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Direct Imaging of Local Chemical Disorder and Columnar Vacancies
in Ideal Decagonal Al-Ni-Co Quasicrystals
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Atomic-resolution Z-contrast images provide direct images of chemical disorder and columnar
vacancies in an ideal Al-Ni-Co decagonal quasicrystal. Chemical disorder occurs in the central ring
of the 2 nm clusters and involves both Al and Ni(Co) atoms. Columnar vacancies are observed
in the form of closely spaced, half-occupied atomic columns in specific rings within the clusters.
This structure, derived from real space images, differs significantly from previous atomic models.
[S0031-9007(98)07839-9]

PACS numbers: 61.44.Br, 61.16.Bg, 61.72.Ff, 61.82.Bg

Since the discovery of quasicrystals, two classes o$trates that local chemical disorder takes place irctre
models have been proposed to describe their structur&al ring of the basic 2 nm clusters and involviasth the
ideal quasiperiodic tiling, and random tiling [1—4]. Ran- Al and Ni(Co) atoms. Half-occupied columns are ob-
dom tiling can be obtained from the ideal quasiperiodicserved at specific positions in the clusters, representing
tiling by introducing phason flips. It would therefore be a high vacancy concentration incalumnararrangement.
expected that the ideal quasiperiodic tiling would be enerThe atomic structure derived from ti¥contrast images
getically stabilized, and random tiling would be stabilizeddiffers significantly from current widely accepted models.
by entropy. The atomic resolutionZ-contrast imaging technique

Recently, Josepét al. [5] have systematically analyzed was used to form compositionally sensitive images in a
different decagonal AI-Ni-Co phases and found thatVvG Microscopes HB603U scanning transmission electron
only the so-called basic decagonal Ni-rich phase hasicroscope (STEM) operating at 300 kV. A 0.126 nm
ideal quasiperiodic tiling; all others show random tiling. probe was scanned across the specimen and the transmit-
Surprisingly, this decagonal Ni-rich phase with idealted high-angle scattering recorded with an annular detec-
quasiperiodic tiling is ahigh-temperaturephase, only tor (inner angle~45 mrad). The high-angle scattering is
stable above 80TC. At lower temperatures it decays proportional to the mean square atomic numBej8,9].
into a decagonal phase with random tiling, plus somerhus, theZ-contrast image gives a directly interpretable
crystalline phases [6]. This transformation is precisely theatomic-resolution map of the columnar scattering cross
opposite of the expected behavior, because random tilingection in which the resolution is limited by the size of the
is stabilized by phasonic entropy and should therefore belectron probe. This technique enables us to distinguish
favored at high temperature. Al atoms from transition metal (TM) atoms. In order to

To understand this unexpectéigh-temperaturddeal  avoid any surface amorphous layer, roughness, and con-
guasicrystal phase, Josephal.[5] suggestedchemical tamination from ion milling, specimens were prepared for
entropy, due to chemical disorder, could be sufficient taelectron microscopy by crushing bulk crystals into fine
stabilize the ideal quasiperiodic tiling at high temperaturefragments. The fragments were then stuck onto copper
The existence of chemical disorder would have signifi-grids for observation in the STEM. Thus, the intensities
cant implications on attempts to understand the origin omeasured from th&-contrast images gives reliable infor-
the quasicrystalline state and the nature of the transporhation on atomic occupation.
properties, but as yet, no direct experimental data have The Ni rich Al-Ni-Co phase studied in this Letter has
been able to address this issue. Furthermore, the trana-nominal composition of AjNiy(Cos. It was annealed
formation from ideal quasiperiodic tiling to random tiling at 900°C for 47 h and then quenched into cold water
involves phason flips. Theoretical studies have suggestezb that the atomic structure of the ideal high-temperature
that vacancies are essential to mediate such phason flipecagonal phase is frozen into the sample. This specimen
[7], but again, experimental evidence concerning their nahas been confirmed to have the same quality as that
ture and distribution is lacking. reported previously [6]. The tenfold diffraction pattern

In this Letter we present unambiguous evidence foishows a large amount of weak reflections upgtealues
the presence of both chemical disorder and vacanciesf 0.1 nm, and no diffuse scattering intensity is present
Atomic resolution Z-contrast imaging directly demon- in the ten or in the twofold diffraction patterns [6]. It
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belongs to the simple decagonal phase which has a periddat these three bright spots correspond to atomic columns
of 0.4 nm along the tenfold axis. occupied almost entirely by TM atoms. These three bright

The decagonal phase is a two-dimensional quasicrystaspots destroy the decagonal symmetry, but the remaining
periodic along the tenfold axis, and quasiperiodic in therings retain decagonal symmetry. In typeclusters,
plane perpendicular to it. Conventional high-resolutionhowever, the first ring has a much more homogeneous
electron microscopy (HREM) images viewing along theintensity. The intensity of this ring is much lower than
tenfold axis show contrast from atomic clusters with 2 nmthat of the pure TM columns but higher than that of the
diameter. In the ideal quasicrystals these clusters angure Al columns (see, for example, the ten weak spots
arranged at the vertices of the pentagonal Penrose patteim the next ring). Thus, each column in the first ring
with edges of about 2 nm, while those of others (e.g.must be occupied by a mixture of Al and TM atoms. In
superstructures) are on the vertices of the rhombic Penrosgher words, chemical disorder has occurred between the
pattern with the same edge length [5,10]. Figure 1 show#l and the TM atoms (not just between the Co and Ni
the Z-contrast image of the Ni-rich AlI-Ni-Co phase as
viewed along the tenfold axis. The very bright and weak
spots correspond to the columns of the TM (Ni, Co) and
Al atoms, respectively. The 2 nm clusters are clearly
seen, as indicated by the black circle. The pentagonal
Penrose pattern directly constructed from the image is
superimposed and shows the 2 nm clusters at the vertices
of the pentagonal Penrose pattern.

A striking feature of the image in Fig. 1 is that there are
two types of 2 nm clusters, labeledandb. The details
of typea and typeb clusters are obtained fro&contrast
images at higher magnification, shown in Figs. 2(a) and
2(b), respectively. The 2 nm clusters are again indicated
by the black circles in the figures, and it is clearly seen
that the differences occur only around the central ring
(0.5 nm diameter) of these two clusters. In typelusters
there are three bright spots around the first ring (in fact,
two of them are slightly split, which will be explained
later). The intensities measured from the images show

FIG. 2(color). (a)Z-contrast image showing details of a type-
a cluster and (b) a typé- cluster. Note that the intensities
of the columns at the first ring of typle-clusters are higher
than that of Al columns but lower than that of transition metal

' columns, demonstrating local chemical disorder. (c) Structure
FIG. 1. Z-constrast image of AlNi,,Co; viewed along the directly derived from (b). Large circles denote transition metal
tenfold axis. The black circle indicates one 2 nm cluster. Thecolumns, small circles Al columns, green circles mixed Al and
2 nm clusters are arranged on the vertices of the pentagon#dansition metal columns; atoms in the= 0 plane are shown
Penrose pattern, which is superimposed on the image. Notalue; those in theg = ¢/2 plane are shown red. Light blue
two types of clusters are indicated byandb. and red coloring denotes half-occupied columns.
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atoms as estimated by Josephal.[5]). The disorder cancies as the mediators of phason flips. Such vacancies
takes place at the center of typeelusters, although it will also be very significant in determining the electronic
is not complete. By assuming chemical disorder onlystructure and transport properties of decagonal quasicrys-
for Co and Ni atoms, Jose#t al. estimate that chemical tals [13]. We emphasize that the image is a projection
disorder could provide sufficient entropy to overcome theand that periodicity along the half-columns is not nec-
phasonic entropy contribution of random tiling, and soessary to explain the image contrast. Only an average
stabilize the ideal tiling at high temperature [5]. The occupation close to one half is required, so that vertical
chemical disorder for Al and TM atoms that we observevacancy motion can be accommodated by a simple side-
will provide a much larger entropy contribution than thatways translation of atoms from one half-column to the
from disorder of only Co and Ni atoms. Therefore thisempty adjacent sites.

chemical entropy gain more than compensates for the The atomic arrangement of the basic 2 nm clusters de-
loss of phasonic entropy due to the transformation fronrived from theZ-contrast images differs significantly from
random tiling to ideal quasiperiodic tiling. Hence, we that proposed in previous structural studies. Because of
have direct experimental evidence that disorder betweelower resolution, neither chemical disorder nor colum-
the Al and TM sites stabilizes the ideal quasiperiodicnar vacancies could be detected [11,14—17]. Figure 2(c)
structure at high temperature. shows the structure derived from the typecluster of

Another striking feature of the image is that there areFig. 2(b). Ten pentagonal units (indicated by solid lines)
ten pairs of closely spaced TM columns located aroundare located on the 2 nm ring, each overlapped with two
the 2 nm ring, as indicated by the pairs of arrows in Fig. 2neighbors to form ten pairs of closely spaced TM columns
These column pairs have a very small projected separatioifgcated around the perimeter, as indicated by the pairs of
only around 1.4 A, but are still resolved in tiecontrast  arrows in Fig. 2(c). Typer clusters show the same ar-
image. It is clearly not possible for each column within rangement except for the ordered central ring. Although
a pair to be fully occupied. Intensity measurement showshe composition of the central ring may vary from clus-
that the total intensity of these two columns is close taer to cluster, assuming an average of 3 TM columns and
that of a single column of pure TM. This suggests that7 Al columns gives a composition of AlTMyg, in agree-
each column within a pair is actuallyalf-occupiedby  ment with the nominal composition.

TM atoms, or alternatively, the pair can be considered
as a single buckled column of TM atoms. We also have
direct experimental evidence of partial occupancy on the
Al sublattice. The second ring (0.9 nm diameter) counting
from the center shows weak intensity but sufficient to
correspond to fully occupied Al columns. The third ring
(1.2 nm diameter) from the center contains ten bright
TM columns, but in between these bright columns there
is a small but significant intensity [see the single arrow
in Fig. 2(b)]. The measured intensities are too low to
correspond to the fully occupied Al columns in the model
of Burkov [11]. The Z-contrast image simulations in
Fig. 3 show that this weak intensity is consistent with two
half-occupied Al columns.

Our Z-contrast images therefore provide direct evi-
dence for half-occupied columns on both the TM and Al
sublattices. Such a half-occupied atomic column can be
regarded as aolumnararrangement of vacancies. It is
known that phasons are correlated with local rearrange-
ments of tiles, and phason flips are expected to be the
key mechanism for phase transitions between quasicry$lG. 3. Image simulations of the 2 nm cluster [Fig. 2(b)]
tals and approximant phases. Molecular dynamics stug¥ith (@) a single full Al column between two neighboring
. " - - M columns in the third ring counting from the center, (b)
ies havef.shown that half-yacanmgs are essential foy, half-occupied Al columns, and (c) no Al column. (d)
the mobility of phason flips in quasicrystals and that themeasured intensity profiles (in arbitrary units) across the ring
atom motion is predominantly along the periodic axis [7].from left to right along the 2 nm white line indicated in (a).
These studies found certain sites to be more effective butrofile | is measured from th&-contrast image; II, lll, and

did not predict the columnar arrangement. In addition, td¥ ar€ from simulated images (a), (b), and (c), respectively.
' “Two arrows indicate the position of the Al columns between

s!mulate pha_son flip§ observed in HREM images, vacalgyo TM columns. The fact that profile Ill matches profile |
cies are again required in the structural model [12]. Itprovides evidence for two half-occupied Al columns between
is very tempting therefore to identify these columnar va-neighboring TM columns around the third ring.
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