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Atomic Decoration of a Random-Cluster Model for Icosahedral-Phase AIMnSi
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Preliminary results on the atomic decoration of a random-cluster model for icosahedral-phase alloys
are presented. The calculated neutron and x-ray intensities compare quite favorably with experimental
intensity data on i-A1MnSi. The origin of the peak at Q =1.62 A, associated with the prepeak found
in "amorphous" A1MnSi, as well as the ubiquitous "dift'use" scattering, seen experimentally under the
groups of strong peaks in all icosahedral-phase alloys, are revea1ed selectively in the calculated partial in-
tensities for Al-Al, Al-Mn, and Mn-Mn correlations.

PACS numbers: 61.42.+h, 61.50.Em, 61.55.Hg

We have recently reported on a random-cluster model
(RCM) for icosahedral-phase (i-phase) alloys construct-
ed by randomly packing icosahedral clusters with physi-
cally motivated constraints on the allowed local cluster
configurations. ' This model is a natural extension of
earlier work by Shechtman and Blech and Stephens and
Goldman, and is complementary to the recent treatment
by Elser. These models are thought to be entropical-
ly stabilized, as is the analogous random-tiling mod-
el, ' by the large number of nearly equivalent cluster
configurations. Our model was shown to possess long-
range translational order comparable to, or greater than,
that found in simple i-phase alloys such as i-AlMnSi and
i-A1LiCu, and the peak shapes and positions were in

good agreement with experiment. In this Letter we
present preliminary results on the atomic decoration of
our model and show that the calculated x-ray and neu-
tron powder diffraction patterns compare quite favorably
with experimental intensities on i-A1MnSi. Taken to-
gether, our results would appear to support an approach
to the i-phase alloys in which a physically sensible struc-
ture is grown and its atomic decoration then explored.

By "physically sensible" we mean that the icosahe-
dral-phase A1MnSi has a closely related crystalline
phase, a-A1MnSi, which is essentially a bcc packing of
54-atom icosahedral clusters. ' In the a phase the clus-
ters are attached face to face along the body diagonals of
the cubic lattice. Our modeling of i-A1MnSi packs the
same icosahedral atomic clusters found (slightly distort-
ed) in the a phase, but connects their faces at random,
ignoring the bcc lattice as in Refs. 2, 3, and 4. In addi-
tion, we have imposed constraints on the local cluster
configurations by introducing three adjustable parame-
ters as described in detail in Ref. 1. The particular mod-
el discussed in this Letter was constrained to grow in
concentric spherical shells of thickness 55=2.2 A (0.2
of the cluster separation distance), and a shell was con-
sidered full when the probability of finding a usable face
fell below a cutoff probability P= &pp. The size of the
explored local environment of a cluster was L =17.5 4
(L =1.6 model units in Ref. 1), i.e., only a discrete set of

neighbor distances less than L were permitted for each
cluster. It should also be noted that in the a phase 22%
of the atoms, all Al(Si), are not part of a 54-atom clus-
ter and fill the space between the clusters. These atoms,
often referred to as "glue, " are highly correlated with
the clusters and can be associated with a third (incom-
plete) icosahedral shell where each atom belongs to more
than one cluster. "

Although our most ordered model, L =21.9 A (see
Ref. 1), has a cluster density that is —90% of the a-
phase density, the diffraction peaks are narrower than
those found in the data despite the limited model size,
—550 A in diameter. This indicates that the transla-
tional correlation range is greater than that of the real
i-A1MnSi material. Hence we have chosen the
L = 17.5-A model (whose phason strain is slightly
greater) for decoration, which has a cluster density
—85% of that of the a phase. The calculated diffraction
intensities discussed here then represent only 66% of the
total number of atoms (both density and stoichiometry
are nearly the same in the i and a phases ' ) because we
have not yet included the glue atoms in the decoration; in

other words, at this point we are only considering the
scattering of the 54-atom cluster ensemble. In this sense
the results presented here are preliminary and work is
currently in progress, based on Henley's canonical til-
ings, ' to account for all the atoms. Nonetheless, as we
shall see, one can learn a great deal from this prelimi-
nary solution to the full structure.

The calculated powder diffraction pattern for the un-
decorated model is presented in Fig. 1 for a 330-A as-
sembly of 15803 icosahedral clusters. In Fig. 2 we show
the partial neutron intensities, partial x-ray intensities,
and the combined total neutron and x-ray intensities to-
gether with experimental neutron and x-ray data. We
have calculated powder patterns because we are interest-
ed in the total scattered intensity, including background.
This continuous powder pattern thereby includes both
structural disorder as well as the envelope of all the weak
peaks (large Q ). ' The powder structure factor S(Q)
for the undecorated model is calculated by assigning a
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FIG. I. The calculated S(Q) for the undecorated model.

The peak shapes and positions are in good agreement with the
neutron [Fig. 2(e)] and x-ray [Fig. 2(j)] intensity data on i

A1MnSi.
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where x; is the concentration of the ith atomic species,
N; is the number of atoms of the ith type in the model,
and b; is the neutron scattering length in 10 ' cm. The
partial scattering intensities I' ~(Q) are then given by

IMn-Mn(g) b 2

+ Mn Mn
G Mn-Mn( ) sin(gr) d

x b

gM„O Qr

IAI-Al(g) X b 2 + G Al-Al( ) (Q

2XMnbMnbAl Mn Al( ~ sin(gr) d

354

scattering power of 1.0 to each cluster center and
Fourier transforming G(r), the deviation from the aver-

age number density, which has been corrected for the
finite model size. ' The S(Q) is given by

S(g) —
1 = ~ G(r) dr, G(r) =4irr [p(r) —po],dp Qr

where Q =4xsin(8)/A, , p(r) is the density as a function
of r averaged over every cluster as the origin, and pp is
the (r-dependent' ) average density. We use a small
sphere (—330 A across) taken from the larger model to
bring the amount of computer time used on the decorat-
ed model to within a reasonable amount, —100 h on a
Cray 2 computer. Unfortunately there are no shortcuts
if all of the intensity is to be included.

In order to calculate the diff'racted intensity from the
decorated model, we first calculate the partial pair-
correlation functions' G' ~(r). The total neutron inten-
sity is given by

The x-ray intensities have exactly the same form with b
replaced by f(Q), the x-ray mean atomic scattering fac-
tor, which, unlike b, is Q dependent. A weighted average
was used for bAl and fAl(Q) to account for the Si. Be-
cause of the preliminary nature of the calculation, no
Debye-Wailer factors were included.

The undecorated S(Q), Fig. 1, has peak shapes and
peak positions that are in good agreement with the neu-
tron [Fig. 2(e)] and x-ray [Fig. 2(j)] intensity data;
every peak in each experimental powder pattern has a
corresponding peak in the undecorated S(Q). Note that
there are corresponding peaks that are strong (weak) in
the x-ray data and weak (strong) in the neutron data
(for example, the peaks at Q = 2.89, 3.04, 5.72, and 5.80
A '). These differences are due to the difference in

scattering contrast between Mn and Al for neutrons
(bM„= —0.38 x 10 ' cm and b Al =0.36 x 10 ' cm)
and x rays (12-electron difference) which means that the
neutron data emphasize the "difference lattice" while the
x-ray pattern emphasizes the "average lattice. "

The partial intensities are quite instructive in deter-
mining which atomic correlations give rise to various
features in the experimental diAraction patterns. For in-
stance, consider the two peaks at Q = 5.72 and 5.80 A
which have relatively small values of Q but are absent
in the neutron data. The Mn-Mn and Al-Al partial in-
tensities both have a positive contribution for these peaks
while the Mn-Al partial intensity is negative and nearly
cancels the other contributions. For x rays all three par-
tial intensities give a positive contribution at these posi-
tions. Of even greater interest is the peak at Q=1.62
A ' which is almost entirely due to Mn-Mn correla-
tions. In the "amorphous" diAraction pattern of A1MnSi
of the same composition there is a prepeak at this posi-
tion. ' Such a prepeak is usually associated with corre-
lations in the minority atomic species' and in this case
has been identified with the Mn-Mn distance of -4.5
k ' The partial intensities shown here demonstrate that
this remains the case in the quasicrystal which is of par-
ticular interest because the broadened quasicrystal pat-
tern agrees so well with the amorphous pattern. '

We also note the "diff'use" intensity found under the
groups of strong peaks near Q = 2.7 and 5.0 A ' with
weaker diffuse scattering at Q = 3.5 and 5.8 A ', all of
which seems to resemble closely the main features in the
amorphous diA'raction pattern. ' ' Such diffuse scatter-
ing, which is common to all of the i-phase alloys studied
thus far, including those thought to be free of phason
strain (e.g. , i A]FeCu or -i-AIRuCu), is clearly visible in
the total-intensity plots although it does not seem to be
in the undecorated S(Q). By examining the partial in-
tensities we see that the diftuse scattering appears
predominantly in the Al-Al correlations. It is interesting
that this feature is reproduced without either the glue
atoms or any substitutional disorder within the atomic
clusters. At least for i-A1MnSi, this must result from
weak peaks with large Q that are part of the back-
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FIG. 2. Partial neutron scattering intensity, in barns/steradian, calculated for (a) Mn-Mn, (b) Al-A1, and (c) Mn-Al correlat&ons;
(d) total neutron intensity and (e) experimental neutron intensity data on i-AlMnSi. Partial calculated x-ray intensity, in electron
units (e.u. ), for (f) Mn-Mn, (g) Al-AI, and (h) Mn-Al correlations; (i) total x-ray intensity and (j) experimental x-ray intensity data
on the same i-AIMnSi material as in (e).

3SS



VOLUME 66, NUMBER 3 PHYSICAL REVIEW LETTERS 21 JANUARY 1991

ground in the undecorated S(Q) (Ref. 14) but are more
heavily weighted in the Al-Al partial intensity. This has
been confirmed by a calculation of the structure factor
for a single 54-atom icosahedron in which strong broad
peaks appear in the Al-Al partial intensity at —2.8 and
—5.0 A ' which are not in the Mn-Al or Mn-Mn func-
tions. At these

~

Q"
~

(—=Q) positions, however, these
strong Al-Al contributions appear about symmetry axes
where the Bragg peaks due to the model are weak (i.e.,
large ~Q ~). To be specific, the prominent experimental
peaks at ~Q "~ =2.89 and 3.04 4 ' are on the fivefold
and twofold axes, respectively, while the strong Al-Al
contribution at ~Q "~ =3.0 4 ' is along the threefold
axis of the 54-atom icosahedron.

The agreement with the calculated total intensities
cannot be perfect, of course, because 33% of the atoms
are missing. In addition, the x-ray patterns are in better
agreement than are the neutron patterns because neu-
trons will be more sensitive to the decoration in the glue
than x rays. There are also other, more curious,
diA'erences, such as the peak at Q —3.45 A which is
much weaker in the calculated neutron pattern than in
the data but is much stronger in the calculated x-ray
pattern. Our partial intensities, nonetheless, compare
well with the neutron study of contrast variation in
Al-transition-metal alloys by Janot et al. '

An important theme in structural studies of i-phase al-
loys has been the 6D Patterson analysis from which an
average 6D lattice can be determined and the real 3D
structure inferred. Criticism by its practitioners ' of the
sole use of this procedure has, however, recently ap-
peared. We thus oAer the present results as a prelimi-
nary attempt to provide an alternative in which the i-
phase alloy may be viewed as a decorated RCM with
quenched-in phason strain. '
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