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Short-range order in a thin film of decagonal Al–Co–Ni quasicrystal:
calculated from a structure model and measured with EXAFS
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Abstract

Extended X-ray Absorption Fine Structure (EXAFS) measurements performed at the Co and Ni K absorption edges of thin decagonal
A1 Co Ni quasicrystalline films are presented. Layers were grown by solid state reaction of a multilayer stack of elemental metals.73 16 11

Experimental data of short range order is compared to that calculated from a modified Li–Steurer structure model. To fit the measured
˚EXAFS function, the neighbourhood of transition metals cobalt and nickel up to 3 A was calculated from this model. Overlap of

hyperatoms in the perpendicular space has been taken into account. The algorithm for the calculation of the average neighbourhood of a
given element can also be applied to other quasicrystalline structures modelled by using a cut-and-projection method from a

˚high-dimensional space. The average neighbourhood of Ni and Co atoms was found to be equal within a radius of 3 A. Sites of transition
metals should be occupied statistically by Ni and Co.  1999 Elsevier Science S.A. All rights reserved.
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1. Introduction that only binary quasicrystalline phases could be grown by
annealing of multilayer stacks [16]. It was only very

Both stability and structure of the decagonal phase in the recently that films of a decagonal phase in the ternary
system Al–Co–Ni has been studied by a number of system Al–Cu–Co have successfully been prepared [17].
workers [1–7]. Nevertheless, many problems remain to be To our knowledge, thin films of Al–Co–Ni d-phase have
solved due to a pronounced effect of composition and hitherto not yet been obtained.
temperature on structure [2,3,5–7]. In view of the lack of It is the aim of this paper to communicate for the first
periodicity in two dimensions experimental data on short time results of an EXAFS study of the Al–Co–Ni d-phase
range order should help to refine the structure. For this at both the Co and Ni K-edges and compare them with the
purpose we have probed just the local structure using radial distribution around Co and Ni atoms as derived from
extended X-ray absorption fine structure (EXAFS). So far, a structural model.
relatively few authors have applied EXAFS to work out
details of the quasicrystalline structure (e.g. in the systems
Al–Mn [8], Al–Mn–Si [9], Al–Li–Cu [10,11], Al–Pd– 2. Modelling of neighbourhood
Re, Al–Pd–Mn [12], Al–Cu–Fe [13], Al–Cu–Co [14]).
One reason for this is probably the difficulty of obtaining Let us first deal with the way we adopted structure
atom coordinates in real space. In the present case of a geometry. The structure of the decagonal phase of Al–Ni–
decagonal quasicrystal this requires projection of a five- Co has a periodicity along its ten-fold axis and a two-
dimensional space with the occupation domain extended to dimensional quasiperiodicity perpendicular to this axis.
the two-dimensional space [15]. Depending on composition and temperature various struc-

Recently, much effort has been made to prepare ture modifications and superstructures have been observed
quasicrystalline films. For a couple of years it appeared so far [2,3,5–7,18].

In this paper we will make use of the structural model as
proposed by Steurer et al. [1] which is an idealisation*Corresponding author.

E-mail address: paufler@physik.phy.tu-dresden.de (P. Paufler) without any superordering. It was derived using refined
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diffraction data of decagonal A1 Ni Co . According to layer A. The two layers A and B are symmetrically70 15 15

this model the structure consists of two quasiperiodic equivalent. The average neighbourhood of atoms in layer
periodically repeated layers where one layer is a copy of A is the same as for atoms in layer B. Therefore, it is
the other rotated by 368. However, this model still contains sufficient to consider the overlap of hyperatoms of type 1

˚aluminum atoms with interatomic distances of 2.25 A with all other hyperatoms to get the average next neigh-
which are much smaller than expected for metallic radii bourhood of transition metals. Restricting the distance dpar

˚ ˚(|2.86 A). Therefore, we have used a modified model as to 3 A, the result is that the central hyperatom 1 overlaps
˚put forward by Deus [19] in which these short distances do with ten hyperatoms 1 (d 52.88 A), with five hy-par

˚not occur any longer. peratoms 2 (d 52.46 A), with five hyperatoms 3 (d 5par par
˚ ˚The structure description can be obtained by decorating 2.54 A) and with five hyperatoms 4 (d 52.54 A). Whenpar

a five-dimensional hyperrhombic lattice [1] with hy- calculating the number of neighbouring atoms at the
˚peratoms. The five-dimensional lattice is subdivided into shortest distance of 2.46 A one has to consider the overlap

parallel and perpendicular space, in which the parallel of the central hyperatom 1 with the five hyperatoms 2 (Fig.
space represents the physical space (three-dimensional). 2). Because of the symmetry of the overlap, it is sufficient
The hyperatoms are extended along the perpendicular to calculate the six polygons inside the asymmetrical unit
space (two-dimensional). If the parallel space intersects a of overlap. Contribution of a patch i to the number of
hyperatom, this atom originates from the real space. The neighbours of the sort B around a central atom of sort A is
kind of this atom, whether aluminum or transition metal, given by:
depends on the area in which the hyperatom was intersect-

i iF wed. Ai i]]]N 5 O w (1)A,B B, jk k¢ ¢Consider two hyperatoms at r and r in the five-1 2 jO F wk A¢ ¢dimensional space. The distance between r and r project-1 2
i ied onto the parallel and perpendicular space is d and F is the size of overlap i, w is the probability that withpar A

d , respectively. Only if there is an overlap in the the cross-section of patch i of central hyperatom an atomperp

perpendicular space of both hyperatoms both atoms can of sort A is formed, k is a control variable over all patches
appear in the real space simultaneously. The necessary of central hyperatom which could lead to an atom of type
condition is that the distance d of the two hyperatoms is A, j is a control variable over all neighbouring hy-perp

iless than the largest extension of the hyperatoms. The peratoms, which cover the subrange i and w is theB, j
distance of the two atoms in real space is then d . To probability that with the cross-section of hyperatom j inpar

˚obtain the neighbourhood up to distances of 3 A of patch i an atom of type B is formed.
transition metals one has to choose hyperatoms which In the present case of hyperatoms 2 we have A5

yield a transition metal and to calculate the overlap of transition metal5TM and B5Al. If the overlap of hy-
these hyperatoms with all other atoms at a distance d ,3 peratom 1 and hyperatoms 2 is considered, the prob-par

iÅ. As seen from the decoration of hyperatoms (Fig. 1) a abilities w are 0 or 1 depending on whether hyperatomAl, j

transition metal atom (TM) can arise if the parallel space
intersects hyperatom 1 or 3. The section of hyperatom 1
leads to an atom in real space in – let us say – a layer A,
whereas the section of hyperatom 3 leads to an atom in a
neighboured layer B, which is twisted by 368 relative to

Fig. 1. Shape and decoration of hyperatoms used according to Steurer et
al. [1] and Deus [19]. The decoration of hyperatoms of Deus was
performed analogously to the decoration of Steurer’s hyperatoms under
the condition that n :n 570:30. The hyperatoms 3 and 4 not shownAL TM

here are identical to hyperatoms 1 and 2, just rotated by 368. Region A
yields a transition metal atom in real space, region B and C yield Fig. 2. Overlap of the central hyperatom 1 and the hyperatoms 2
aluminum atoms. According to Steurer et al. [1] transition metal atom projected on the perpendicular space according to the model of Deus [19].
sites are considered to be randomly occupied by cobalt or nickel. The bold polygon marks the asymmetric unit of the overlap.
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2 covers the patch i or not. Cross-sections with the
different patches lead to the following neighbourhoods:
area 1: 4 neighbouring Al atoms (overlap of hyperatom 1A
and hyperatoms 2I, 2II, 2III, 2V), area 2: 3 Al atoms (2I,
2II, 2III), area 3: 2 Al atoms (2I, 2II) area 4: 2 Al atoms
(2I, 2V), area 5: 1 Al atom (2I) and area 6: 2 Al atoms (2I,
2II). Evaluating the size of the patches and then summing
up the average number of Al atoms around TM atoms due
to hyperatoms 2 the corresponding coordination number

ibecomes N 5 o N 5 3.28. The same procedureTM,Al i TM,A1

has been applied to all other hyperatoms.

Fig. 4. Diffraction pattern of the symmetrical v-2u scan of the3. Experimental
quasicrystalline thin film. The sharp and intensive 00002 peak at 44.68

indicates the alignment of the periodic direction perpendicular to the
We now turn to the experimental part. The sample substrate surface.

considered here was prepared by annealing of elemental
multilayers deposited by pulsed laser deposition (PLD)
[20]. The multilayer consisted of ten periods of the compared to that of the further decagonal reflection 10000.
sequence Co/Al /Ni, where the first cobalt layer was From a rocking scan of this 00002 reflection a half width
deposited on a (012) sapphire substrate. The mean thick- of 0.1148 was obtained.
nesses of the layers were d ¯15 nm, d ¯2.2 nm and EXAFS measurements were carried out at the Ham-Al Co

d ¯1.8 nm as determined by X-ray reflectometry [21]. burger Synchrotron Strahlungslabor (HASYLAB). (ForNi

From stack geometry the overall composition was de- set-up, see Ref. [23]). Measurements were carried out at
termined to be A1 Co Ni . After annealing at 7008C for Co and Ni K absorption edges, respectively. Because of73 16 11

5 h with a heating rate of 1 K/mm and at a pressure less the substrate (sapphire wafer with thickness of 500 mm),
7than 2310 mbar the single-phase decagonal structure was the usual way to measure the absorption coefficient by

formed by solid state reaction. All reflections of the X-ray transmission was not applicable. Therefore the fluores-
diffraction pattern (Fig. 3) can be indexed on base of the cence intensity was measured to obtain the absorption
decagonal quasicrystalline phase [22]. Moreover, com- coefficient m(E)5m (E)(11x(E)) for EXAFS. E is the0

parison with a pattern of a quasicrystalline powder sample energy of incident X-ray photons, m (E) is the absorption0

A1 Co Ni shows good agreement (Fig. 3). However, coefficient of free atoms without contributions of neigh-72 125 155

a strong preferred orientation with periodic direction bours. x(E) is the characteristic EXAFS function. This
aligned perpendicular to the surface of substrate can be function was compared with results obtained from mea-
stated (Fig. 4). The 00002 reflection, representing the surements at a quasicrystalline reference powder sample of
periodic direction, is very sharp having high intensity composition Al Co Ni . As can be seen in Fig. 5,72 12.5 15.5

both functions x agree well.

4. Results and discussion

Fourier transformation of k?x(k) reveals that mainly
˚atoms at distances up to 3 A to the absorbing atom

contribute to the EXAFS signal. The backtransformed
range of the main peak gives a slightly changed function
x(k), which is the basic function for fitting the calculated x

to coordination numbers and distances obtained from the
five-dimensional structure model. Assuming polycrystal-
line samples and ignoring contributions from multiple
scattering and further weakenings, one has [24]

sin(2kr 1 F (k))2 2→ → j ij2 22s kj ]]]]]x(k) 5O 3N (e ?e ) F (k) e (2)Fig. 3. Diffraction pattern of the quasicrystalline thin film obtained with j j j 2krj jasymmetrical scan at fixed angle of incidence v 528. CuKa and a
Si-(111) monochromator were used. Indexing according to to Kek and

where k is the wave vector modulus of the emittedMeyer [22]. Long axis of the rectangular sample perpendicular to
diffraction plane. photoelectron. F (k) is the backscattering amplitude fromj
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2¢ ¢3(e ? e ) has to be calculated. Using grazing incidence ther

polarisation vector of X-rays was parallel to the substrate
surface. Consequently, the polarisation vector lies also
parallel to the quasiperiodic planes and can be written
¢ ¢e5(cos a, sin a, 0), where a is the angle between e and
the x-axis (z-axis parallel to the periodic direction). As-
suming random orientation of aligned grains around the
periodic ten-fold direction the effective coordination num-
ber has been averaged over the angle a. Replacing the unit

¢radius vector e by (cos f sin q, sin f, sin q, cos q ),r

where f and q are spherical coordinates, the averaged
effective coordination number becomes:

2p

1 3a 2] ]N 5 E N (a, f, q )da 5 sin qeff eff2p 2
0

Atoms, which lie in the same quasi-periodic plane as the
absorbing atom, have to be weighted by a factor 1.5

˚¢(q 5908). For atoms at distance ur u52.54 A lying in
a¯neighbouring layers we have q 536.648, i.e. N 5 0.534.eff

For other values see Table 1.
We have fitted the computed curve to the measured one

by variation of energy shift DE of the McKale data and of0

disorder parameter s keeping coordination numbers Z and
distances r constant. As shown in Fig. 6, a good fit to the
measurement can be achieved. The fit is acceptable with
spherical averaging as well as with averaging over the
quasi-periodic plane for both models. Differences in
coordination numbers can be compensated for by alteringFig. 5. Comparison of the EXAFS functions of the thin film and of the
the disorder parameters s. Final results of best fit are listedquasicrystalline reference sample at Co and Ni K absorption edge. High

frequency oscillations of solid curve are probably due to the statistics of in Table 2.
the small diffraction volume. Dong et al. [14] carried out EXAFS measurements of

Al–Cu–Co similar to decagonal Al–Ni–Co. They reported
each of the N neighbouring atoms of type j with a that they were first unable to fit the experiments in thej

¢ ¢Debye–Waller factor s at r 5 re relative to the absorbing higher k-range. In this region both curves were out ofj j j

atom of the type i. F is the total phase shift experienced phase. It was concluded that similarly to amorphousij

¢by the photoelectron wave and e is the unit polarisation structures the partial radial distribution function is likely to
vector of the incident X-ray beam. Terms neglected here be asymmetric and the Gaussian approximation in Eq. (2)
describe inelastic losses and amplitude attenuations by is not valid. Therefore, they took lowest-order corrections
other influences. The calculation is based on data of into account. In the present work, we succeeded to fit the
McKale et al. [25], which contains the backscattering measurement without this correction. Unlike Ref. [14] we
amplitudes and the phase shifts of the primary and the did not presuppose that TM atoms only have Al neigh-
backscattered electron wave as function of energy. bours. TM neighbours were also considered. In the upper

In Eq. (2) the effective coordination number N 5 k-range the influence of the TM neighbours to the EXAFSeff

Table 1
Radial distribution of atoms around central TM atoms, spherically averaged (powder-like) and averaged over the quasiperiodical plane

aHyperatom Atom d N Npar spherical averaged eff

origin type Steurer [1] Deus [19] Steurer [1] Deus [19]

2 Al 2.46 3.28 2.56 4.92 3.84
3 Al 2.54 0.41 0.61 0.22 0.33
3 TM 2.54 0.61 0.67 0.33 0.36
4 Al 2.54 1.55 1.10 0.83 0.59
2 Al 2.88 0.61 0.98 0.91 1.47
2 TM 2.88 0.41 0.43 0.61 0.64
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5. Conclusion

From the present results we conclude that the average
neighbourhood of Ni and Co atoms is equal within a radius

˚of |3 A. Sites of transition metals are occupied statistical-
ly by Ni and Co. The radial distribution of atoms as
proposed by the structural model of Steurer /Deus has been

˚verified within a sphere of radius |3 A around TM atoms.
Thus short-range order in thin films appears to be the same
as in bulk quasicrystals.
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