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Structural model for the Al ;,Ni,Cog decagonal quasicrystals
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We propose a structure model for the;MNi,Cog decagonal quasicrystals based onrftsnflated Ak4Co,
approximant phase: Applying a 4@crew operation on a monolayer obtained from the approximant repro-
duces almost all features of 2-nm clusters seen in atomic-resolziommtrast images of AJNi,(Cog 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.

Decagonal quasicrystals can be described by quasipenphase to propose a cluster monolayer. Applying asddew
odic packing of atomic clusterfsFor example, all Al-based operation to this layer then gives a perfect fit to all features
decagonal quasicrystale.g., Al-Ni-Fe, Al-Ni-Co, Al-Cu-  seen in atomic-resolutiod-contrast images obtained from
Co, ..) comprise distinct 2-nm clustefs® The detailed de- the Al,,Ni,(Cos decagonal quasicrystagxceptwithin the
termination of the atomic arrangements within the 2-nMcentral ring. Here we observe broken symmetry induced by
clusters is critical for understanding why quasicrystals formchemical ordering. This ordering restricts possible cluster
So far, many structural models have been proposed for dgsyerlaps and so enforces the perfect quasiperiodic tiling. At

cagonal quasicrystals based upon x-ray and neutron diffraGne same time, imperfect ordering throughout the structure

tion, high-resolution electron microscopy, and theoretical, o 4e the entropic stabilization necessary to explain why

calculation€ ™! However, controversies still remain among o phase is only stable at high temperatures.

these models. It is well known that quasicrystals and their "\, '« o 01 the AbNi,Cos decagonal quasicrystal be-
approximant phases have very similar chemical COMPOSIZ - ise of its high perfectirand because the structure of its
tions, densities, and electron diffraction patterns, and revers: gnp

ible transformations between the two have been repé?ted.doseIy r_elatedfz—lnﬂa_ted AlsCoy apg) roximant phaséa

These observations indicate that quasicrystals and their ap'@s€ witha andc lattice parameters® times greater than

proximant phases have many similacal structures. Thus (hose of monoclinic AlCo,, where is the golden mean

an alternative approach to build the structure of quasicrystal§as been well determinéd So far, AlNiCag is the only

is to understand the differences and relationships betweelgh-perfection decagonal quasicrystal ever found, showing

quasicrystals and their approximant phases. no diffuse scattering in electron diffraction. This indicates
In the present paper, we use this approach to proposethat it has a periodicity of about 0.4 nm along its periodic

structure model for the 2-nm clusters of the, Nli,(Cos de-  axis. Our atomic-resolutiod-contrast image$ [Figs. 1d)—

cagonal quasicrystal. We take pentagonal structural featurégf)] show an important difference from the most popular

present in its closely relaterf-inflated Al sCo, approximant models for the 2-nm clusters of Al-Ni-Co and Al-Cu-Co de-

FIG. 1. (a)—(c) Three layers of
the 2-nm clusters seen in
r-inflated Al;;Co, approximant
(from Ref. 13 with (d)—(f) super-
imposition onto a high-resolution
Z-contrast image of a 2-nm cluster
of the high-perfection decagonal
quasicrystal AJ,Ni,(Cag, viewed
along the tenfold axis.
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FIG. 2. (a) A layer structure obtained from the
z=0 layer of the r*-inflated Al;;Co, approxi-
mant. Only the Al atoms in the third ring are
rearranged to form small pentagofis). The layer
after applying a 1§ screw operation orta). (c)
Both layers(a) and (b) are superimposed on the
Z-contrast image. The TM columns are the bright
features, while the less intense intensity maxima
(gray) are Al columns.

cagonal quasicrystals: These proposed models have omawer Z. Because théb) layer structure has no atoms in the
more ring containing transition metalsee, for example, the outermost ring and thé) layer structure has no Al atoms in
second outermost ring in the model proposed by Bufkov the outermost ring, we do not consider these two structures
We now analyze the relationships between thelibiCos  further.

decagonal quasicrystal and itd-inflated Al,;Co, approxi- We now construct a cluster monolayer based on(the
mant phase. It has been reported thattfinflated AhsCo,  approximant layer. This monolayer must keep the key struc-
approximant phase consists of fivefold and pseudofivefoldural features of the approximant layer, e.g., all the TM at-
2-nm clusters? The fivefold 2-nm clusters are more similar oms located at pentagonal sites. Such pentagonal shapes giv-
to the 2-nm clusters seen in the;Mi,(Cog decagonal qua- ing local fivefold symmetry are common in decagonal
sicrystal, and their atomic structure has been determineduasicrystals. We next assume that Al atoms also locate in
recently™® They contain four layers, since the periodicity pentagonal arrangements. The Al atoms in the third ring
along the columnar axis is 0.8 nm. The various layers argounting from the center are located at intensity maxima. We
shown in Fig. 1, (a) corresponding toz=0, (b) to z thus split these Al sites into two to form small Al pentagons
=1/4,3/4, and(c) to z=1/2, which are stacked in the se- as shown in Fig. @). Now we see that this overlapping array

quencea,b,c,b,.... It is seen that thga) and (c) layers  of large TM and small Al pentagonal clusters fiieecisely
differ only in the Al atom positions, which are more disor- half the brightest features in th&contrast image. If we now
dered in(c). apply the 19 screw operation to this monolayer, we obtain

All Al-Ni-Co decagonal quasicrystals have been reportedthe layer shown in Fig. ®). Superimposing these two rota-
to contain a 10 screw axis: > and many of the previously tional variants on theZ-contrast image matcheall image
proposed models for the 2-nm clusters have astbew axis  featureqFig. 2(c)].
through their center$:° Thus the structure of the 2-nm clus-  This 1G, screw axis can be understood as rotational order-
ter is solved once the structure for a single layer is knowning which occurs under certain conditions, presumably a spe-
We therefore need to find which layer of the fivefold 2-nm cific range of chemical composition. The structure explains
cluster of ther?-inflated Al;;Co, approximant phase is simi- the origin of the ten columns in the central ring and the ten
lar to the 2-nm clusters of the Al-Ni-Co decagonal quasic-closely spaced TM column pairs around the 2-nm ring. Our
rystals. Figures (t)—1(f) show superimpositions of the three model is similar to the model proposed by Burkovboth
approximant layers on th&-contrast image of a 2-nm cluster have ten TM columns at the central ring and ten closely
from the AL.Ni,(Cog quasicrystal, taken along the periodic spaced Al and TM column pairs at the third and outermost
axis. It is seen that all sites in the pentago@alayers match  rings, respectively. The ten closely spaced TM columns pairs
sites in the quasicrystal. All transition-metdlM) atom sites  at the outermost ring have also been observed by x-ray
show brightly in the image corresponding to high intensity,diffraction® and are predicted in the model of Cockayn and
while all Al sites are seen as gray, but are still local maximawidom° It is noted that Burkov's model predicts a stoichio-
or saddle points in the image intensity, consistent with theiimetric composition of AJjM 4, which is low in Al com-

FIG. 3. Z-contrast images showing three 2-nm
clusters with different degrees of chemical order-
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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sistent with thesameaverage composition for the ring, 50%
TM and 50% Al. Assuming this to be the case, the stoichi-
ometry of our model becomes AM 7, which is very close

to the nominal composition AJM ,g.

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

Atomistic explanations for the overlapping cluster net-
work in quasicrystals have been proposed previotisin
our case, the closely spaced pairs of TM columns that are
present in the ordered central rings and in the outer rings of

FIG. 4. Z-contrast image showing the four intercluster separathe clusters provide an ideal atomistic mechanism to inter-
tions. The central circle shows a cluster with only four neighbors“nk clusters and explain the matching ruf@such a growth
nucleated due to the broken symmetry of the central ring. Thesg,.,-ass naturally produces overlaps with intercluster separa-
four clusters now show all the intercluster separations necessary f fons in the ratior exactly the 0.74-, 1.23-, 2.06-, and
quasiperiodic tiling: clusters 1, 3 and 2, 4 show the 3.44-nm sep 3 44-nm spacings éeen in the Gummélt covérage nl"lodel of
ration. Clusters 1 and 2 are 2.06 nm apart, as are 2 and 3 and al e ideal quasicrystéF‘B If there is no chemical ordering
1 and 4. Clusters 1, 2, 3, and 4 all show a 1.23-nm separation from . ' . .
the central cluster, while a 0.74-nm separation is seen between clugeeurnng, ee}ch 2-nm cluster will have many _dlfferent ways
ters 3 and 4. to overlap with the next. Thus the clusters will form a ran-

dom tiling. However, chemical ordering breaks the symme-

) ) . try in the central rings and limits the freedom in forming

pared to the A},NiCos decagonal qua5|cr¥stal. A Major gyerlaps. As seen from Fig. 4, the ordered central cluster has
difference between our model and Burkov's model is thegny four possible overlaps, which are in precisely the con-
absence of the ten TM atoms in the fourth ring counting fromfiguration of the Gummelt coverage model for the ideal qua-
the center in our modéfor which there is no evidence in our gjcrystal. The overall structure would therefore show ideal
Z-contrast images Thus our model significantly improves g asicrystalline coverage only when complete chemical or-
the stoichiometry. _ dering occurs at the center afl the 2-nm clusters.

It is .|mportant to note that none of the .central rngs show |, the case of the approximant phase, if we try to overlap
the uniform strong intensity characteristic of ten TM col- ji5 clusters without the rotational variants, the density of
umns. In Fig. 8a), the central ring shows a relatively uni- «ommon sites is very low. The approximant phase therefore
form and high intensity, but in comparison to the ring of tengrows only by the addition oindividual small pentagonal
TM columns, the intensity is clearly not high enough to cor- | hits around its basic 2-nm cluster, as found by Sadtol®
respond to ten full _TM columns. Partial sgbstitution by AI in the case of the2-inflated Al,Co, approximant. Thus we
has taken place, which we referred to previously as chemicgfg|ieye that rotational ordering of 2-nm clusters, with chemi-

disorder and proposed as the source of entropy to stabilizey| ordering in the central rings, is fundamental to stabilizing
the phase at high temperatuf<hemical ordering has also e quasicrystalline form. At the same time, substantial

been reported in other icosahedral quasicrystahe cen-  \ariations in site occupation occur throughout the cluster,

tral rings of some clusters show much stronger broken symghich explains the entropic stabilization. Order and disorder
metry, as shown in Fig.(8). Similar broken symmetry has ,axist.

also been reported previousl{:*®In our images we can see

thatfive columns show an intensity sufficiently highright) The work at NREL was supported by the U.S. Depart-
to correspond to full TM columns, one being a single col-ment of Energy under Contract No. DE-AC36-99G010337.
umn, the others forming closely spaced column pairs. Th&@he work at ORNL was supported by the U.S. Department
other five columns have lower intensitgray), indicating  of Energy under Contract No. DE-AC05-960R22464 with
high Al occupancy. The average composition of the ordered.ockheed Martin Energy Research Corporation. We thank
ring is therefore 50% TM and 50% Al. In Fig.(9, the  Dr. A. P. Tsai of the National Research Institute for Metals,
central ring shows an intermediate case, also with some bra@lapan for the provision of high-perfection decagonal quasi-
ken symmetry. In the disordered case, the intensities are cowrystal Al,,Ni,(Co; studied in this paper.
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