmetry surfaces of i -Al–Cu–Fe and
i -Al–Pd–Mn QCs [13–16]. In both systems, a drastic Al
depletion is observed, giving rise to the formation of β

phases with CsCl structure type, in accordance with the phase
diagram. In the case of the Al–Cu–Fe system, the lattice
parameter of the β-Al(Cu, Fe) is a = 2.909 Å and the space
group is Pm3m. Al atoms occupy the corner sites and Fe and
Cu occupy randomly the body centred sites of the unit cell.
The β phase appears either directly after sputtering or after
low-temperature annealing. Except for the threefold surface
of i -Al–Pd–Mn, the interface plane between the β overlayer
and the QC is defined by the [110]β direction being parallel
to either the fivefold or twofold axis of the substrate [13–16].
The symmetry of the substrate, however, affects the number
of possible in-plane orientations. For the twofold surface, β-
(110) domains exist in two different orientations, whereas five
different domains coexist on the fivefold surface, rotated by
72◦. The structure of the sputter-induced overlayer is usually
derived from a low-energy electron diffraction (LEED) pattern
or reflection high-energy electron diffraction (RHEED). A
more detailed surface structure determination was performed
by Shi et al [14] on a sputtered fivefold i -Al–Cu–Fe surface
annealed at temperatures ranging from 550 to 650 K for
2 h. Using dynamical low-energy electron diffraction (LEED
I (V )), a best fit was found using a surface model consisting
of unreconstructed β-Al(Cu, Fe) with (110) orientation, with
Al atoms buckling out of the surface by 0.18 Å, due to the
relative size and electronegativity of Al compared to the other
elements.

Other CsCl-based structures were reported on i -Al–Pd–
Mn and i -Al–Cu–Fe QC surfaces by Shen and coworkers [13]
and a simple explanation for the frequent occurrence of such
B2 phases on QC surfaces was proposed, based on the fact that
only small displacements of atoms are needed to transform a
bcc packing into an icosahedral packing.

For higher annealing temperature, the chemical compo-
sition and the quasiperiodic structure are restored. The re-
quired temperature is obviously system-dependent. As an al-
ternative to diffraction experiments, it is possible to follow the
QC surface recovery by observing the formation of the pseudo-
gap upon annealing. Figure 1 shows ultraviolet photoemission
spectra (UPS) recorded on the fivefold i -Al–Cu–Fe surface af-
ter sputtering and after different annealing temperatures [15].
By fitting the Fermi edge, the authors could show that a pseu-
dogap developed progressively with increasing annealing tem-
perature, illustrating the transition from a metallic-like system
to a quasicrystal. Similar observations were made by UPS on
the twofold surface of i -Al–Pd–Mn after sputtering and anneal-
ing up to 973 K [16].

Although only simple CsCl-based structures have been
observed so far as overlayers on the Al–Cu–Fe system, the
formation of more complex alloys has been reported on the Al–
Pd–Mn surface upon sputtering–annealing. A stable decagonal
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Table 1. Chemical composition and structure of various QC surfaces measured after sputtering and annealing at different temperatures.
Details on the preparation and experiments can be found in [13–16].

Auger electron spectroscopy

Annealing T (K) Al (%) Pd (%) Mn (%) LEED

2f-Al–Pd–Mn 300 61 33 6 No pattern Shen et al
600 68 27 5 Two bcc (110) domains
900 73 19 7 Twofold i-QC

3f-Al–Pd–Mn 300 49 45 5 3 facets
600 62 36 2 3 facets + cubic (111)
800 74 20 6 Threefold i-QC

5f-Al–Pd–Mn 300 52 43 5 No pattern
600 63 33 4 Five bcc (110) domains
850 71 23 6 Fivefold i-QC

X-ray photoelectron spectroscopy LEED/XPD

5f-Al–Pd–Mn 300 53 41 6 5 bcc domains Naumovic et al
823 68 26 6 Fivefold i-QC
923 76 11 13 Tenfold d-QC

2f-Al–Pd–Mn 300 54 42 4
638 61 37 2 2 bcc (110) domains
683 70 26 4 rotated by 109◦
823 73 22 5
973 68 27 5 Twofold i-QC

Auger electron spectroscopy

Al (%) Cu (%) Fe (%) LEED

5f-Al–Cu–Fe 300 54 22 24 No pattern Shen et al
600 64 18 18 Five bcc (110) domains
800 72 18 10 5f-fold i-QC

5f-Al–Cu–Fe 550–650 64 18 18 Five cubic β-(110) Shi et al
750 73 16 10 Fivefold i-QC

X-ray photoelectron spectroscopy RHEED

5f-Al–Cu–Fe 300 50 34 16 Five cubic β-(1-10) Barrow et al
570 64 22 14 Domains
670 62 27 11 β-spots fading
770 64 26 10 QC pattern

(d-) Al–Pd–Mn surface alloy was reported upon annealing
the fivefold surface of i -Al–Pd–Mn at 923 K [17]. This
phase was attributed to the enrichment of the surface with
Mn during annealing at high temperature. The orientation
relationship with the isocahedral substrate was determined by
x-ray photoelectron diffraction (XPD). The decagonal phase
has its tenfold axis parallel to the fivefold axis of the i -Al–
Pd–Mn substrate. Ledieu and coworkers also observed the
occurrence of an orthorhombic approximant phase T-Al3Mn
after annealing above 970 K [18]. The measured composition
was Al75Pd6Mn19, i.e. very close to Al3Mn. The same kind of
T-phase formation on the fivefold surface of i -Al–Pd–Mn was
reported after annealing at 920 K [19].

Another complex phase was observed after annealing the
same sample at lower temperature (770 K) [19]. The structure
of this phase was characterized by STM (figure 2). The lattice
parameters of the rectangular unit cell of this surface alloy
derived from these images are found equal to a = 1.9 Å and
b = 4.8 Å. This does not correspond to any known bulk phase.

These results illustrate the great variety of complex surface
phases which can be formed on QCs, with good orientational

epitaxy. However, in these experiments, these alloys were
formed by ‘accident’ during QC surface preparation. No
control over the chemical composition can be achieved during
the sputter–annealing process and thus this method does not
appear to be valid for the formation of well-defined interface
buffer layers. Therefore, we will focus in the next section
on the formation of surface alloys induced by controlled
interdiffusion of an adsorbate with substrate atoms.

3. Surface alloys grown on quasicrystalline surfaces

Studies of surface alloys induced by deposition of a metal A
on a substrate B is a subject in itself (see, e.g., [20]). In
most studies, substrate B is a simple metal and alloying occurs
either at room temperature or must be activated by annealing.
Here we are facing an additional degree of complexity because
the metal adsorption occurs on a ternary alloy. However,
the surface of Al-rich QCs like i -Al–Pd–Mn or i -Al–Cu–Fe
corresponds to a bulk truncation consisting of an Al-rich top
layer followed by a plane containing transition metals and
located just 0.42 Å below [21–24]. The density of this surface
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Figure 1. Room temperature photoemission valence band spectra of
the fivefold i-Al–Cu–Fe surface, measured using He I (21.2 eV)
radiation for different annealing temperatures. Sputtering conditions
were (Ar+, 5 keV). Reprinted with permission from [15]. Copyright
2003, Elsevier.

termination is similar to that of an Al(111) surface. Therefore
it may be useful to compare the deposition of a metal on
a QC with the binary metal-on-Al system. We reproduce
in table 2 a summary of experimental data on intermixing
in an Al–transition metal (TM) bilayered system, taken from
Buchanan et al [25]. Intermixing lengths reported in this table
were obtained using grazing incidence x-ray reflectivity on
samples of TM on Al and Al on TM deposited by magnetron
sputtering (200 W, 350 V, pAr = 0.27 Pa) at room temperature.
As can be seen from table 2, the degree of intermixing
at room temperature is surprisingly large in many Al–TM
systems. This is especially true for Co–Al, Cu–Al and Au–Al
bilayers [25].

In the following, we provide some examples showing that
such a comparison between TM–Al bilayers and TM on Al-
rich QCs is relevant. Shimoda et al studied the growth of an Au
thin film deposited on the tenfold d-Al–Ni–Co or the fivefold
i -Al–Pd–Mn surfaces [26, 27]. At submonolayer coverage,
the formation of twinned CaF2-type Al2Au(110) domains was
observed at room temperature. For higher coverage (≈10 ML),
the same surface alloy is formed on d-Al–Ni–Co or i -Al–Pd–
Mn: however, the use of In as a surfactant and a soft annealing
(350–400 K) was necessary. Therefore, as expected from
the intermixing length of bilayers at room temperature, Al–
Au compounds can be formed on the QC substrate. Another
example is the adsorption of Co on i -Al–Pd–Mn reported by
Weisskopf et al [28]. At low coverage, it was found that Co
deposition leads to the continuous formation of a CsCl-type

Figure 2. STM images obtained after decomposition of the fivefold
i-Al–Pd–Mn surface at 770 K. Reprinted with permission from [19].
Copyright 2002 by the American Physical Society.

AlCo(110) surface alloy already at room temperature. Five
domains rotated by 72◦ from each other are responsible for the
observed pseudo-tenfold LEED pattern. For larger coverages
(above 2 ML), Co grows epitaxially on the interfacial layer
of AlCo, adopting the bcc (110) structure. This last example
illustrates the relevance of the use of intermixing data (table 2)
to predict general trends for metals on QCs. It also shows
the potential use of surface alloys as interfacial layers between
QCs and metallic layers.

Finally, Bielmann et al showed that γ -Al4Cu9 is formed
by deposition of Cu on a monocrystalline i -Al–Pd–Mn QC
sample and subsequent annealing (623 K) [29]. The γ -Al4Cu9

phase is interesting as it has been described as an approximant
of the i -Al–Cu–Fe QC [30] which exhibits a surprisingly low
friction coefficient against hard steel in vacuum [4]. Its surface
energy is estimated to be close to that of aluminium (typically
1 J m−2) [4]. It is a cubic phase based on a 3 × 3 × 3
superstructure of CsCl unit cells containing two vacancies.
Unlike many simple CsCl-type structures presented above, it
exhibits a valence electron concentration similar to that of the
i -Al–Cu–Fe phase, and pentagonal configurations within its
(110) plane. Those elements make it a good candidate for
potential use as an interfacial layer between a QC coating and a
metallic substrate in order to get a good orientation relationship
and good adherence. In the next section, we present new
experimental results describing the formation of this phase on
the fivefold surface of the i -Al–Cu–Fe substrate.

4. The γ -Al4Cu9 surface alloy as an interface
buffer layer

4.1. Experimental details

The following experiments were performed in a UHV multi-
chamber system with a base pressure of ∼5 × 10−11 mbar. A
clean fivefold i -Al–Cu–Fe surface was prepared by sputtering
(Ar+, 2 keV) and annealing (913 K) cycles. The quasiperiodic
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Figure 3. LEED pattern and STM image of the clean surface (a) and after dosing 0.5 ML on i-Al–Cu–Fe (b). (c) shows two LEED patterns
obtained after 1 ML deposition. (d) shows typical LEED and STM images for a coverage ranging from 2 to 8 ML. (e) Typical LEED pattern
and STM image obtained for a 20 ML thick Cu film on i-Al–Cu–Fe.

Table 2. Intermixing lengths, in Å, for transition metals grown on Al and Al grown on transition metals. Bilayers are systematically formed
at room temperature by magnetron sputtering (200 W, 350 V, pAr = 0.27 Pa). Reprinted with permission from [25]. Copyright 2002 by the
American Physical Society.

Ti V Cr Mn Fe Co Ni Cu

Al Ti Al V Al Cr Al Mn Al Fe Al Co Al Ni Al Cu
On On On On On On On On On On On On On On On On
Ti Al V Al Cr Al Mn Al Fe Al Co Al Ni Al Cu Al
17 50 26 94 5 33 104 151 9 21 8 68 14 79 28 168

Zr Nb Mo Tc Ru Rh Pd Ag

Al Zr Al Nb Al Mo Al Ru Al Rh Al Pd Al Ag
On On On On On On On On On On On On On On
Zr Al Nb Al Mo Al Ru Al Rh Al Pd Al Ag Al
10 51 8 36 13 34 8 52 4 47 48 56 25 45

Hf Ta W Re Os Ir Pt Au

Al Hf Al Ta Al W Al Re Al Os Al Ir Al Pt Al Au
On On On On On On On On On On On On On On On On
Hf Al Ta Al W Al Re Al Os Al Ir Al Pt Al Au Al
20 44 1 9 1 35 21 86 1 71 2 54 19 45 52 63

structure of the surface was checked by LEED and STM
before each thin film deposition. Copper thin films were
grown using an e-beam evaporator whereas Al thin films were
grown using a cold-lip effusion cell. Al and Cu purity was
99.999% and the pressure was kept below 2 × 10−10 mbar
during deposition. Fluxes were calibrated by analysis of STM
images at submonolayer coverage and were determined equal
to 0.002 and 0.05 ML s−1 for Cu and Al, respectively. The
coverage investigated ranged from 0.5 to 20 ML.

The structure of the film was monitored as a function of
coverage (θ) and annealing temperature using STM (Omicron
VT-STM) and LEED. The lattice parameters deduced from
the LEED patterns were obtained by scaling the reciprocal
space using a clean Cu(111) sample for each beam energy.

The sample was heated by an e−-beam stage, and annealing
temperatures mentioned in the following correspond to
the temperature measured by the thermocouple attached to
the manipulator close to the sample surface. Additional
measurements by optical pyrometry (emissivity 0.35) showed
that the surface temperature is actually 70 ◦C above the
thermocouple value, within the temperature range investigated
(up to 573 K). We will nevertheless refer to the thermocouple
temperature in the following as it is not possible to use the
optical pyrometer for in situ annealing experiments.

4.2. Room temperature growth

The room temperature growth is monitored by LEED
and STM for 12 different coverages, from 0 to 20 ML
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(0, 0.5, 1, 2, . . . , 8, 12, 20). Figure 3 shows the evolution
of the LEED pattern together with STM images for
relevant coverages. The clean surface (figure 3(a)) presents
large atomically flat terraces separated by steps and the
corresponding LEED pattern is consistent with a well-
ordered fivefold i -Al–Cu–Fe surface. After deposition of 0.5
monolayers (ML) of Cu (figure 3(b)), STM images reveal the
formation of small islands with monoatomic heights (2 Å) on
the surface. The average island size is estimated from these
images at 25 nm2. At this coverage, the LEED pattern still
shows fivefold symmetry but the number of spots is reduced.
This is consistent with a previous report on this system by
Sharma et al [31]. At 1 ML, additional LEED spots appear,
suggesting that another phase is developing (see figure 3(c)).
Figure 3(d) is representative of the typical LEED patterns and
STM images observed for coverages ranging from 2 to 8 ML.
The observed pseudo-tenfold pattern consists of five rotational
domains, which are rotated by 72◦ from each other. Distances
measured in reciprocal space (rectangular unit cell drawn on
the LEED pattern in figure 3(d)) correspond to a unit mesh
of 4.10 Å × 2.91 Å in direct space. When comparing to
crystallographic data, the dimensions of this surface unit cell
are consistent with the (110) orientation of the β-Al(Cu, Fe)
phase whose lattice parameter a = 2.902–2.908 Å [32].
Figure 3(d) also shows an STM image for 5 ML Cu, indicating
a pseudo-layer-by-layer growth. At 8 ML, a more 3D growth
is observed with larger faceted domains (figure 3(e)). The
measured angles between the facets (∼125◦) are expected
from the structure of the (110)bcc plane. Finally, from 8
to 20 ML, a new pattern appears consisting of a ring of
30 spots with a diameter corresponding to 2.54 Å in direct
space (figure 3(f)). This corresponds to bulk-like Cu growing
with five rotational domains with the (111) axis normal to
the surface. Atomic rows can be observed on STM images
which must be responsible for the stripes in the LEED patterns.
No clear sequence of distances between the rows could be
determined from STM images. Also, the high background
in the LEED patterns does not allow one to distinguish two
consecutive parallel stripes. More experiments are needed to
compare this system with previous investigations by Ledieu
et al on Cu thin films grown on i -Al–Pd–Mn [33, 34]. In this
latter case, the atomic rows within the Cu domains were shown
to follow a Fibonacci sequence. The main difference between
the two systems is that Cu is deposited on the β phase and not
directly on a fivefold QC plane as in the present case.

It is quite surprising, however, that the β phase is formed
at room temperature on the i -Al–Cu–Fe but not on the i -Al–
Pd–Mn. The fact that a new LEED pattern starts appearing
already at 1 ML coverage suggests that there is already some
intermixing taking place on the i -Al–Cu–Fe surface. The
formation of the β phase is indeed expected on the basis of the
large intermixing reported in Cu–Al bilayers (table 2). Also,
intermixing was already mentioned by Barnes et al in a study
of Cu/Al(111) system by LEED [35].

4.3. Annealing Cu/i-Al–Cu–Fe

For Cu thin film grown on Al, it is known that a critical
thickness of the Cu film is needed to promote the formation

Figure 4. LEED patterns observed after annealing 5 ML (a) and
8 ML (b) of Cu/ i-Al–Cu–Fe at 573 K.

of γ -Al4Cu9 [36, 37]. For the Cu/i -Al–Cu–Fe system also,
the thickness of the Cu must be larger than some critical value
in order to stabilize an interface region that will prevent fast
diffusion of Cu into the bulk. In this way, the surface region
may contain enough Cu to grow γ -Al4Cu9. To determine
this critical value, we have annealed Cu films of different
thicknesses on i -Al–Cu–Fe, namely θ = 5, 8 and 20 ML.

Figure 4 shows LEED patterns obtained during the
annealing of 5 and 8 ML thick Cu films. The surface is
annealed in front of the LEED optics and the heating power is
switched off when a new pattern appears. For 5 ML annealed
at 573 K (figure 4(a)), the LEED spots corresponding to the β

phase become more intense and sharper. In addition, substrate
spots reappear, indicating that there is either Cu desorption
or diffusion into the bulk. For 8 ML annealed at 573 K, the
pseudo-tenfold patterns correspond again to the β phase with
(110) planes perpendicular to the fivefold axis of the substrate.
The quality of the diffraction pattern is much better than those
recorded after room temperature deposition, indicative of an
improved structural order.

Figure 5 shows the LEED of the 20 ML thick Cu film
annealed at 558 K. The complex pattern of figure 5(a) is
interpreted as resulting from five domains of γ -Al4Cu9(110)

rotated by 72◦ from each other. Indeed the experimental
pattern can be reproduced by superimposing five reciprocal
lattices of γ -Al4Cu9(110) rotated by 72◦ from each other
(figure 5(b) and (c)). Similar results can be obtained by
calculating the Fourier transform of five γ -(110) planes rotated
by 72◦, as shown in figure 5(d). The matching is almost perfect
except for the outermost spots that do not belong to the γ

phase. Those latter spots actually belong to some remaining
β phase. Domains of γ -(110) appear in STM images as a set
of parallel atomic rows separated by 12.31 Å (figure 6). Angles
between atomic rows of adjacent domains are multiples of 72◦.
Measurements along atomic lines lead to a constant value of
8.8 Å, which is one of the two parameters of the γ -(110) unit
mesh (a = 8.71, b = 12.31 Å). One can notice that other
domains that do not present these atomic rows coexist with the
γ phase (indicated by arrows in figure 6(b)). Those domains
are attributed to the remaining β phase.
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Figure 5. (a) LEED pattern for a 20 ML thick Cu film deposited on i-Al–Cu–Fe and annealed at 558 K. (b) and (c) show the good agreement
obtained by matching the experimental LEED pattern (50 eV) with five calculated reciprocal lattices of γ -(110) domains rotated by 72◦.
(d) shows the correspondence between the experimental LEED pattern taken at 60 eV and the fast Fourier transform of five γ -(110) domains
rotated by 72◦.

Figure 6. (a), (b) STM images of a 20 ML thick Cu film on i-Al–Cu–Fe and annealed at 558 K. Atomic rows are observed with γ -(110)
domains. Some regions corresponding to untransformed β phase are indicated by arrows in (b).

4.4. Al/Al4Cu9/ i -Al–Cu–Fe sandwich

We have seen that the γ -Al4Cu9 approximant can be grown
easily on top of the QC, as long as the initial Cu film is thick
enough. The interfacial relationship between the approximant
and the QC substrate is defined by [110]γ ‖ 5f. We then grow
a 10 ML thick Al film on the Al4Cu9/i -Al–Cu–Fe substrate.
Figure 7 shows the corresponding LEED pattern recorded at
80 eV. It consists of two different sets of spots: a ring of
30 spots with a diameter corresponding to 2.80 Å in direct
space together with a pseudo-tenfold pattern characteristic of
the β phase. This is consistent with five domains of Al(111)
rotated by 72◦ either on top or coexisting with the β phase.
The β phase may be formed by destabilization of a part of
the γ phase induced by Al diffusion at the interface. More
insight could be provided by in situ STM measurements on
such system.

This successfully demonstrates the possibility of growing
a coherent buffer layer between a simple metal and a QC
substrate. The interfacial relationships between the different
layers are defined by Al(111)/Al4Cu9(110)/i -Al–Cu–Fe (5f).

Figure 7. LEED pattern for a 10 ML thick Al film deposited on
Al4Cu9/i-Al–Cu–Fe. The outer ring of 30 spots corresponds to a
fivefold twinning of Al(111) with a lattice parameter of 2.80 Å
whereas the inner ring of spots comes from β-(110) domains.

5. Summary

We have reviewed several examples where the formation of
complex approximant phases on QC substrates was observed.
These phases can appear either as a result of surface
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phase transformations induced by preferential sputtering or
evaporation of some component of the ternary alloy. They
can also be formed in a controlled way by annealing a thin
film deposited on the QC substrate. For Al-based QCs,
the adsorbate element can be selected from among transition
metals that form approximants when alloying with Al. To
illustrate this approach, we have grown Cu films of different
thickness on the fivefold surface of the i -Al–Cu–Fe QC. Low-
temperature annealing of a 20 ML thick film is sufficient
to promote the formation of the γ -Al4Cu9 approximant as
a surface alloy. This phase is a Hume-Rothery alloy with
physical properties intermediate between a simple metal and
a QC, and could be used as an interface buffer layer to
enhance adhesion between a QC coating and a metal substrate.
Finally, we could form Al(111) domains on top of the
fivefold twinning of γ -Al4Cu9(110) domains. The epitaxial
relationships between the different layers of the complete
stacking are defined by [111]Al ‖ [110]Al4Cu9 ‖ [5f]i-Al–Cu–Fe.
We believe that this approach could be useful to tailor the
adhesion of QC coatings on simple metal substrates.
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