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%e have used x-ray and electron diffraction to study the icosahedral phase in rapidly quenched
alloys of Al with Mn, Re, Cr, Ru, V, Mo, and W. %'e also find negative results in searches for the
icosahedral phase in various other transition-metal alloys. Addition of small amounts of Si and Ru
to Al-Mn and Al-Cr alloys appears to enhance stability of the icosahedral phase. Fe discuss the
role of atomic packing, electronegativity differences, and electronic band structure in stabilizing this

phase.

INTRODUCTION

The discovery last year of an icosahedral phase (IP) in
quenched alloys of Al with Mn, Cr, and Fe has presented
an intriguing problem in crystallography. ' Icosahedral
rotational symmetry is incompatible with periodic transla-
tional order, yet the new IP's exhibit diffraction patterns
with sharp spots, a property normally associated with
periodic crystals. A possible resolution of these observa-
tions was suggested by Levine and Steinhardt, who intro-
duced a class of structures which have long-range bond-
orientational order and perfect quasiperiodic translational
order. The calculated diffraction patterns of these
icosahedral quasicrystals were found to be in close agree-
ment with the electron diffraction patterns of the Al-Mn
IP. Quasicrystals have since been investigated from
several points of view ' and have been shown to include
structures of arbitrary symmetry, with orientational or-
der preserved across the grain.

Landau theory calculations ' have shown that quasi-
periodic icosahedral structures may indeed be metastable,
and possibly even globally stable, with respect to compet-
ing crystalline phases. It therefore seems plausible that
the IP is not peculiar to Al-Mn, Al-Cr, and Al-Fe, but
may be realized in many other systems, and indeed it has
recently been reported in UzoP160Si2o (Ref. 13) and

A144Mg36Zn»Cu& (Ref. 14) alloys. ~e present here the re-
sults of a survey of quenched aluminum—
transition-metal (Al-M) alloys. The intention of this
study is to determine which Al-M systems form the IP
and to investigate what factors favor its formation. In ad-

dition to gaining insight into the structural properties, in-
formation about general alloying principles of the IP may
lead to improved samples. This is important since many
experiments are presently limited by sample quality. An
investigation of quenched Al-Mn has been presented else-
where. ' %e first review those results.

Initial studies were done on rapidly quenched 6:1 Al-
Mn samples. Quenching from the melt yields a mixture
of fcc-Al and the IP. Electron microscopy studies show
grains of the IP ranging up to several microns in size, em-
bedded in an aluminum matrix. Electron diffraction from

a single grain shows patterns of icosahedral symmetry.
The presence of excess Al implies that the concentration
of Mn in the IP is greater than 1:6, and measurements on
other samples have put the Mn content of the IP at
21.5—22 at. %. Stoichiometric samples show no excess
Al. However, as the Mn content is increased towards
stoichiometry, competition from another metastable Al-
Mn (Ref. 16) phase develops. This "T phase" forms at
slightly slower quenching rates than the IP and can be
suppressed by appropriate adjustment of quenching pa-
rameters. Although the T phase in itself merits further
study, it poses problems for any measurements of bulk IP
samples, since the T phase and IP structures appear to be
closely related. In particular, quantitative powder-
diffraction measurements of the IP may be unreliable if
samples contain more than several percent T phase, since
many diffraction peaks of the two phases overlap.

As previously discussed, " the electron-diffraction pat-
terns can be indexed by a set of basis vectors taken as the
vertex vectors of an icosahedron. Determining the

~ q
values from electron diffraction allows the indexing of
x-ray power-diffraction profiles, which can then be used
for preliminary identification of the IP in new alloys.
The widths of peaks in high-resolution x-ray scans range
from 0.04 A ' to 0.01 A ', corresponding to translation-
al correlation lengths on the order of 100 A. This should
be compared with the extent of orientational order (grain
sizes of several microns). It remains to be seen if the
broad peak widths are due to symmetry-dependent strains,
defects, or other mechanisms. X-ray powder scans, which
can reveal the presence of contaminant phases in bulk
samples, also show considerable diffuse scattering around
the most intense peaks. This may indicate disorder in the
icosahedral quasilattice or perhaps small amounts of
glassy Al-Mn present in the samples.

EXPERIMENTAL DETAILS

Our present study investigates phase formation in 14
Al-M alloys. Thin-ribbon samples of these alloys were
prepared by conventional melt-spinning techniques. In
order to ascertain the relative tendency for IP formation
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in these systems, the spinning parameters were held fixed
and chosen so that a stoichiometric Al-Mn alloy (21.5—22
at. % Mn) would quench to nearly single-phase
icosahedral ribbons. X-ray scans from a number of such
Al-Mn samples show identical diffraction profiles, indi-
cating that the procedure is reproducible. Alloys were
prepared by induction-melting high-purity (better than
99.95%, in most cases) elemental constituents in an argon
environinent. The spinning apparatus consisted of a
quartz nozzle suspended above a 23-cm Cu wheel rotating
at 3600 revolutions per minute. Alloys were induction
melted in the nozzle in gently flowing argon, then pro-
pelled through a 0.4-mm aperture at the tip of the nozzle
onto the wheel by a pressure burst of 40 lbs. per square
inch. This produced brittle ribbons several millimeters
wide and 20—40 microns thick. The quench rate could be
increased by increasing either the rotation speed of the
wheel or the pressure above the molten alloy, with similar
results. Our experience with Al-Mn has indicated that
near stoichiometry other phases may compete with the IP.
For this reason, samples for a number of systems were
made at several Al-rich compositions.

Samples were characterized with electron diffraction
and powder x-ray diffraction. The x-ray measurements
employed Mo Ea radiation from a Rigaku RU-200
rotating-anode generator, operating at 9 kW. The x rays
were monochromatized by Bragg reflection from a 2-in.
bent graphite crystal and further collimated by slits before
and after the sample, resulting in an instrumental resolu-

tion of 0.012 A ' half width at half maximum (HWHM).
Note that in most cases observation of weak peaks was

limited, not by lack of x-ray intensity, but rather by in-

trinsic diffuse scattering from the sample. Samples for

x-ray study were gently ground into a powder and
suspended between pieces of Kapton tape. (It was found
that grinding the sample too violently could result in sub-
stantial degradation of the x-ray spectra, presumably be-
cause of microscopic morphological changes. ) Diffraction
scans for each sample were indexed to known equilibrium
crystalline structures or the IP. In only two cases did
there occur peaks that could not be indexed. Every oc-
currence of the IP was confirmed by single-grain diffrac-
tion in a Phillips 400T electron microscope. %e em-
phasize that the survey determines the relative tendencies
for formation of the IP in these systems. Since the x-ray
scans cannot detect the presence of less than a few percent
of the IP in a sample, a null result indicates only that its
formation is unfavorable. A case in point is Al-Fe which
shows no sign of icosahedral peaks in x-ray scans, yet is
known to form the IP. '

Al —TRANSITION-METAL BINARY COMPOUNDS

We have identified the IP in seven of the Al-M systems
surveyed (M =Mn, Re, Cr, Ru, V, W, Mo). We searched
for, but did not find, evidence of the IP in binary alloys of
Al with Ti, Fe, Co, Rh, Pd, Ta, and Pt. (Al-Pd and Al-Pt
easily formed T phase, however. ) In order to make com-
parisons between systems containing the IP, it is helpful
to consider three different factors: (1) the degree of posi-
tional order as measured by the width of the sharpest dif-
fraction peak, which is the I(100000) in our indexing
scheme, occurring at around 2.9 A ', (2) the extent of
orientational order as indicated by grain size, and (3) the
relative phase stability as indicated by presence or absence
of other phases. We can use these factors to make a qual-

TABLE I. Phases found in rapidly quenched alloys of Al with various transition-metal (M) atoms at approximately 4:1, 6:1,and
12:1 compositions. Abbreviations are the following: IP (icosahedral phase), TP ( T phase), Al (crystalline fcc-A1), and . (unknown
phases). Only phases found in quantities greater than a few percent are shown. The fourth column shows the approximate size ratios
of Al and M atoms (Refs. 25 and 26). For ideal icosahedral packing of spheres, this ratio would be 0.905. For samples displaying the
IP, columns 6 through 8 display the largest grain sizes (in microns) typically found by electron microscopy, the approximate H%HM
of the sharp (100000) x-ray peak (in A ), and the percent expansion of the lattice relative to Al-Mn as derived from the shift in x-
ray peak positions. Alloys which do not show the IP are listed in the bottom half of the table.

Mn
Re
Cr
Ru

4:1

IP
IP

IP +?
IP+ Al+

Al)3Ru4
A13V+ Al

A15Mo+ ~

6:1

IP+ Al
IP+ A1

IP+ Al

IP+ Al
IP+ Al

Al&Mo+ Al+?

12:1

IP+ Al
IP+ Al

Size
ratio

0.90
0.96
0.92
0.94

0.94
0.98
0.97

Grain
size (pm)

1-2
1-2
1-2

1

&1
0.1

0.1

H%'HM

(A ')

0.009
0.02
0.015
0.02

0.03
0.06
0.06

Expansion
(%):—0.0
+ 1.2
+ 1.1
—1.1

+ 3.0
+ 3.0
+ 3.0

Pd
pt
T1
Fe
Co
Rh
Ta

TP
TP

AlTi+ Al
A113Fe4 + Al

A19Co
A19Rh2

A13Ta + Al

TP+ Al
TP+ Al

A113Fe4+Al

Al, Rh, +Al

A113Fe4 + Al

A13Ta + Al

0.96
0.97
1.03
0.89
0.89
0.94
1.03



ICOSAHEDRAL ALUMINUM —TRANSITION-METAL ALLOYS 7919

1Q

)04

0
o
D

O
O00
O

0
0D

o o
o
O ClC)

i02

10

O
u3

)02

0

lQ
CA

Ld
t03

I02

lQ

itative ranking of the different icosahedral systems (see
Table I). A representative set of diffraction scans is
shown in Fig. 1. As a reference, Fig. 1(a) shows a diffrac-
tion profile from a stoichiometric (78.4 at. % Al) Al-Mn
sample which has been stabilized by the addition of a
small amount of Ru, as discussed below. The IP can be
recognized easily by the three pairs of strong peaks at ap-
proximately 1.7, 3.0, and 4.25 A ' and is indexed as
shown. Note the use of a logarithmic intensity scale; plot-
ting the data in this way emphasizes weak peaks and dif-
fuse scattering at the expense of exaggerating noise and
distorting peak shapes.

A typical scan from an Al-Mn binary alloy [Fig. 1(b)]
has a similar diffraction profile but contains several low-

intensity peaks which cannot be icosahedrally indexed,
and indicate the presence of contaminant phases. The
sample composition is slightly Al rich (80.4% Al) so that
the excess fcc-Al has precipitated between IP grains, giv-
ing rise to the Al(111) reflection at 2.69 A, as indicat-
ed. Two other peaks at 2.80 and 1.81 A ' signal the
presence of T phase, as does a slight broadening of the
I(110000) which is nearly coincident with a third strong
T-phase peak. As mentioned above, it is this overlapping
of numerous peaks between these two phases that hinders
quantitative analysis of the scattering data. A scan from
a stoichiometric Al-Re sample is shown in Fig. 1(c). The
sample is nearly single phase and peak widths are slightly
broader than those seen in Al-Mn scans. A comparison
with Fig. 1(b) shows that relative peak intensities are
somewhat altered, a consequence of increased scattering
from the heavy Re atoms. The Al-Mn and Al-Re systems
are the best of the Al-M IP's that we have found.

The remaining five icosahedral Al-M binary alloys are
of much poorer quality. An x-ray scan of an A179RU2& al-
loy is shown in Fig 1(d.). The system is three phase and
indexes to the IP, fcc-A1, and crystalline A1~3Ru4. If the
quenching rate is increased by increasing the wheel veloci-
ty, the amount of Al and of Al»Ru4 decrease, implying
that single-phase icosahedral Al-Ru might be formed at
yet higher quenching rates. Both grain sizes and transla-
tional correlation lengths are noticeably smaller in these
samples than in Al-Mn, and these do not improve at
higher quenching rates. A stoichiometric Al-V alloy spun
at our standard quenching rate produced a two-phase sys-
tem of A13V and fcc-Al. The IP could only be formed at
an Al-rich composition of ) 85% Al. X-ray scans [Fig.
1(e)] show peaks from the two phases and a broad diffuse
scattering intensity around 2.9 A '. As mentioned ear-
lier, this diffuse scattering occurs in all systems, but it is
most pronounced in those of poorer quality. Finally, Fig.
1(f) shows a diffraction scan of A1923MO77 Samples at
4:1 and 6:1 Al-Mo compositions both produced c-"ystalline
phases. The IP appears ir, this 12:1 sample, but clearly
the icosahedral ordering is very poor. The peaks are
broad and there is a large amount of diffuse scattering.
Microscopy showed the grain sizes to be 1000 A or less.
The Al-% system has similar characteristics.

The seven icosahedral binary alloys are formed with
transition metals which are grouped in the center of the
periodic chart. Not surprisingly, they have similar phase
diagrams with Al and share several isomorphic structures.
These results suggest that Al-Tc and Al-Os would quench
to the IP as well.

102
1.0

l l

2.0 2.5 5.0 3.5 4.0 4.5

FIG. 1. X-ray powder-diffraction profiles from rapidly
quenched Al-M alloys. Note logarithmic scale. (a)
A178 4Mnl7 6Ru4 (b) A1804Mnl9 6,

' (c) A178Re22,' (d) A179RU21 (e)
A185.7+14.3 ( ) A192.3Mo7. 7.

TERNARY AND QUATERNARY COMPOUNDS

It has been noted' that the icosahedral ordering in Al-
Mn is improved by the replacement of a few percent Al
with Si in the sample composition. Diffraction intensities
are altered slightly so that weak reflections, unseen in
binary samples, become visible in electron-diffraction pic-
tures and micrographs of single grains show significantly
reduced strains. Evidence for increased icosahedral order
is also seen in the x-ray data. Peak widths sharpen by up
to 50%, indicating a larger positional correlation length,
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and the presence of T phase is reduced. An x-ray scan of
A174 5Mn2iSi4 q [Fig. 2(a)] reveals almost no T phase, with
only the most intense reflection of 2.8 A appearing
above the background scattering. However, the addition
of Si has induced the growth of another phase, which be-
comes more prevalent with increasing Si content. An
A17i 5Mn2iSi75 sample [Fig. 2(b}] shows more clearly a
nuinber of peaks from this phase which we identify as
crystalline P(A1-Mn-Si). ' At our standard quenching
rate, the Si content which minimizes the T and P(A1-Mn-
Si) phases is around 4%. At higher quenching rates the P
phase is suppressed so that single-phase samples are not
restricted to such low Si concentrations. The effects of Si
additions appears to be limited to the Al-Mn system. In-
clusions of 4% Si in alloys of Al with V, Cr, Fe, Ru, Pd,
and Re produced no significant changes in the diffraction
profiles.

It is reasonable to consider a similar substitution for the
transition-metal constituent, particularly in light of recent
Mossbauer (Ref. 19) and EXAFS (Ref. 20) measurements
which suggest the presence of at least two Mn sites in
icosahedral Al-Mn. %e have investigated this question by
replacing Mn with 2—11 at. % Ru and have found that
the Ru addition greatly increases the IP stability relative
to that of the T phase. Figures 2(c) and 2(d) compare the
x-ray scans of Al-Mn and Al-Mn-Ru samples which have
been spun at low quenching rates. The Al-Mn scan re-
veals large amounts of fce-Al and T phase whereas the
Al-Mn-Ru is single phase. The T phase suppression has
been found to be strong in samples with 4 and 6% Ru.
At a composition of 11 at. % Ru, Ali &Ru4 forms as a con-
taminant phase. The increased stability of the IP has been
gained at the expense of positional order, as can be seen by
the noticeably broader peak widths. This is not so for the
Al-Cr system [Fig. 2(e)] for which the addition of Ru also
suppressed a contaminant phase (not identified). The x-
ray scans show that the width of the sharp (100000) peak
actually decreases to 0.005 A ', indicating an increased
positional correlation length. Likewise, grain sizes mea-
sured from electron micrographs extend up to 25 pm.
Electron diffraction pictures from Al-Cr-Ru show an in-
creased number of weak spots as in the case of Al-Mn-Si,
and it has been possible to identify and index nearly 200
independent reflections. We have also observed up to 45
icosahedral x-ray powder pattern peaks in these samples.
Finally, the addition of a few percent Si [Fig. 2(f)] to the
Al-Mn-Ru samples sharpens the diffraction peaks without
introducing any new additional phases.

We have also studied the effects of Ru additions to Al-
V, AI-Fe, and Al-Pd and have found no noticeable differ-
ence in the tendency of these alloys to form the IP.
Nevertheless, considering the significant effects observed
in the Al-Mn-Ru and Al-Cr-Ru systems, it is plausible to
suggest that the two transition metals are occupying dif-
ferent sites, and that these sites are chemically as well as
crystallographically distinguishable.

DISCUSSION: STABILITY GF THE
ICOSAHEDRAL PHASE

An alloy structure will be stable if its free energy
I" = U —TS exhibits a minimum. For most solid phases,
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FIG. 2. X-ray diffraction profiles of ternary and quaternary
compounds. (a) A174 5Mn2~Si4 5, (1) A17, qMnq~Si7 5 [arrows indi-
cate positions of P(A1-Mn-Si} peaks]; (c) A1~Mn2o (slow quench);
(d) A179Mn, 7Ru4 (slow quench); (e) A179Cr~7Ru4, (f}
A175 &Mn&7 5Ru4Si3.

at constant values of pressure and temperature, this
reduces to a minimization of the internal energy U.
Much of the theory of alloy phases is concerned with
understanding which factors strongly influence the inter-
nal energy and why. Among the most prominent factors
are electronegativity differences, atomic size ratios, and
band-structure considerations. The first two of these are
largely involved with local structure and ordering.
Energy-band considerations must include the effects of
more distant atoms, especially in metals, where conduc-
tion electrons are delocalized throughout the structure.
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The icosahedral Al-M binary alloys are metastable and
therefore occupy a local minimum in free-energy space.
It is tempting to offer an explanation of this minimum in
terms of the energy factors listed above.

The least important of these factors is the electronega-
tivity difference bX. When large electronegativity differ-
ences exist between atoms, the effects on alloy-phase sta-
bility are demonstrable, but when differences are about 0.5
units or less, electronegativities generally cease to play a
role. The electronegativity of Al is ' l.5 and the range of
bX over all Al-M binary alloys is + 0.3 to —0.7. The
value of bX for Al-Mn is zero.

The ratio of atomic sizes influences the packing of
atoms and the possibilities for local coordination. It is
evident that the IP contains at least two different sizes of
atom, and since the ratio of the sizes of Mn to Al is very
nearly that required for perfect packing of hard spheres in
icosahedral coordination polyhedra, models based on the
packing of Al-Mn icosahedra have been proposed. 2

Table I shows the size ratios ' for the Al-M binary al-

loys we have studied. Among the icosahedral binary al-

loys, the largest M atoms (Mo and W) form the poorest
IP's, but beyond that there is no apparent trend. Howev-
er, the sizes of atoms in metals vary according to the elec-
tronic structure and can be difficult to define in complex
structures if there is more than one near-neighbor distance
for a given site. Table I also lists the expansion of the
icosahedral lattices, relative to Al-Mn, as derived from the
absolute positions of diffraction peaks. Assuming that
the size of Al atoms does not vary, this can be taken as an
indication of the relative transition-metal sizes in the IP,
when appropriately scaled by the stoichiometry. The
binary alloys with lattice parameters closest to that of
Al-Mn form the better IP's as one would expect, but the
lack of correlation with elemental atomic sizes suggests
that bonding and electronic factors play a strong role in
determining interatomic distances. Compare, for in-
stance, the differences between the V and Re IP's. It is in-
teresting to note that the Ru system is contracted relative
to Al-Mn even though elemental Ru is about 3% larger
than Mn, a situation which may be due in part to the Al-
Ru bX of 0.7.

We now discuss the role of energy-band factors in
determining the formation of IP's. It was recognized by
Hume-Rothery that simple alloys based on the noble
metals assume stable structures at fixed values of electron
concentration, defined as the number of conduction elec-
trons per atom. Jones interpreted this observation in
terms of a rigid-band model in which valence electrons of
constituent atoms were placed in a common band. The
presence of a Brillouin-zone boundary opens gaps in the
free-electron dispersion relation, E(k), producing kinks in
the density of states and lowering the total energy of the
free-electron gas. Jones showed that this mechanism
could account for the Hume-Rothery rules. At a given
electron concentration the total energy is lowered if the
system assumes a structure which places a zone boundary
in contact with the Fermi surface. Even in a disordered
alloy, if intense diffraction peaks are associated with large
band gaps, a pseudo-Brillouin-zone can be constructed
by planes perpendicular to the corresponding reciprocal-

lattice vectors. The volume of the zone, V, together with
the mean atomic volume U, determine the number of elec-
trons per atom most favorable for the structure, which
can be shown to be 2 VU. This rule has been applied in the
analysis of numerous types of structure including super-
lattice formation and stacking faults, and more recently,
metallic glasses.

The presence of transition metals complicates this type
of analysis since it is not clear how many electrons are
donated by the d bands to the conduction band of the al-
loy. The usual approach is to assume a transfer of charge
from the conduction band into the d bands in order to
compensate for the unpaired spins of the transition metal.
The transition metal is accordingly assigned a negative
valence. This hypothesis is consistent with the observa-
tions that the Mn atom is nonmagnetic in Al-rich Al-Mn
alloys. Investigations of charge transfer in Al-M alloys
generally show substantial charge transfer, although the
magnitude of the transfer is uncertain. For example, a
simple analysis which compensates the unpaired spins in
elemental Mn would assign ' a valency of —3.66, whereas
measurements of Al-rich Al-Mn alloys assign ' valen-
cies ranging from —2 to —3.6. Note that a precise valen-
cy determination is not required to decide whether IP for-
mation is consistent with the Hume-Rothery mechanism,
since the electron gas will have its energy lowered so long
as the Fermi sphere makes appreciable contact with the
pseudo-Brillouin-zone. Changes of several percent in the
magnitude of the Fermi wave vector will not dramatically
alter this situation. In the case of the IP, where the
transition-metal (M) content is only 22 at. %, a 1%
change in kF corresponds to a 10% change in the M
valency. The analysis need therefore only consider ap-
proximate values of the M valencies.

From this point of view, a Hume-Rothery analysis ap-
pears to work quite well for Al-M IP's. Although a true
quasiperiodic structure is expected to have a dense set of
peaks in reciprocal space, in fact we observe that strong
diffraction peaks are relatively sparse. Strong x-ray dif-
fraction peaks are found in three regions: the (110001)
and(111010) near 1.7 A ', the (100000) and (110000)
near 3.0 A ', and the (111000) and (111100) near 4.25
A '. The high multiplicity of the icosahedral peaks
makes the corresponding pseudo-Brillouin-zone nearly
spherical, which could result in a large overlap with the
Fermi surface. A Fermi wave vector at kF =3.00/2 A
implies an electron density of n, =kF/3(n )

=0.114e /A . From the contraction of elemental atom-
ic volumes in A16Mn, we estimate the average atomic
volume at 15.28 A, implying a valence electron concen-
tration of 1.74 electrons per atom. Combining the op-
timal stoichiometry of A17sMnz2 with the known Al
valence of 3, we conclude that the Fermi level will overlap
with the zone boundary if roughly [(78)3—174]/22=2. 73
electrons per Mn atom are absorbed in the d bands. In
fact, this is in the middle of the range of measured elec-
tron absorption values of Mn in A16Mn. Thus it is plausi-
ble that the structure is stabilized by the presence of a
large gap close to the Fermi energy. Cr compounds have
been measured to have similar charge transfer, and Al-Cr
IP shows peaks in nearly the same positions as those in
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icosahedral Al-Mn.
By contrast, we have found that Al-Co does not form

the IP. This is consistent with charge transfer measure-
ments on Al-Co alloys which show De=1.6—2.0 elec-
trons. These values are consistent with phase stabilization
of the known equilibrium phase A19Co2, which forms
when we rapidly quench Al-Co. Note that crystalline Al-
Mn and Al-Cr compounds also have strong peaks in
the neighborhood of 3 A '. Thus it appears that the
principal result of energy-band effects is to discriminate
against structures which do not result in a band gap near
the Fermi energy.

%e also get good agreement with the Burne-Rothery
rules using the reported q values for intense peaks in the
IP of AI~Mg36Zn~5Cus. ' the pairs of peaks equivalent to
those in icosahedral Al-Mn fall near'4 1.3, 2.3, and 3.3
A '. Assuming that the density of icosahedral

A1~Mg36Zn&&Cus is close to that of its equilibrium
Frank-Kaspar phases, we estimate, using the zone boun-
dary at 3.3 A ', that ela should be around 2.6. Valences
of the constituents (which are not complicated by half-
empty d bands) imply ela =2.4, in reasonable agreement
with our calculated value. Note that in this case it is the

higher-order (111000)and (111100)peaks which appear to
stabilize the electronic structure.

CONCLUSIONS

%'e have presented the first observations of the
icosahedral phase in a number of aluminum —transition-
element alloys. The addition of small amounts of Ru and
Si appears to stabilize the IP, resulting in both increased
translational correlation lengths and suppression of com-
peting phases. While size ratio effects do not appear to
play as obvious a role in the formation of the IP as origi-
nally suggested, simple calculations indicate that gaps in
the electron band structure created by pseudo-Brillouin-
zones may play a role in stabilizing the IP.
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