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Structural model for the Al 72Ni20Co8 decagonal quasicrystals
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We propose a structure model for the Al72Ni20Co8 decagonal quasicrystals based on itst2-inflated Al13Co4

approximant phase: Applying a 105 screw operation on a monolayer obtained from the approximant repro-
duces almost all features of 2-nm clusters seen in atomic-resolutionZ-contrast images of Al72Ni20Co8 decago-
nal quasicrystals. The exception is the central ring, where the symmetry is broken due to chemical ordering of
Al and transition metals. By restricting possible overlaps, this enforces the perfect quasiperiodic tiling.
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Decagonal quasicrystals can be described by quasip
odic packing of atomic clusters.1 For example, all Al-based
decagonal quasicrystals~e.g., Al-Ni-Fe, Al-Ni-Co, Al-Cu-
Co, ...! comprise distinct 2-nm clusters.2–5 The detailed de-
termination of the atomic arrangements within the 2-n
clusters is critical for understanding why quasicrystals for
So far, many structural models have been proposed for
cagonal quasicrystals based upon x-ray and neutron diff
tion, high-resolution electron microscopy, and theoreti
calculations.6–11 However, controversies still remain amon
these models. It is well known that quasicrystals and th
approximant phases have very similar chemical comp
tions, densities, and electron diffraction patterns, and rev
ible transformations between the two have been reporte12

These observations indicate that quasicrystals and their
proximant phases have many similarlocal structures. Thus
an alternative approach to build the structure of quasicrys
is to understand the differences and relationships betw
quasicrystals and their approximant phases.

In the present paper, we use this approach to propo
structure model for the 2-nm clusters of the Al72Ni20Co8 de-
cagonal quasicrystal. We take pentagonal structural feat
present in its closely relatedt2-inflated Al13Co4 approximant
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phase to propose a cluster monolayer. Applying a 105 screw
operation to this layer then gives a perfect fit to all featu
seen in atomic-resolutionZ-contrast images obtained from
the Al72Ni20Co8 decagonal quasicrystal,exceptwithin the
central ring. Here we observe broken symmetry induced
chemical ordering. This ordering restricts possible clus
overlaps and so enforces the perfect quasiperiodic tiling.
the same time, imperfect ordering throughout the struct
creates the entropic stabilization necessary to explain w
this phase is only stable at high temperatures.

We focus on the Al72Ni20Co8 decagonal quasicrystal be
cause of its high perfection5 and because the structure of i
closely relatedt2-inflated Al13Co4 approximant phase~a
phase witha and c lattice parameterst2 times greater than
those of monoclinic Al13Co4, wheret is the golden mean!
has been well determined.13 So far, Al72Ni20Co8 is the only
high-perfection decagonal quasicrystal ever found, show
no diffuse scattering in electron diffraction. This indicat
that it has a periodicity of about 0.4 nm along its period
axis. Our atomic-resolutionZ-contrast images14 @Figs. 1~d!–
1~f!# show an important difference from the most popu
models for the 2-nm clusters of Al-Ni-Co and Al-Cu-Co d
r
l

FIG. 1. ~a!–~c! Three layers of
the 2-nm clusters seen in
t2-inflated Al13Co4 approximant
~from Ref. 13! with ~d!–~f! super-
imposition onto a high-resolution
Z-contrast image of a 2-nm cluste
of the high-perfection decagona
quasicrystal Al72Ni20Co8, viewed
along the tenfold axis.
14 291 ©2000 The American Physical Society
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FIG. 2. ~a! A layer structure obtained from the
z50 layer of thet2-inflated Al13Co4 approxi-
mant. Only the Al atoms in the third ring ar
rearranged to form small pentagons.~b! The layer
after applying a 105 screw operation on~a!. ~c!
Both layers~a! and ~b! are superimposed on th
Z-contrast image. The TM columns are the brig
features, while the less intense intensity maxim
~gray! are Al columns.
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cagonal quasicrystals: These proposed models have
more ring containing transition metals~see, for example, the
second outermost ring in the model proposed by Burko7!.
We now analyze the relationships between the Al72Ni20Co8
decagonal quasicrystal and itst2-inflated Al13Co4 approxi-
mant phase. It has been reported that thet2-inflated Al13Co4
approximant phase consists of fivefold and pseudofive
2-nm clusters.13 The fivefold 2-nm clusters are more simila
to the 2-nm clusters seen in the Al72Ni20Co8 decagonal qua-
sicrystal, and their atomic structure has been determi
recently.13 They contain four layers, since the periodici
along the columnar axis is 0.8 nm. The various layers
shown in Fig. 1, ~a! corresponding toz50, ~b! to z
51/4,3/4, and~c! to z51/2, which are stacked in the se
quencea,b,c,b,... . It is seen that the~a! and ~c! layers
differ only in the Al atom positions, which are more diso
dered in~c!.

All Al-Ni-Co decagonal quasicrystals have been repor
to contain a 105 screw axis,2–5 and many of the previously
proposed models for the 2-nm clusters have a 105 screw axis
through their centers.6–10Thus the structure of the 2-nm clus
ter is solved once the structure for a single layer is know
We therefore need to find which layer of the fivefold 2-n
cluster of thet2-inflated Al13Co4 approximant phase is simi
lar to the 2-nm clusters of the Al-Ni-Co decagonal quas
rystals. Figures 1~d!–1~f! show superimpositions of the thre
approximant layers on theZ-contrast image of a 2-nm cluste
from the Al72Ni20Co8 quasicrystal, taken along the period
axis. It is seen that all sites in the pentagonal~a! layers match
sites in the quasicrystal. All transition-metal~TM! atom sites
show brightly in the image corresponding to high intensi
while all Al sites are seen as gray, but are still local maxi
or saddle points in the image intensity, consistent with th
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lower Z. Because the~b! layer structure has no atoms in th
outermost ring and the~c! layer structure has no Al atoms i
the outermost ring, we do not consider these two structu
further.

We now construct a cluster monolayer based on the~a!
approximant layer. This monolayer must keep the key str
tural features of the approximant layer, e.g., all the TM
oms located at pentagonal sites. Such pentagonal shapes
ing local fivefold symmetry are common in decagon
quasicrystals. We next assume that Al atoms also locat
pentagonal arrangements. The Al atoms in the third r
counting from the center are located at intensity maxima.
thus split these Al sites into two to form small Al pentago
as shown in Fig. 2~a!. Now we see that this overlapping arra
of large TM and small Al pentagonal clusters fitsprecisely
half the brightest features in theZ-contrast image. If we now
apply the 105 screw operation to this monolayer, we obta
the layer shown in Fig. 2~b!. Superimposing these two rota
tional variants on theZ-contrast image matchesall image
features@Fig. 2~c!#.

This 105 screw axis can be understood as rotational ord
ing which occurs under certain conditions, presumably a s
cific range of chemical composition. The structure expla
the origin of the ten columns in the central ring and the
closely spaced TM column pairs around the 2-nm ring. O
model is similar to the model proposed by Burkov:7 both
have ten TM columns at the central ring and ten clos
spaced Al and TM column pairs at the third and outerm
rings, respectively. The ten closely spaced TM columns p
at the outermost ring have also been observed by x
diffraction6 and are predicted in the model of Cockayn a
Widom.10 It is noted that Burkov’s model predicts a stoichi
metric composition of Al60M40, which is low in Al com-
m
r-

-

FIG. 3. Z-contrast images showing three 2-n
clusters with different degrees of chemical orde
ing at the central rings: ~a! low, ~b! medium,
and ~c! high. Chemical ordering breaks the sym
metry of the central rings.
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pared to the Al72Ni20Co8 decagonal quasicrystal. A majo
difference between our model and Burkov’s model is
absence of the ten TM atoms in the fourth ring counting fr
the center in our model~for which there is no evidence in ou
Z-contrast images!. Thus our model significantly improve
the stoichiometry.

It is important to note that none of the central rings sh
the uniform strong intensity characteristic of ten TM co
umns. In Fig. 3~a!, the central ring shows a relatively un
form and high intensity, but in comparison to the ring of t
TM columns, the intensity is clearly not high enough to co
respond to ten full TM columns. Partial substitution by
has taken place, which we referred to previously as chem
disorder and proposed as the source of entropy to stab
the phase at high temperatures.16 Chemical ordering has als
been reported in other icosahedral quasicrystals.17 The cen-
tral rings of some clusters show much stronger broken s
metry, as shown in Fig. 3~c!. Similar broken symmetry ha
also been reported previously.3,4,15 In our images we can se
that five columns show an intensity sufficiently high~bright!
to correspond to full TM columns, one being a single c
umn, the others forming closely spaced column pairs. T
other five columns have lower intensity~gray!, indicating
high Al occupancy. The average composition of the orde
ring is therefore 50% TM and 50% Al. In Fig. 3~b!, the
central ring shows an intermediate case, also with some
ken symmetry. In the disordered case, the intensities are

FIG. 4. Z-contrast image showing the four intercluster sepa
tions. The central circle shows a cluster with only four neighb
nucleated due to the broken symmetry of the central ring. Th
four clusters now show all the intercluster separations necessar
quasiperiodic tiling: clusters 1, 3 and 2, 4 show the 3.44-nm se
ration. Clusters 1 and 2 are 2.06 nm apart, as are 2 and 3 and
1 and 4. Clusters 1, 2, 3, and 4 all show a 1.23-nm separation f
the central cluster, while a 0.74-nm separation is seen between
ters 3 and 4.
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sistent with thesameaverage composition for the ring, 50%
TM and 50% Al. Assuming this to be the case, the stoic
ometry of our model becomes Al73M27, which is very close
to the nominal composition Al72M28.

The intermediately ordered cases might also be in
preted as resulting from phason flips within individual o
dered cluster columns.18 However, we find no correlation
between these different degrees of order and the config
tion of overlapping clusters, as would be expected in t
case. We propose therefore that these more uniform r
represent true chemical disorder. Further evidence of che
cal disorder is seen in Fig. 4, where large intensity variatio
exist between different TM sites. These intensity variatio
are many times too large to be attributed to statistical no
in the image. They must represent real variations in com
sition in particular atomic columns, another indication of
high chemical entropy contribution.

Atomistic explanations for the overlapping cluster ne
work in quasicrystals have been proposed previously.19 In
our case, the closely spaced pairs of TM columns that
present in the ordered central rings and in the outer ring
the clusters provide an ideal atomistic mechanism to in
link clusters and explain the matching rules.20 Such a growth
process naturally produces overlaps with intercluster sep
tions in the ratiot, exactly the 0.74-, 1.23-, 2.06-, an
3.44-nm spacings seen in the Gummelt coverage mode
the ideal quasicrystal.21–23 If there is no chemical ordering
occurring, each 2-nm cluster will have many different wa
to overlap with the next. Thus the clusters will form a ra
dom tiling. However, chemical ordering breaks the symm
try in the central rings and limits the freedom in formin
overlaps. As seen from Fig. 4, the ordered central cluster
only four possible overlaps, which are in precisely the co
figuration of the Gummelt coverage model for the ideal qu
sicrystal. The overall structure would therefore show id
quasicrystalline coverage only when complete chemical
dering occurs at the center ofall the 2-nm clusters.

In the case of the approximant phase, if we try to over
its clusters without the rotational variants, the density
common sites is very low. The approximant phase theref
grows only by the addition ofindividual small pentagonal
units around its basic 2-nm cluster, as found by Saitohet al.3

in the case of thet2-inflated Al13Co4 approximant. Thus we
believe that rotational ordering of 2-nm clusters, with chem
cal ordering in the central rings, is fundamental to stabilizi
the quasicrystalline form. At the same time, substan
variations in site occupation occur throughout the clus
which explains the entropic stabilization. Order and disor
coexist.
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