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Abstract

The structure of AI-Ni—Co decagonal quasicrystals is studied by atomic-resalistiontrast imaging technique. We propose that the
presence of “rotational ordering” is the key reason leading to the formation of the 2 nm clusters and the overlaps necessary in the covera
model. Every detail of th&-contrast images of the 2 nm clusters can be reproducedsbpexrpositiorof rotational variantsof the 2 nm
clusters seen in the ordered-inflated Al3Cos approximant phase. Introducing this rotational ordering, it is clear how one cluster can
nucleate neighboring clusters. Continuing this process automatically generates all the intercluster separations necessary for quasiperic
tiling. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction related approximant phase, specifically, closely spaced
pairs of atomic columns on both the Al and transition

Decagonal quasicrystals can be described by a singlemetal sublattices, and chemical ordering in the central

columnar cluster with overlaps [1-7]. The advantage of this ring of some 2nm clusters. We show that every detail of

description is that it gives some physical insight into how these clusters is reproduced bysaperpositionof rota-

the quasicrystalline state may actually grow, which has beentional variantsof the 2nm clusters seen in thé-inflated

a key question since the discovery of quasicrystals [8]. The Al13Cos approximant. Introducing this rotational order-

single columnar cluster in Al-based decagonal quasicrystalsing, it is clear how one cluster can nucleate neighboring

is the so-called 2nm cluster. Thus, the understanding of clusters. Continuing this processitomatically generates

how the 2 nm clusters form is the first step for understand- all the intercluster separations necessary for quasiperiodic

ing how and why these quasicrystals form. Many structure tiling.

models have been proposed for the 2 nm clusters in Al-based

decagonal quasicrystals based on experimental determina-

tions and theoretical predictions [1-4,9-13]. So far, how- 2. Z-contrast imaging

ever, there is no generally accepted explanation of the origin

of the 2 nm clusters, or for the particular overlaps observed, The principle ofZ-contrast imaging in the scanning trans-

or even of the differences from crystalline approximant mission electron microscope (STEM) is shown schemati-

phases. cally in Fig. 1 [15-17]. A small electron probe is scanned
In this paper we investigate the structure of basic, across athinspecimen, and theontrastimage results from
high-perfection, Ni-rich decagonal AINi>oCos quasicrys- mapping the intensity of electrons reaching the annular de-

tals [14] using theZ-contrast imaging technique. The tector. The probe size in our VG Microscopes HB603U is
Z-contrast images show several features distinct from the 1.3 A full-width-half-maximum intensity, enabling us to im-
age individual atomic columns down to that separation. The
"+ Corresponding author. Tek: 1-303-384-6456; fax:1-303-384-6604.  NIgh scattering angles not only break the coherence in the
E-mail addressyyan@nrel.gov (Y. Yan). transverse plane, but also through the thickness of the crys-
1 Co-corresponding author. tal, giving a monotonically increasing image intensity with
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1.26 A Scanning Probe

s 3=
Annular {3 : 2 : ) Z-contrast image
Detector \& eyt y Tec 72
Fig. 2. Z-contrast image of AbNiyoCog viewed along the tenfold axis.
The black circles indicate the 2 nm clusters.
EELS
Spectrometer . . . . .
quasicrystalline structure and its formation mechanism,

in particular the relationship between quasicrystals and
Fig. 1. Schematic showing a fine probe formed by the objective lens of thejr crystalline approximant phases. A number of recent
an STEM. As the_z probe scans th_e specimen, the high angle scattering Sstudies have provided significant insights into the differ-
mapped out to give th&-contrast image. . .
ences and relationships between the structures of the qua-
sicrystalline and approximant phases. A common feature
of the Al-based decagonal quasicrystals (e.g. Al-Ni—Fe,
Al-Ni—Co, Al-Cu-Co, etc.) is that they consist of dis-
thickness. The resulting images are therefore relatively in- tinct 2 nm clusters. Fig. 2 shows Zcontrast image of
tuitive to interpret: atomic columns contribute to the image tpe high-perfection decagonal ANixCos quasicrystal,
with a brightness determined primarily by their mean square aken along the periodic axis. The distinct 2 nm clusters are
atomic numberZ. This chemical sensitivity enables us t0 clearly seen as indicated by black circles. Because of the
distinguish different elements directly at the atomic scale. gmgjler probe size of our instrument, we are able to see
Unlike the coherent imaging of conventional high-resolution more details of the structure than previdlisontrast stud-
electron microscopy, the positions of atomic columns can be jgg [9,10]. Most importantly, both the TM ( here Co and
determined directly and uniquely from the image to a high Nj) and the Al(aluminium) columns are resolved, and can
accuracy, without the need for extensive image simulations pe distinguished by their stroriggcontrast. The very bright
of model structures or image reconstruction procedures. 'n'spots correspond to the columns of the TM while weaker
coherent imaging effectively bypasses the phase problem ofintensity maxima or saddle points correspond to Al atoms.
high-resolution electron microscopy (HREM), a particular |t js seen that the 2nm ring has 10 closely spaced pairs of
advantage for complex materials. Thus, in an image of an colJumns (one pair is indicated by two arrows). This is the
Al-TM (TM: transition metal) decagonal quasicrystal, TM  most important feature that was not observed in previous
columns will show as the brightest features and Al columns grk.
will show as less bright features. In both cases the local |t has been reported that a 2nm cluster also exists in
intep_sity maximum is closely correlated with the column the ¢2.inflated Ah3Cos approximant phase [18]. The 2nm
position. cluster is composed of five pentagonal atomic clusters, each
of which consists of five TM columns, shown as large circles
in Fig. 3(a). This pentagonal atomic cluster exists in all other
3. Results and discussion approximants [19]. Ther2-inflated Ah3Cos approximant
phase has a periodicity of 0.8 nm along the columnar axis.
It has long been recognized that detailed knowledge Thus, the structure of the 2 nm clusters has four layers (see
of atom positions is a prerequisite to understanding the Fig. 6 of Ref. [18]). However, it is seen that in the layer at
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Fig. 3. (a) The structure of the new 2 nm clusters obtained from those intirflated Ah3Co4 crystalline approximant. Large circles denote transition
metal columns, small circles Al columns. (b) Superimposition shows how the structure of the new 2nm clugtercisly halfthe columns in the

central and outer rings of the quasicrystal.

7= % the Al columns have no symmetry. If the ordering
was the same in the layer at= 0 and the layer at = %

has four layers stacked as AB%, where A and B de-
note the 36 rotation of layers A and B, respectively. Thus,

the approximant phase would have only two different layers the simple operation shown in Fig. 4(a) would give a peri-

with a periodicity of 0.4 nm. Fig. 3(a) shows the structure
of a phase consisting only of the A and B layers of the
approximant (the same as the layerg at 1 and;l1 of Fig. 6

in Ref. [18]). The positions of the Al columns are similar
to those in AlsFe&q, whose structure is known to consist

odicity of 0.8 nm along the periodic axis. But it is known
that Al72NiogCog is a high-perfection decagonal quasicrys-
tal, with no diffuse scattering in electron diffraction and
a periodicity of 0.4 nm [14]. Thus, the rotational ordering
operation in A}2NizgCog is not as simple as that shown

of a stacking of ordered and disordered pentagonal clustersin Fig. 4(a). Fig. 4(b) is another possible rotational order-
[20,21]. In Fig. 3(b), we superimpose this structure onto the iNg operation, which gives a stacking sequence of B&.

image of the quasicrystal. All the TM and Al columns in

Though the projection of this stacking sequence fits the

the structure are present in the image, which justifies our Z-contrast image, it still gives a 0.8 nm periodicity. Thus,
assumed Al positions in the basic cluster. However, two rings We propose that the rotational ordering in;#izoCos oc-

in the quasicrystal are seen to have a significantly different curswithin the individual layerss shown in Fig. 4(c). Each
structure, containing many features not present in the newlayer (A and B) is split into two half-occupied layers, and

cluster.

All the missing sites can be explained by simply rotat-
ing the cluster through 36to form arotational variant as
shown in Fig. 4(a). The structure is identical to that pro-
posed previously [22], but now explains the origin of the 10
columns in the central ring and the 10 closely spaced TM
column pairs around the 2 nm ring. It also explains the 10
closely spaced pairs of Al columns in the third ring from

the center which are not visible by eye, but whose pres-

one is rotated by 36with respect to the other. After in-
troducing this rotational ordering operation in each layer,
two kinds of new layers Aand B’ are formed as shown
in Fig. 4(c). Now, since every site has half occupancy, not
only does the projected structure fit tdecontrast image,

it also gives a 0.4nm periodicity. We emphasize that the
closely spaced pairs of Al and TM columns seen experi-
mentally mustbe partially occupied (i.e. phason flip sites)
since their separation 0f0.13nm is too small to allow

ence was previously detected by line traces and confirmedboth sites to be occupied in the same atomic layer. The qua-

by image simulations [22]. The new 2 nm cluster in Fig. 4(a)

sicrystalline structure may thus represent a true superposi-
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Fig. 4. (a) Two rotational variants of the basic 2 nm cluster obtained fronr4kaflated Ah3Co4 approximant are superimposed. The resulting cluster
superimposed on th&-contrast image gives a perfect fit. However, these two rotational variants give a new periodicity of 0.8nm. (b) A different
rotational ordering operation which also gives a 0.8nm periodicity. (c) Rotational ordering is introduced into each individual layer. Thig rasults
0.4nm periodicity, consistent with electron diffraction results.

tion of the two rotational variants of the basic 2nm clus- coverage model of the ideal quasicrystal, and the remaining
ter derived from the approximant phase. Such a structuretwo result automatically.
would naturally contain a high chemical entropy explaining  Thus our growth model naturally accounts for all the
the high temperature stability of this basic Ni-rich decago- overlaps required to define the ideal quasiperiodic state,
nal phase. as well as every detail in ow-contrast images. Although
The most important feature of our new cluster is thatit nat- we developed this growth model in the context of the
urally provides an atomistic explanation of how a quasiperi- near-perfect decagonal phase, our clusters have great free-
odic phase can grow. The central rings of the clusters con-dom to form overlaps, and our growth model may well
tain pairs of closely spaced TM columns similar to the pairs apply to random tiling also. It differs fundamentally from
present in the outer ring. This naturally suggests how one the quasi-unit-cell model which predicts a unique tiling
cluster can nucleate a second, as shown in Fig. 5(a). Forstructure. In the case of the approximant phase, if we try
the overlap shown, most of the sites for the second clusterto overlap its fully ordered clusters it is difficult to find a
already exist in the first. high density of common sites. This suggests that the ap-
If we now repeat the same growth process, the third cluster proximant phase grows by the additionioélividual small
can take several specific orientations with respect to the first,pentagonal units around the basic 2 nm cluster, as found by
as shown in Fig. 5(b)—(d). In particular, our growth model Saitoh et al. [18] in the case of thé-inflated Al3Cos ap-
naturally results in several different overlaps with interclus- proximant. Thus, we believe that the existence of rotational
ter separations in the ratig 0.74, 1.23, 2.06 and 3.44nm. ordering is fundamental to stabilizing the quasicrystalline
The first two are precisely as required in the Gummelt form.
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Fig. 5. (a) Our complex cluster structure provides a natural explanation for nucleation of a second cluster overlapping the first, resultingnm a 1.23n
intercluster spacing. Most of the sites in the overlap region are common to both — the only exceptions are columns in the closely spaced pairs show
arrowed. (b)—(d): Continuing this nucleation mechanism leads to intercluster spacings of (b) 3.44nm, (c) 2.06 nm, and (d) 0.74 nm.

4. Conclusions high-perfection decagonal AINi»gCog quasicrystal studied
in this paper, and J.N. Pennycook for helpful overlaps.

We have presented a growth mechanism for decagonal

guasicrystals: The quasicrystalline structure forms as a con-

sequence of growth under conditions that leadbtational
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