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Epitaxial decagonal thin films on crystalline substrates
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Abstract

Al–Cu–Fe–Cr quasicrystalline thin films were grown on atomically flat Al2O3

sapphire (0001) substrates by single-target magnetron sputtering followed by
annealing. A decagonal phase with the tenfold axis A10 parallel to the substrate
surface normal was observed. The epitaxial decagonal film had two different
unique orientations: a twofold P axis A2P and a twofold D axis A2D parallel to
½10�110� of the substrate. These two configurations were explained using a
coincidence reciprocal lattice planes model for the interface energy. We show
that this classic approach for crystal–crystal epitaxy can be applied to
quasicrystal–crystal systems.

} 1. Introduction

Quasicrystals are orientation-ordered structures with classically forbidden rota-
tion symmetries (e.g. fivefold and tenfold rotation axes) which are incompatible with
periodic translational ordering. Quasicrystalline materials exhibit properties that are
very different from conventional metallic materials; for reviews of their properties see
Archambault and Janot (1997), Jenks and Thiel (1997, 1998), Urban et al. (1997),
and Dubois (2000). Industrial applications have employed quasicrystalline materials
as a thin coating on conventional crystalline materials (Besser and Eisenhammer
1997, Dubois 2000). Therefore, it is important to establish the geometric relationship
between quasicrystal coatings and crystal substrates.

Research in this area had been limited to establishing the relationship between
quasicrystal single crystals to crystalline phases induced by ion sputtering (Zhang
and Geng 1992, Zhuang et al. 1993, Shen et al. 1998) and quasicrystal precipitates to
their crystalline matrices due to ion implantation (Zhang et al. 1997). These may
impose restrictions on the geometric orientation because the phases appear as a
result of local rearrangement or displacement of atoms due to high-energy particles.
More recently, there have been studies on the geometric relationship between crystal-
line thin films on quasicrystal substrates by physical vapour deposition. Shimoda et
al. (2000) attempted to grow a Au thin film (about 0.19 nm) on decagonal Al–Ni–Co
and reported the orientation of the alloyed AuAl2 layer with respect to the sub-
strates. Bolliger et al. (2001) reported epitaxial growth of an Al film (less than 8 nm)
on the fivefold-symmetric surface of icosahedral Al–Pd–Mn; however, the stability
was limited to 508C owing to diffusion of Al into the sample. Li et al. (1997) reported
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growth of fully oriented Al–Cu–Co decagonal films on crystalline substrates using X-
ray diffraction but was unable to study the geometric orientations at the interface.

In none of the work to date has there been any attempt to explain the observed
orientational relationship. In addition, it is not clear in any of the prior work
whether true thermodynamic equilibrium of the quasicrystal–substrate interface
has been achieved. Here we report the geometric relationship of Al–Cu–Fe–Cr
decagonal thin films on crystalline substrates produced by magnetron sputtering
and annealed to equilibration. We show that the observed orientations follow the
same rules as governing those for crystal–crystal interfaces.

} 2. Experimental details

Aluminium oxide (Al2O3) (sapphire) (0001) substrates were prepared using stan-
dard transmission electron microscopy (TEM) sample preparation techniques: cut-
ting to a 3mm disc, thinning, mechanical dimpling, followed by Arþ-ion milling to
perforation. Subsequently the substrates were annealed in air at 14008C for 2–4 h to
allow recovery and recrystallization from defects introduced during preparation
(Kim and Hsu 1992, Susnitzky and Carter 1992).

Substrates were inserted into the sample preparation, evaluation, analysis and
reaction (SPEAR) system which allows sample manipulation and transfer under
ultrahigh vacuum. The system includes a magnetron sputtering chamber for thin-
film growth, a Hitachi ultrahigh vacuum H-9000 transmission electron microscope
and a Phi X-ray photoelectron spectroscope. Details of the system (Collazo-Davila
et al. 1995) and preliminary in-situ results on the growth (Widjaja and Marks 2002)
have been published elsewhere.

After insertion into the ultrahigh-vacuum chamber, samples were evaluated
using X-ray photoelectron spectroscopy (XPS) and TEM to ensure surface cleanli-
ness and to document the surface morphology prior to deposition. XPS studies show
clean Al2O3 surfaces and TEM studies reveal the presence of atomically flat terraces
100–150 nm wide.

Thin films were deposited in a magnetron sputtering chamber with a base pres-
sure of 6:7� 10�8 Pa. Deposition was carried out in Ar (99.998% purity) at
3:7� 10�1 Pa, 150W and no substrate bias. The deposition rate at room temperature
was determined to be approximately 13 nmmin�1. The average compositions of the
films were Al86:3�4:4Cu3:9�0:7Fe5:4�0:4Cr4:4�0:5 and Al82:5�4:3Cu4:0�0:5Fe7:9�0:7Cr5:5�0:3

as measured by in-situ XPS and ex-situ Energy-dispersive X-ray spectroscopy
(EDXS) respectively (calibrated via atomic emission spectroscopy). Measurements
by EDXS of the composition of single grains of the decagonal phase gave a compo-
sition of Al78:3�4:5Cu7:6�1:4Fe7:5�1:9Cr6:6�1:0. As a consequence, the overall film was
not phase pure, but this is not relevant for the results described herein.

The samples were taken out from the ultrahigh-vacuum chamber and put in a
flowing Ar tube furnace for annealing. The annealing treatment proceeded in two
steps: preheating at 5758C for 22 h and subsequent heating at 8008C for 2 h. The
samples were then brought to room temperature with a cooling rate of less than
48Cmin�1. Studies on thin films annealed at 300–4008C did not show any specific
orientations between the decagonal films and the atomically flat crystalline sub-
strates (Widjaja and Marks 2002). The preheating temperature was chosen to
allow reorientation of grains because, at this temperature, solid diffusion is enhanced
(Widjaja and Marks 2002). Additional heating at 8008C was intended to equilibrate
the samples as observed in multilayer post-annealing of Al–Cu–Co decagonal mat-
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erial (Li et al. 1997). The annealed samples were studied using a Hitachi H-8100
transmission electron microscope.

Samples for diffraction intensity measurement were deposited on sodium chlor-
ide crystals at room temperature and annealed in flowing Ar to form the decagonal
phase. The substrates were removed by dissolving in water to acquire free-standing
thin films. These were then suspended on holey-C films in Ni grids and studied using
a JEOL-3010 transmission electron microscope. Diffraction patterns were recorded
digitally using Digital Micrograph 3.00 and were processed using Semper software;
the diffraction intensity were measured using a cross-correlation method (Xu et al.
1994).

} 3. Results

Selected-area diffraction patterns on the annealed samples as shown in figure 1
correspond to a decagonal diffraction pattern superimposed on the substrate diffrac-
tion pattern. The decagonal phases in the thin films have the tenfold axis oriented
parallel to the substrate surface normal, A10==Al2O3½0001�.

The diffractions pattern of the decagonal phase along the tenfold direction and
the sapphire substrate show tenfold symmetry (equivalent to 368 rotation) and three-
fold symmetry (equivalent to 1208 rotation). Therefore the unique orientation of
both diffraction patterns is limited to 128 of rotation. Only two unique relative
orientations were observed: A2D==Al2O3½1010� and A2P==Al2O3½10�110�, where A2D

and A2P represent the two types of twofold axis in the decagonal phase.

} 4. Analysis

A common approach for describing the observed two unique orientations is
symmetry and alignment of rotation axis (Zhang and Geng 1992, Zhang et al.
1997, Shen et al. 1998, Bolliger et al. 2001). In the configuration observed in figure
1, there are common symmetry elements, namely mirror planes, which compose the
subgroup common to both structures, and alignment of the twofold decagonal axis
with the twofold axis of the sapphire.

However, while this is a viable way of describing the orientation relationship, it
does not answer the fundamental question: the energetics. Interface energies between
two crystalline materials are relatively well understood, and there are three com-
monly used models: the coincident-site lattice model (Grimmer et al. 1984, Grimmer
1989, Wolf and Yip 1992, Sutton and Baluffi 1995), coincidence of reciprocal-lattice
planes (CRLP) (Fletcher and Adamson 1966, Ikuhara and Pirouz 1996, Stemmer et
al. 1996) and the d-spacing concept (Sutton 1992, Wolf and Yip 1992, Sutton and
Baluffi 1995). Of these the original CRLP model can be applied to quasicrystals, with
one important extension that appears to have been omitted to date in the literature.

Following Fletcher and Lodge (1975), the energy of a boundary can be written as
a combination of two terms: an interface energy Ei and an elastic strain energy Es.
With a displacement of

FðRÞ ¼ �
X

j

þ 2½Dj sinðjERÞ þ Cj cosðjERÞ� � C0: ð1Þ

They wrote the interface energy in the very general form
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Figure 1. Superimposed diffraction patterns from decagonal quasicrystals on a sapphire
substrate showing A10==Al2O3½0001�: (a) A2P==Al2O3½10�110�; (b) A2D==Al2O3½10�110�.
The two unique orientations are related by a 68 rotation of the decagonal phase
along the tenfold axis with respect to the crystalline substrate.
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where A and A 0 are the areas of interface unit cells, �ðkÞ is Fourier transform of the
atomic potential,

Ð
vðrÞ expð�ikErÞ dr, B is the relative translation of the two lattices

which have q and q 0 reciprocal-lattice vectors, J0 and Jn are Bessel functions and j is
a vector corresponding to allowed distortion components.

In the original derivation, only a simple basis for the unit cell was employed, and
the delta functions arose via a sum over all atoms in the interface, that isX

R

expðikERÞ ¼ N�k;q ð3Þ

for N atoms. This is not correct in general, and the equation has to be modified by
replacing �k;q�k;q 0 with UðqÞUðq 0Þ�k;q�k;q where

UðqÞ ¼
X
R

expðiqERÞ; ð4Þ

with a sum over the basis of the unit cell. This term, which by analogy to crystal-
lographic direct methods where it also arises, we shall call a unitary structure factor.
We note that it is statistically related to IðqÞ, kinematic electron (or X-ray) diffrac-
tion intensities (Giacovazzo 1998) for the outermost layer of the material on each
side of the interface by

UðqÞ / ½IðqÞ�1=2

hf ðqÞi ð5Þ

where hf ðqÞi is the expectation value of the single-atom scattering factors. For thin
regions there will be some dynamic diffraction, but this relationship should remain
approximately correct. Even though a quasicrystal does not have a three-dimen-
sional lattice, it does form discrete reciprocal-lattice points so this form can still
be used. A more detailed analysis, including use of traction matching (as against
the variational approach used originally) will be presented elsewhere. Here we shall
follow the original work and exploit a simple first-order approach, which gives a
total energy of form

E ¼ E0 �
X

j

½UðqÞ�0ðqÞ�2

j
; ð6Þ

where j is the vector joining two diffraction spots from the bicrystal and �0ðqÞ is the
atomic interaction potential which is at the present time unknown for the quasicrys-
tal–crystal interface. We took �0ðqÞ to be unity, which will introduce some error but
should not substantively alter the results.
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A schematic reciprocal-lattice plane is shown in figure 2. We included the ð10�110Þ-
type diffraction spots of alumina (corundum structure) which is forbidden in the
bulk but allowed at a surface or interface. The values of UðqÞ were taken as ½IðqÞ�1=2
for the quasicrystal and as unity for the alumina substrate. Since E / �1=j, the
spots with small j values dominating the energy term. Therefore, only the set of
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Figure 2. Schematic reciprocal-lattice planes of decagonal quasicrystal and alumina crystal:
(a) decagonal diffraction spots (white full circles) and alumina diffraction spots (white
crosses); (b) decagonal vectors qA and qB and alumina vectors (q 0

A and q 0
B) in the

reciprocal-lattice and their corresponding j vectors jA and jB.



Epitaxial thin films on crystalline substrates 53

Figure 3. Energy calculation: (a) E ¼ �1=jA for set A; (b) E ¼ �1=jB for set B, (c) total
energy E ¼ �f

P
�A
½IðqAÞ=jA� þ

P
jB
½IðqBÞ=jB�g showing two minima correspond-

ing to A2P==Al2O3½10�110� and A2D==Al2O3½10�110�. The graph shows the 128 rotation
periodicity.



spots that are closest to ð10�110Þ and ð1�2210Þ, set A for the (11100) spot and set B
corresponding to the (12210) reflection, needed to be considered in the calculation.

Reciprocal spacings of ð10�110Þ and ð1�2210Þ of Al2O3 and (11100) and (12210) of
the decagonal were calculated and measured to be 2.4243 nm�1, 4.1990 nm�1,
2:5399� 0:0219 nm�1 and 4:1068� 0:0319 nm�1 respectively. The measured inten-
sity ratio IA=IB was 2:7� 0:6.

Starting with the configuration where A2P is aligned with ½10�110�, and using this as
the rotational origin of 08, the summation of �IðqÞ=� for the spots from different
sets,

E � �
�X

jA

IðqAÞ
jA

þ
X
jB

IðqBÞ
jB

�
; ð7Þ

is plotted in figure 3. There are energy minima, at 08 ðA2P==½10�110�Þ and 68
ðA2P==½1�2210�Þ. These minima are equivalent to A2P==½10�110� and A2D==½10�110�, which
are the observed orientations.

} 5. Discussion

The results reported herein indicate that quasicrystalline materials can have
specific orientational relationships in interfaces to crystals, and that these obey
very similar rules to those that govern crystalline interfaces. In real space it is
hard to model this (except via some large approximant to the quasicrystal), but
the first-order approach is viable and should be completely general in reciprocal
space. The UðqÞ term that should be included will also weight the analysis towards
orientations with more atoms aligned, and may be important in general although
often the 1=j term will dominate. (More accurate analyses require expansions to
higher order, which may not be so tractable.)

We would presume that the interface is relaxed by misfit dislocations, similar to
crystal–crystal interfaces. The exact form of these is an interesting question. With a
softer material connected to a quasicrystal, we would expect a quasiperiodic array of
dislocations. While there is a suggestion of this in the literature (Zhang and Geng
1992, Zhuang et al. 1993), a complete analysis does not appear to exist as yet.

} 6. Conclusions

Al–Cu–Fe–Cr quasicrystalline thin films were grown on atomically flat Al2O3

(sapphire) (0001) substrates. A decagonal phase with the tenfold axis A10 parallel to
substrate surface normal was observed with two different unique orientations, which
were related by 68 rotation along the tenfold axis with respect to each other. The two
orientations are A2P==½10�110� and A2D==½10�110� of the substrate. Using the extension of
the CRLP model for quasicrystal–crystal epitaxy, we are able to determine the
minimum energy for the interface and hence to predict and explain the stable geo-
metric relationship between quasicrystal–crystal interfaces.
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