
Disorder in Al-Li-Cu and Al-Mn-Si Icosahedral 
Alloys 

tion have been presented elsewhere (17). 
Briefly, &Li3Cu was cast from a stoichio- 
metric charge and solidified within the cru- 
cible used for melting (19). The charge was 

Faceted dendrites of icosahedral &Li3Cu have been studied by high-resolution x-ray 
scattering. The samples display long-range icosahedral symmetry both in their diffrac- 
tion patterns and in their macroscopic morphology. Despite the appearance of well- 
defined facets, the samples have a high degree of atomic disorder. The Bragg peaks 
have symmetry-dependent shapes and widths that scale linearly with GI (phason 
momentum). The peak widths are surprisingly similar to those found in icosahedral 
Al-Mn-Si alloys in both their absolute magnitude and their dependence on G I .  The 
origin of these features in models for the icosahedral phase is discussed. 

S INCE THE DISCOVERY ( I )  OF ICOSA- 

hedral alloys, several approaches have 
been used to elucidate their structure. 

Theoretical efforts have focused on the wide 
variety of distinct quasiperiodic tiling (2) 
and projection (3)  algorithms that can yield 
long-range icosahedral order, as well as on 
the building of atomic models (4) and on 
the crystallography of quasiperiodic struc- 
tures (5). Much progress has been made in 
understanding icosahedral quasilattices (4- 
7), but there is still no agreement about 
which decorations might correctly describe 
atomic positions. 

In this report we focus on the defect 
structure of these materials. X-ray scattering 
experiments (8-10) have shown that diffrac- 
tion peaks in icosahedral alloys are broad, 
which indicates the presence of substantial 
disorder. As shown below, diffraction peaks 
in icosahedral Al-Li-Cu display a variety of 
line shapes that cannot be attributed to any 
simple mechanism such as the presence of 
impurity phases or conventional defects, 
which suggests that an unusual type of 
disorder is involved. Furthermore, the radial 
peak widths are remarkably similar to those 
found in icosahedral Al-Mn-Si alloys in both 
their absolute magnitude and their depen- 
dence on phason momentum (9, 11-13), 
which suggests a common origin for the 
disorder in this class of icosahedral materi- 
als. 

In ordinary, commensurate materials, the 
peak broadening due to strain fields from 
defects increases monotonically with the 
magnitude of the reciprocal lattice vector 
iGi. Although the details of the defect distri- 
bution can give symmetry dependence to 
the broadening, widths of peaks of a given 
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symmetry generally increase monotonically 
with increasing wave vector. As discussed 
below, the peak widths in icosahedral alloys, 
even for peaks of the same symmetry, do not 
show this simple dependence on IGI. The 
widths and line shapes of icosahedral-phase 
x-ray peaks are associated with disorder in 
the phason variable, which enters into the 
description of icosahedral systems as a con- 
sequence of their incommensurability (9, 
12) (Fig. 1). In quasicrystalline models, 
phason strains can couple to a conjugate 
variable GI just as strains in the atomic 
density couple to the momentum transfer G 
and can generate a GI dependence of peak 
widths and shapes in diffraction data. An 
alternate approach to understanding icosa- 
hedral alloys is given by the random-packing 
models (14, 15), which describe the struc- 
tures as the orientationally ordered accretion 
of icosahedral clusters. However, these 
models predict that phason disorder also 
enters in a natural way. Indeed, the simplest 
random packings introduce disorder in the 
phason variable alone. An important unre- 
solved question in the study of icosahedral 
structures is whether the ; a n d ~ m - ~ a c k i n ~  
models, which emphasize disorder, or de- 
fected quasicrystal models, which emphasize 
quasiperiodic translational order, provide a 
more accurate description of the experimen- 
tally studied alloys. The details of the disor- 
der allowed within each model can be com- 
pared with experimentally observed disor- 
der. 

Detailed studies of disorder have been 
hindered by the small grain size of the 
rapidly quenched alloys, which has restricted 
high-resolution x-ray scattering studies to 
powder samples and has made careful mea- 
surements of line shapes difficult. The recent 
discovery that Al-Li-Cu alloys can form very 
large icosahedral grains (16, 17) has re- 
moved this restriction; in this report we 
present high-resolution x-ray scattering data 
from large faceted single grains of an icosa- 
hedral alloy (1 8). Details of sample prepara- 

slowly cooled at appr~ximately 9°C pir min- 
ute below a thermal arrest temperature of 
623°C. The bulk T2 phase (20), which we 
identifv as the icosahedral ~hase .  solidified 

L ,  

into large grains (1 to 3 mm in diameter) 
surrounded by eutectic. X-ray powder scans 
showed that the eutectic contained a varietv 
of crystalline phases: face-centered cubic alu- 
minum and the large-unit-cell T1(A12CuLi) 
(20) and R(A15CuLi3) (21) phases. The 
single grains used in this study grew as 
faceted dendrites into shrink cavities within 
the bulk of a slowly cooled alloy (19). The 
dendrites grew along their fivefbld syrnme- 
try axes; their orientations are often correlat- 
ed. The most perfect dendrites are capped 
with five symmetrically arranged rhombohe- 
dral faces (Fig. 2). The length ratio of the 

Fig. 1.  (A) A quasicrystalline array composed of 
pentagons, stars, and slivers. The diffraction pat- 
tern from this structure would yield perfect Bragg 
peaks similar to those from a Penrose tiling. (B) A 
linear phason strain has been imposed on the 
structure from (A). (C) A random packing of 
pentagons. This structure can formally be repre- 
sented as a quasicrystalline array modified by a 
high density of random phason strains. Differ- 
ences between the patterns are best observed by 
viewing them at a glancing angle; the quasiperio- 
dically spaced rows of edges in (A) acquire "jogs" 
in (B) and become wavy and disordered in (C). 
[Figure courtesy of P. W. Stephens] 
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Fig. 2. Scanning electron 
micrograph that shows the 
growth habit of icosahedral 
dendrites of &i3Cu. The 
rhombohedra1 facets are 
about 50 km on a side. The 
eutectic is visible at the base 
of the dendrite arms. 

major and minor axes of the rhombi appears 
to be equal to the golden mean, 7 = (1 + 
V3)/2. These caps are well approximated as 
portions of a rhombic triacontahedron (Fig. 
3), a convex solid with 30 "golden rhom- 
bus" faces and 60 edges that connect three- 
fold vertices to fivefold vertices. In the scat- 
tering experiment, single crystals of the type 
shown in Fig. 2 mounted on a glass fiber. 
The samples were approximately 0.1 to 0.3 
mm in size and consisted of one major 
dendrite arm with numerous triacontahedral 
side branches. 

The macroscopic morphology of crystals 
is often directly related to the symmetry and 
packing of local microscopic units. Indeed, 
historically this observation led to the first 
suggestion that crystals are composed of 
identical microscopic unit cells (22). Neu- 
mann's principle states that the macroscopic 
symmetry elements of a freely growing fac- 
eted crystal must include the symmetry of 
the crystal point group (23). A triacontahe- 
dron has the %35 symmetry of an icosahe- 
dron; unit cells of icosahedral symmetry 
cannot pack in a periodic manner and main- 
tain macroscopic triacontahedral symmetry. 
Nevertheless, diffraction from Al-Li-Cu dis- 
plays an icosahedral point symmetry. In Fig. 
4 we plot x-ray intensity versus momentum 
transfer for radial scans in G through two 
Bragg peaks (24,25). The momentum trans- 
fer is defined as IGI = (41~lh)siin0, where h is 
the wavelength of the incoming x-rays and 0 
is the scattering angle. The peaks have been 
indexed with the six-index vertex vector 
notation (8). We use the convention in 
which the basis vectors are given by cyclic 
permutations of qo(l,+~,O), where qo de- 
fines the scale of the reciprocal lattice. The 
scans have been fitted to Gaussians or sums 
of Gaussians (solid lines), which provide a 
useful parametrization of the line widths, 
although they do not completely describe 
the shapes of the peaks. 

A number of results are immediately clear. 

First, the peaks are much broader than the 
instrumental resolution, which indicates the 
presence of considerable disorder. The radial 
peak widths vary from 0.005 to 0.04 A-' 
half-width at half-maximum (HWI-IM). 
Second, transverse scans through these 
peaks are also quite broad. The transverse 
widths of these peaks, which can be as large 
as 2.5' (0.04 A-') for the l(i12200) peak, 
cannot be simply attributed to misoriented 
subgrains (mosaic blocks), because symme- 
try equivalent peak widths decrease for larg- 
er scattering angles. Third, peaks with dif- 
ferent symmetries have different line shapes. 
For example, radial scans through vekex 
symmetry peaks [that is, peaks whose associ- 
ated reciprocal lattice vectors intersect the 
vertices of an icosahedron, such as the 
(100000)], are bimodal, whereas peaks of 
other symmetries are relatively structureless. 
The striking bimodal character of the vertex 
peaks cannot be explained by compositional 
modulations (variations in the lattice con- 
stant) in the sample, since this splitting is 
not displayed by other peaks, such as the 
nearby (110000). 

The peak widths for Al-Li-Cu, as well as 
other icosahedral allovs that have been stud- 
ied, do not scale monotonically with IGI. 
However, the peak widths do have a nearly 
linear dependence on GI. Figure 5A shows 
a plot of peak HWHM for radial scans 
through all of the peaks measured on one of 
the dendritic AI&i3Cu samples. A straight 
line passing through the origin provides a 

Fig. 3. (A) An icosahedron and (B) a rhombic 
triacontahedron. The triacontahedron can be con- 
structed by replacing the edges of the icosahedron 
with rhombic faces. 

reasonable fit to the data. as would be 
expected if the disorder were purely GI- 
dependent. Analysis of data from a second 
s&de results in a similar fit but with a 
diffirent slope. We can understand the ob- 
served variation of peak width with GI by 
assuming that the defect structure of den- 
dritic Al-Li-Cu can be characterized bv ani- 
sotropic linear phason strains. Such strains 
lead to shifts in peak position (11-13) given 
by AG = MG,, where M is a matrix that 
describes a linear phason strain field. A 
distribution of such strains in the sample can 
be described by assigning different values of 
M to different regions of the sample. Each 
region can be considered as a coherent "do- 
main" that contributes Bragg scattering into 
a reciprocal lattice point GBragg + MGI. 
Thus ;he measured intensity about any re- 
ciprocal lattice point will correspond to an 
ensemble of peaks from all such domains as 
determined bv the matrices {MI. 

In a random hiskibution of 
strains will give many overlapping peaks and 
result in a broad, smooth scattered intensity 
maximum. However, effects due to growth 
kinetics or local energy considerations can 
restrict or skew the distribution of {M) and 
result in a restricted set of diffraction peaks 
in the ensemble. Electron microscopy obser- 
vations of electron difiaction from rapidly 
quenched Al-Li-Cu ribbons show that pha- 
sonlike peak shifts are perpendicular to the 
dendrite growth directions, which suggests 
that the distribution of {MI is influenced bv 
the direction of sample.grbwth; this effe& 
has also been seen in rapidly quenched Al- 
Mn alloys (26). The samples used in the 
present study were cooled relatively slowly 
rather than being melt-spun. However, pha- 
son disorder may correlate with the growth 
direction, since- these samples als; grow 
dendritically and x-ray powder diffraction 
scans of both slowly and rapidly quenched 
Al-Li-Cu powders show nearly identical 
peak widths and shapes. 

Thus the diffraction peak widths and 
shapes in Al-Li-Cu are consistent with a 
m d e l  in which the vredominant defects can 
be described in teAs of anisotropic linear 
phason strains, which are correlated with the 
growth direction. The model provides a 
unified picture of the scattering data, includ- 
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Fig. 4. Scattered intensity versus momentum 
transfer for radial scans through the (A) (100000) 
(vertex) and (B) (110000) (edge) Bragg peaks. 
Solid lines are fits to Gaussian llne shapes. Verti- 
cal axis measures photons counted per 20,000 
counts in a monitor detector placed before the 
sample. 

ing the following features: First, the scatter- 
ing in the vicinity of a Bragg peak, G~ragg, 
will be comprised of an ensemble of peaks 
given by G = GBragg + MG,, where {M) 
describes a restricted distribution of phason 
strains in the sample. Second, peaks of the 
same symmetry will have the same shape, as 
in fact observed in the data. For example, all 
vertex peaks have the same line shape, with a 
bimodal splitting in the radial direction. 
Third, the spread in reciprocal space of 
ensembles of peaks will vary linearly with 
G L  (Fig. 5A). This gives rise to the G, 
dependence of the measured peak widths. 
(Note that, for the split vertex peaks, the 
width here refers to the extent of the entire 
peak structure, rather than that of any indi- 
vidual peak included in the cluster.) The 
possibility that the alloys lock into a com- 
mensurate phase remains but is unlikely 
since we measure different magnitudes of 
strain in different samples (that is, different 
slopes in the fits to different samples). A 
complete description of peak shifts and 
broadening must include symmetry-depen- 
dent effects. A description of peak shifts and 
broadenings in terms of anisotropic linear 
phason strains has recently been developed 
by Socolar and Wright (27). By incorporat- 
ing linear phason strain associated with 
growth anisotropy, they account for x-ray 
peak shapes and shifts in both Al-Li-Cu and 
Al-Mn-Si samples and also the shapes of 
spots seen in electron diffraction patterns. 

Individual peaks in an ensemble can also 
be broadened bv other effects such as finite 
grain size, sample mosaic (which broadens 
peaks in the transverse directions only), 

conventional G-dependent strains, varia- 
tions in the magnitudes of {M), or nonlin- 
ear components of the phason strain. In fact, 
a crossover to G-dependence (or finite size 
broadening) is seen in the low GI  (high G)  
end of the edge-series peaks (see Fig. 5A). 
These effects in addition to the three-dimen- 
sional instrumental-resolution function will 
smear out the ensemble of peaks about each 
Bragg reflection. However, the vertex peaks 
(Fig. 4) have considerable structure. (Care- 
ful measurements of the three-dimensional 
structure of these peaks indicate the pres- 
ence of other maxima in the scattering func- 
tion in addition to the two major peaks 
shown, which are split in the radial direc- 
tion. Also, the two major peaks do not 
always have the same amplitude.) If we 
describe the vertex peak profiles as the sum 
of two Gaussian line shapes, we can extract 
an estimate for the widths of individual 
peaks in the ensemble; we find a peak width 
of 0.0025 k' (HWHM) for the (100000). 
The peak width is consistent with an effec- 
tive crystallite size of ~r10.0025 k' = 1250 

We now discuss the magnitude of the 
peak widths. A sttiking feature of our results 
is the similarity between Al-Li-Cu and Al- 
Mn-Si. In Fig. 5B we replot the width of 
edge symmetry Bragg peaks versus phason 
momentum for our Al-Li-Cu samples and 
for film-deposited, annealed Al-Mn-Si. The 
solid lines represent the peak widths theoret- 
ically predicted by Horn et al, for dislocation 
disorder (9), which for icosahedral materials 
incorporates both phonon and phason 
strains. Although all the points do not fit 

exactly on the same curve, the peak widths 
for a given G ,  all agree within a factor of 
2. It is difficult to just+ a priori that single 
crystals of Al-Li-Cu should have quantita- 
tively the same strains as icosahedral films of 
Al-Mn-Si. Neither the Bragg peak intensi- 
ties nor the local structures of the nvo 
materials are similar (4). Despite some dif- 
ferences in shape, the Bragg pkak widths are 
quantitatively similar, and do not appear to 
depend sensitively on either sample compo- 
sition or growth rate. Spin-condensed rib- 
bons of Al-Li-Cu as well as annealed spin- 
condensed ribbons of Al-Mn-Si have quali- 
tatively similar peak widths (7-lo), al- 
though these samples were cooled orders of 
magnitude more rapidly than our Al-Li-Cu 
samples. (However, it should be noted that 
it i; difficult to unambiguously relate the 
rate at which the entire sample was cooled to 
the velocity of the growth front; we estimate 
a ran0 of 100 to 1000 between the growth 
rates in the two types of sample). Thus the 
data suggest that phason disorder of a spe- 
cific magnitude is a universal feature of this 
class of alloy. 

One approach to understanding the uni- 
versal   has on disorder can be found in 
accretion models for the growth of the 
icosahedral phase. In these models, local 
icosahedral units are accreted by the attach- 
ment of an icosahedron to a randomly cho- 
sen vertex (14) or face (15) of an icosahedral 
seed. To ensure orientational order, adjacent 
icosahedra are given the same orientation. 
The resulting structure is highly disordered 
and yet has macroscopic orientational order. 
Because the disorder is primarily of phason 
character, the predicted Bragg peaks are 
quite sharp and have widths that increase 
monotonically with IG, I. However, the 
model in its simplest form cannot be correct 
in detail; it contains random strains that 
cause an isotropic / G I 2  dependence (9) of 
the width. whereas the data on Al-Li-Cu 
indicate an anisotropic, linear dependence. 
A linear component to the phason strain can 
be incorporated by allowing anisotropic ran- 
dom packing of the icosahedral structural 
units (28); the quadratic component of the 
phason strain (and associated "tears" in the 
structure') can be further removed bv allow- 
ing a certain amount of thermal relaxation in 
the growth algorithm (29). Indeed, as far- 
ther-neighbor interactions are added, the 
generated structure approaches that of a true 
quasicrystal. Conversely, if a phason strain is 
added to a quasiperiodic tiling a certain 
density of matching-rule violations (13) re- 
sult, which can be interpreted as places 
where the structural units fit together in an 
energetically unfavorable way. 

In either the icosahedral glass or the qua- 
sicrystal models the presence of phason 
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Fig. 5. (A) Peak half-width at half-maximum 
versus phason momentum. Solid lines indicate 
least-squares lines. Symbols identify peak syrnme- 
tries (open symbols for sample 1, solid for sample 
2). The indices for the peaks, in order of increasing 
IG,l are: vertex jA,A): (100000), (200000), 
( O I l l l i ) ,  ( i i l l l l ) ,  and (4111 i l ) ;  edge (O,.): 
( i  12200), ( l i i  Ioo), ( o o ~ ~ o o ) ,  ( l ioooo),  and 
( l i l l 0 0 ) ;  face (0): (110001) and ( i i l i l i ) ;  
other (V):  (1210iO), (1 11 101). Except where 
noted the size of the plotted points represents the 
estimated uncertainty in the peak widths. Uncer- 
tainties in the width were obtained by systematic 
variations of all parameters in least-squares fits. 
The scatter in measured peak widths around the 
least-squares line is greater than the estimated 
error; these deviations are reproducible and result 
either from true deviations from ideal linear pha- 
son strain or from shifts due to the inadequacy of 
the Gaussian parameterization of the peaks. In the 
inset the peak HWHM for sample 1 is plotted 
versus 1G1. (B) Peak widths versus phason mo- 
mentum from two &Li3Cu samples (triangles) 
and two Al-Mn-Si samples (circles). The peak 
widths are Gaussian half-widths obtained from 
theoretical fits. The solid line through the data 
represents the phason-disorder model of Horn e t  
al. with 2000 A between dislocations (9). The 
model uses estimates for the elastic constants of 
Al-Mn-Si by Sachdev and Nelson (33) and JariC 
(34). 

strains may represent defects in the way 
structural units are arranged; the fact that 
the strains are primarily anisotropic and are 
associated with the growth direction sug- 
gests that the defects are introduced by 
"incorrect attachments" of structural units 
during the growth process. In these models, 
the magnitude of phason strain is propor- 
tional to the probability of a misattachment 
multiplied by the size of a structural unit. 
(This is comparable to saying that in ordi- 
nary crystals the strain due to dislocations is 
proportional to the density of dislocations 
multiplied by the length of a Burger's vec- 
tor, which is determined by the size of the 
unit cell.) As pointed out by Levine e t  al. 
(30), phasons represent overdamped hydro- 
dynamic modes and hence cannot easily be 
removed. Thus the phason disorder remains 
in the sample regardless of the equilibrium 
state of the material or the annealing time of 
the specific sample. In contrast, normal 
"phonon" (compressive or shear)-type 
strains are expected to self-anneal at a rate 
comparable to that in normal crystals. 

Although this report has emphasized the 
implications of the x-ray line broadening, 
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the observation of faceted icosahedral den- 
drites also has intriguing consequences. For 
example, faceting is expected in the equilib- 
rium growth of icosahedral quasicrystals 
(31) and persists even in the presence of 
substantial disorder 132'1. Our observation 

\ ,  

should stimulate investigation into the 
growth habit implied by other models for 
the icosahedral phase. 
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