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High-Resolution Electron-Microscopy Study and Structure Modeling
of the Stable Decagonal Al-Cu-Co Quasicrystal
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We report the observation of a spatial quasiperiodicity in high-resolution electron-microscope images
of the thermodynamically stable decagonal A16&Cul5CO20 quasicrystal. Well de6ned quasiperiods con-

sistent with decagonal symmetry and x-ray-diA'raction data have been found. The structure observed is

inconsistent with conventional ideal Penrose tiling. There is strong evidence for an entropy stabilization
mechanism.

PACS numbers: 61.16.Di, 61.42.+h, 68.65.+g

The recently discovered stable A16sCu~5Co2o decagonal
quasicrystal' provides a unique opportunity for an exper-
imental study of two-dimensional quasiperiodicity. Un-

like previously obtained metastable decagonal quasi-
crystals this alloy exhibits extremely sharp diffraction
peaks (correlation length is about 2000 A); and they
can be made by both rapid quenching and conventional
casting. In fact, faceted single grains of this material, a
few mm in size, have been grown and characterized. '
These are convincing evidences that Alq5Cut5Co2o is a
stable decagonal quasicrystal. To date, there exist
different structure models for quasicrystalline materials,
and these models can be divided into two groups. In the
first group, a decagonal quasicrystal is described by
an ideal Penrose tiling. Structure models from the
second group' ' are based on entropic arguments and
do not predict ideal quasiperiodicity but only "average"
quasiperiodicity, with strong thermal phason fluctua-
tions. Recently, Kortan et al. used scanning tunneling
microscopy (STM) to study the decagonal A165Cu~5CO2p

quasicrystal. ' Their analysis based on a small region of
the STM images led to a tiling model. In this work,
however, close examination of the high-resolution
electron-microscope (HREM) images of A165CutsCo2o
reveals that this particular stable phase cannot be de-
scribed by an ideal Penrose tiling. Also, there is strong
evidence that the stability of this decagonal phase is en-

tropic in origin.
An alloy ingot of A16~Cul5Co20 was made by melting

nominal amounts of high-purity elements in an arc fur-
nace under an argon atmosphere. The rapidly solidified
ribbon samples were produced by melt spinning. The
ribbons were sealed under vacuum in a quartz tube and
annealed at 900 C for 24 h to reduce the possible
phason strain. These samples were thinned for HREM
studies by ion milling. Thin-film samples were prepared
by sputtering from an A165Cul5Co20 target in an rf mag-
netron sputtering system on glass and NaC1 substrates at
400 C. Thin films for HREM studies were obtained by
dissolving the NaC1 substrate in pure water. They were
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FIG. 1. (a) A portion of HREM image of a decagonal
A16&Cu»Co&0 quasicrystal. The sample was prepared by melt
quenching, and was further annealed at 900'C for 24 h. (b)
Projection of the ring centers onto the perpendicular space.

further thinned by ion milling. Samples prepared by
both techniques were checked by x-ray diA'raction and
conventional TEM, and both possessed decagonal quasi-
crystalline diffraction patterns. ' A JEOL-4000EX
transmission electron microscope was used to study
the atomic images of both ribbon and thin-film sam-

ples. Special care has been taken to avoid the quasi-
crystalline-to-crystalline transformation induced by
electron-beam irradiation. '5
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FIG. 2. HREM image of a A16gCu]5Co20 sample made by
sputter deposition at 400'C, without further annealing. (b)
Projection onto the perpendicular space.

Analysis of the HREM images is based on the basic
property of a quasiperiodic pattern, namely, that any
finite fragment of the whole pattern is repeated in space,
but not periodically. This approach is slightly different
from the usual practice. " ' Previously, experimental-
ists tried to find tiles which were extensively used by
theoreticians in their attempts to describe quasicrystals.
Here, a more general definition of quasiperiodicity was
used, which includes a quasiperiodic tiling as a particular
case. The most recognizable fragment was chosen in the
analysis, which is a ring about 20 A in diameter with ten
bright spots situated symmetrically [Figs. 1(a) and
2(a)]. These can also be found in the STM images. ' In
fact, locally, the arrangement of these rings in our
HREM images is quite similar to that in the STM im-

ages. Even though the details as small as 2 A can be dis-
tinguished in the micrograph, the inflated tiles with tile
sides of about 20 A [Fig. 1(a)] were chosen in order to
minimize misjudgement in the analysis. Centers of the
rings were marked and their positions in plane were ex-
amined. Coordinates of all the ring centers [Fig. 1(a)]
can be written in the following form:

5

X= g NJAJ, (I)
j ]

where NJ are integers and AJ are of 20-A length and

form a regular five star. The smallest spatial scale (in
the case of an ideal Penrose tiling it would be a tile side)
deduced from the (10000) peak in the x-ray-diffraction
spectrum is 4 A. The length of the A vectors in Figs.
1(a) and 2(a) is related to the above length a =4 A by a
simple inflation relation:

2 =2T a cos18 (2)

~here v=1.618. . . is a golden mean. Therefore, the

A, 's are some fundamental quaisperiods. Connecting
the ring centers by the A vectors throughout the micro-
graph can be accomplished by the three tiles: two Pen-
rose rhombi and a crown (a regular pentagon can be
decomposed into a fat rhombus and a crown). In fact,
one can further decompose these two Penrose rhombi
and crown into two isosceles triangles with sides as A, A,
A/r, and A/r, A/r, A, respectively. In this manner, the
whole micrograph can also be covered by these two types
of triangles. '

A number of micrographs made from diff'erent sam-
ples, both as quenched ribbon annealed at 900'C for 24
h and thin film made by deposition at 400'C without an-
nealing, were examined in this fashion. The largest mi-
crograph of the annealed samples contains about 400
rings, a part of it is shown in Fig. 1(a). There are some
regions where rings are not clearly seen; however, all
these empty spaces can be covered by the tiles, though
not unambiguously. That is, there are no untilable re-
gions. These empty regions may be due to sample-
thickness variation or other conditions affecting the qual-
ity of an HREM image.

Is the tiling, obtained from the HREM image of an-
nealed AI65CuisCo2o [Fig. 1(a)], consistent with an ideal
Penrose tiling? To answer this question it suffices to in-
spect the ideal Penrose tiling [Fig. 3(a)]. The rings with
ten symmetrically situated spots might be associated
with stars of the Penrose tiling. Connecting centers re-
sults in a new tiling. The side of a large tile is related to
the side of an original tile by Eq. (2) as well. But the til-
ing itself is just an inflated Penrose tiling, consisting of
only two rhombi. There are no crowns nor pentagons.
Thus, the experimental image is inconsistent with an
ideal Penrose tiling.

However, even with a conventional Penrose tiling there
are different generalizations and modifications of it. To
check whether they are consistent with the experimental
data, it is useful to lift the experimentally obtained tiling
up to the 5D space; thus, one can express the coordinates
of the centers of all the rings in Fig. 1(a) in terms of the
5D integer points (Ni, N2, N3, N4, Ns). Then, project the
obtained array of 5D points onto the space perpendicular
to the strip of ideal Penrose tiling. "' The above-
defined mapping is not a one-to-one mapping. Since the
sum of all five Aj is zero, the simultaneous increment of
all N~ by 1 changes a 5D integer vector but leaves a
ring's center unaltered. To make the mapping unambi-
guous, all 5D integer points which differ by the (1,1,1,

73



Vor UME65, NUMsER1 PHYSICAL REVIEW LETTERS 2 JUL+ 1990

5.0

4.5—

3.5

3.0
hJ gX

2.5—

2.0

1.5—

1.0

0.5
50

0

I I 1

60 70 80 90 ~00 200

~ ~

~ ~ ~ ~ ~ ~

~ It ~ ~ ~ ~
~ ~ ~

~ I ~ I 0 ~~ ~ ~ t ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ '~ ~ ~ ~ 0 ~

y ~ ~ \ ~

~
~ ~ \ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~
'

~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ y1 1~

~ ~ ~ ~ ~
~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~
~ ~ 'I ~ ~ ~+ ~ I ~ ~ +~ ~

~ ~ 1~ ~~ ~ ~ ~

~ ~ ~ ~ ~ & ~ ~ ~ ~ ~ ~ ~
~ g ~ ~ ~ ~~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~
~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ P ~ , ~ ~, ~ ~ , ~
~ ~I / ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~~ ~ ~
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s+ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~

~
~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ + ~ ~ ~

~0 ~ ~ 0~
~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~~ ~ ~ ~ ~ ~

~ ~ ~~ ~ ~ ~ ~ ~ ~ ~

r
~ ~ ~ ~ ~ ~

~y

~, ~ ~

~ ~ ~ ~
~ ~ ~

FIG. 3. (a) Ideal Penrose tiling and its inflation. (b) Pro-
jection onto the perpendicular space.

(X~) —g X~; ——gX~;1 1 (3)

as a function of the number of points N For both a.n
ideal Penrose tiling and all its modifications this value
remains confined as N increases. The random-tiling
theories' ' predict a logarithmic divergence of this
quantity: (X~)-(2zK) 'lnN, where K is a phason
stiffness. Experimental results are presented in Fig. 4.
A limited number of points and experimental uncertain-
ties may not permit the conclusion that the plot is strictly
logarithmic. Ho~ever, there is a "logarithmiclike" in-
crease of (X&), in apparent agreement with both the
random-tiling model' ' and a model of an energetically
stabilized quasicrystal with well developed thermal
phason fluctuation. ' These results rule out any possible
generalization of a Penrose tiling and cast a doubt on
both matching-rule theories and the growth mecha-
nisms which lead to an ideal Penrose tiling. The phason

1,1) vector only must be identified. This identification
effectively reduces the dimensionality of the perpendicu-
lar space from 3 to 2, merging the points with diff'erent

coordinates in the (1,1,1,1,1) direction. The projection
of the points derived from a HREM image is shown in

Fig. 1(b). It clearly does not resemble a decagonally
symmetric cloud expected for a Penrose tiling [Fig.
3(b)]. It is also important to calculate an average size of
the perpendicular projection,

2

N

FIG. 4. Phason disorder (Xil vs number of the ringlike

clusters in an annealed A165Cu~&Co&0. Squares and circles cor-
respond to different samples.

stiffness K deduced from Fig. 4 is 0.1, which is 6 times
less than predicted by the random-tiling models. '

The HREM image of a sample produced by deposition
at 400'C [Fig. 2(a)1 displays the same ringlike clusters
as found in the image of an annealed sample. Moreover,
centers of the rings can also be presented in the form of
Eq. (1), and the entire micrograph can be covered by the
same tiles. There are two major differences between
both patterns. First, different tiles in the low-tem-
perature phase are not as uniformly shufHed as in the an-
nealed one. In some regions one can observe sufficientl
big clusterings of the similar tiles, or some finite portions
of periodic patterns. Such large clusterings of similar
tiles are not seen in annealed samples or ideal Penrose
tiling. Lifting the coordinate of ring centers to 5D space
and projecting them onto perpendicular space confirms
this statement quantitatively: (X&) is found to be ap-
proximately 4 times larger than the annealed sample.
Moreover, a substantial phason strain has been found.
No logarithmiclike behavior in the (X~) vs N depen-
dence is observed. Second, there are defected regions
(tears). These regions are usually curved strips having a
width of a couple of ring radii. They cannot be covered
by tiles in principle. Nevertheless, the length and, more
important, the orientation of the A vectors are the same
on both sides of a tear. When lifted to 5D space, this til-
ing is represented by a discontinuous surface. The pro-
jection of a discontinuity is a tear. Grain boundaries
similar to the present tears were found in icosahedral'
and octagonal' phases. As a consequence, an unan-
nealed low-temperature decagonal phase is farther away
from the ideal Penrose tiling than an annealed one. This
observation supports the suggestion that entropy p1ays an
important role in the quasicrystal formation and stabili-
zation. It is not a direct proof of a random-tiling hy-
pothesis, ' ' but it is clear that a therma11y activated
cluster reshufIIing (tile rearrangement) is needed to form
a stable quasicrystal. At the least, the decagonal Al-
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Cu-Co quasicrystal does not grow according to some
growth matching rules.

It is interesting to compare the micrographs of the
present stable quasicrystals (both annealed and not an-
nealed) to the images of a metastable Al-Mn decagonal
quasicrystal. ' The latter only has correlation lengths of
a few tens of angstroms, even though it has perfect ring-
like clusters, similar to those observed in AlssCu~sCo2o.
The difference between the two patterns is in the dis-
tances between the centers of the rings. While in

A[6sCu~5Co2o all the ring centers are separated exactly
by the A vectors (except inside tears of unannealed sam-
ples), in Al-Mn the spacings and directions of the links
vary. There are rings not lying in the sites described by
Eq. (I); and there are also untilable regions. Sometimes
it is possible to find finite portions of a tiling even in Al-
Mn, but they consist of a few tiles only. The local
configurations between such regions resemble tears in
Al-Cu-Co.
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