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Experimental verification of quantum structural 
diagrams: formation by ion-beam mixing of 
new quasicrystals GassMn15 and AI73Ni16Ta11 

J. T A R T A S * ,  E. J. K N Y S T A U T A S  
D~partement de physique, Universit~ Laval, Quebec, Canada GI K 7P4 

New quasicrystalline phases in Ga85Mn 15 and AI73NiloTa~ alloys have been formed by ion- 
beam mixing under specific irradiation conditions. These alloys are two of several predictions 
established on a systematic approach developed using the quantum structural diagrams 
technique. Microstructural analysis on a micrometre scale was performed under a transmission 
electron microscope using the selected area diffraction technique. Detailed information is 
presented on the different solid phases formed as a function of the implantation temperature 
and of the dose. The diffraction patterns obtained were analysed by elimination of all known 
or probable crystalline structures, and indexed using a standard indexing scheme for 
quasicrystals. These patterns are very different from those typical of AI-based quasicrystals, 
both in intensities and in interplanar spacings, although comparable values were found for do, 
the quasicrystalline lattice constant. 

1. I n t r o d u c t i o n  
While their exact microstructure is still largely an 
open question, due to numerous experimental diffi- 
culties related to the determination of at least two unit 
cells, quasicrystals have become well established as a 
new fundamental form of solid matter, since their 
recent discovery [1]. Despite much theoretical work 
on possible structural models, little is known with 
certainty about the physical, chemical or thermodyn- 
amic factors responsible for their formation and 
growth. Even more problematic is the precise predic- 
tion of probable new quasicrystals, i.e. the specifica- 
tion of both elements and concentrations. This is not a 
trivial unimportant problem, as there are 'stoichio- 
metric' quasicrystals within very restricted concentra- 
tion ranges. For example, the Pd6UzSi 2 quasicrystal 
has been found to exist within a variation of atomic 
concentrations of only 1% [2], which indicates a 
strong chemical ordering. 

We have addressed this problem by developing an 
approach based on quantum structural diagrams [3]. 
Quasicrystals have been separated into subgroups, a 
concept based on a simple and general classification of 
alloys, which is in turn based on an ordering of 
concentrations that takes into account what kinds of 
major and minor constituent elements exist in the 
alloy. Such subgroups occupy small areas on these 
diagrams, which permit one (independently of the 
experimental technique used) to predict likely candi- 
dates for quasicrystalline formation. Surprisingly, our 
predictions show that there is a significant number of 
quasicrystals that contain Ga, In and T1 as the main 
component, although no quasicrystals have been dis- 
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covered for such cases (see below). These predictions 
are consistent with the fact that these main elements 
belong to the same chemical group, and with the 
observation that the density of valence electronic sta- 
tes of these elements is well described by the nearly 
free electron model, as is the case for A1 [4]. This fact 
alone does not guarantee these predictions; other 
predictions we have made are very different in nature. 
Our finding is very different from other predictions 
established via different (and somewhat arbitrary) ap- 
proaches which are also based on quantum structural 
diagrams [5]. In order to test our main conclusion, we 
have checked by ion beam mixing two of these predic- 
tions: GassMn15 and A173Ni16Ta11. In this paper, the 
formation of these quasicrystals is described, to the 
best of our knowledge, for the first time. 

The first prediction (Ga85Mn~5) has been chosen 
because, unlike In and T1 which have never been found 
in any quasicrystalline alloy, Ga is a minor compon- 
ent of the ternary quasicrystal ZnsMg3Ga 2 [6], al- 
though no binary quasicrystal is known to contain it. 
Also, as the quasicrystal A185Mnl 5 has been obtained 
by a large variety of experimental techniques [7], we 
would also expect favourable kinetic factors in this 
case, given the chemical similarity between A1 and Ga. 
We have been more prudent concerning the ternary 
prediction (Alv3Ni16Ta11) as it is based on A1, as are 
most quasicrystals. Nevertheless, there is a challenge 
in this prediction as an attempt by another technique 
[8] to form the quasicrystal A185Tals has been made 
without success. This ternary prediction is not in- 
cluded in our final list in [3], but is clearly located 
within the d dp subgroup in Figure 1 of [3], and 
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provides another severe test of our model. On the 
other hand, several Al-based ternary quasicrystals 
containing Ni or Ta have been found. 

2. Experimental procedure 
Multilayered samples were produced by electron-gun 
evaporation of high-purity elements (at least 99.99%) 
at room temperature (RT), at a typical base pressure of 
1.5 x 10-5 Torr  and a typical evaporation rate of a few 
nm s-1, controlled by a Temescal piezoelectric thick- 
ness monitor. During the evaporation process, the 
pressure measured was typically doubled. Ga 85Mnl 5 
and A173Ni16Ta~l samples consisted respectively of 
four sets of two (Ga:21.8/Mn:2.5nm) and three 
(AI: 17.2/Ni:2.5/Ta:2.8 nm) alternating elemental 
layers on glass plates previously coated with NaC1. 
Total thicknesses were then 97.3 and 90.0 nm, respect- 
ively, and were based on calibrations made against a 
Sloan Dektak II mechanical thickness measuring de- 
vice. Individual layer thicknesses were calculated as a 
function of relative concentrations by using atomic 
masses and known densities of the corresponding 
elemental crystals. 

Because of the particular geometry used, limited by 
the available space in the vacuum system and by the 
relatively large samples, a maximum variation of 
atomic concentrations was estimated, of the order of 
15% with respect to the mean values (in the chemical 
formula), which were taken at the centre of the glass 
plates. Smaller samples were made for ion-beam mix- 
ing by detaching the multilayered film from the plate 
in triply-distilled water and fixing it onto several fine 
Ni or Cu 200-mesh grids, that also served as a physical 
support for transmission electron microscope (TEM) 
examination. Thus some of these small samples were 
expected to present non-negligible deviations in rela- 
tive atomic concentrations from the mean values, 
which might affect the verification of the predictions. 
This is why most significant results were repeated at 
least once to ensure their reproducibility. For in- 
stance, the ion-beam mixing results in Table II (below) 
concerning Ga 85Mn 15 have been checked three times 
at 130 ~ to ascertain the non-existence of a quasicrys- 
talline phase. Similarly, the appearance of a quasicrys- 
tal at 180 ~ for A173Ni16Ta 11 has been verified twice. 

Ion-beam mixing by 230 keV Ar + + ions was done 
under a typical base pressure less than 5 x 10 7 Torr  
and a typical pressure less than 2.5 x 10 - 6  Torr during 
irradiation. The implantation energy was such that 
about 70% of the incident ions passed completely 
through the film, as determined from a TRIM simu- 
lation [9] or from projected range tables [10, 11]. The 
ion-beam current density was 2-6 gA cm-z,  as meas- 
ured by Faraday cups with secondary electron sup- 
pression. The spatial distribution of the ion beam of a 
typical transverse area of 1.5 cm 2 was visually estim- 
ated to be sufficiently uniform. For both predictions, a 
series of experiments was carried out by varying either 
the implantation temperature T or the dose D, which 
covered the following intervals: RT _< T(~ 350 
and 0 < D(1015 Ar ++ cm -z) < 70. These intervals 
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contain all values of T and D for which one can 
reasonably expect quasicrystal formation, as can be 
deduced from the literature [12-29]. The case D = 0 
was considered to determine whether quasicrystal 
formation could take place by interdiffusion of ele- 
mental layers at different temperatures. A temperature 
increment of about 50 ~ was used, as it is well known 
that solid phases, stable or metastable, ordinarily exist 
over several hundreds of degrees before a phase trans- 
ition occurs. Therefore the appearance and disap- 
pearance of a quasicrystalline phase within such a 
small temperature interval would be very unlikely. 
During irradiation, the temperature was maintained 
within _+ 5 ~ with respect to the mean value. Each 
sample was heated to, and kept at, the irradiation 
temperature for at least 2 h before mixing began. 

Microstructural analysis was performed under a 
transmission electron microscope (PhilliPs EM420) at 
120 keV using the selected area diffraction (SAD) 
technique [30] over regions on the specimen of 1, 2 
and 5 gin, by using appropriate diaphragms. As sam- 
ples were treated by ion-beam mixing, most diffraction 
patterns would be expected to exhibit circles rather 
than points, because typical microcrystalline grain 
dimensions are of the order of a few tens of nm [31], 
much smaller than the regions spanned by the electron 
beam. As for most microstructural studies of quasi- 
crystals using electron diffraction, we aimed simply to 
identify quasicrystalline phases, by concentrating on 
interplanar spacings, and fitting them to an indexing 
scheme while neglecting line intensities. In contrast to 
crystals, where there is a single unit cell, one cannot 
separate the structure factor into two independent 
contributions [32], one pertaining to the type of lat- 
tice (or isomorphism class for Penrose tilings), and the 
other to the repeating motif or base. There are an 
infinite number of possible Penrose tilings for a given 
isomorphism class, a problem that is amplified by 
more or less arbitrary decisions that must be taken in 
decorating the tiling with atoms to give a realistic 
microstructure [33]. There are also other difficult 
problems associated with other structural models such 
as the icosahedral glass [34] where the introduction of 
a considerable amount of disorder only permits a 
statistical description. The main practical conse- 
quence is that it is impossible to deduce the exact 
microstructure from diffraction data only. Neverthe- 
less, it is reasonable to believe that a successful in- 
dexing based on a quasicrystalline scheme alone (that 
is, excluding all known or probable stable or meta- 
stable crystalline phases) lends strong support to a 
quasicrystalline structure, or to a microstructure close 
to it, i.e. a crystal with a very large unit cell (crystalline 
approximant). However, this large-cell crystalline 
structure is considered improbable as it requires long- 
range cohesion forces to be established (in order to 
maintain periodicity) within very short times (of the 
order of 10-lz  s [35] ) by ballistic processes occurring 
during the relaxation period. Also, the very high 
cooling rate associated with the ion-beam mixing 
technique (of the order of 1013 K s- 1) strongly favours 
metastable solid phases with a high nucleation rate 
such as quasicrystals. 



Most researchers have used the scheme of Bancel 
et al. [36], which does not seem to provide strong 
conditions for quasicrystallinity. We instead used the 
indexation method of Cahn et al. [37], where the main 
advantage is that it gives a well defined, unique succes- 
sion of strong reflections within the quasicrystalline 
model. Accordingly, every strong reflection is repres- 
ented by Qo which can be written as a function of two 
positive integers, N and M o 

Q2 = N + ~M 0 (1) 

where M o = 4 INT (Nz /4 ) ,  INT(x) refers to the in- 
teger part of x, z = (1 + 51/2 ) /2  = 1.618034... is the 
golden mean, and N is an even integer. For example, 
for N = 40, one finds M o = 64 and Q2 = 143.55. Ac- 
cording to [38] (for a single-element quasicrystal with 
atoms on the vertices of a Penrose lattice), the intens- 
ity of the reflection should be roughly correlated to the 
inverse of the norm of Q' where Q,2 = ~(Nr - Mo). A 
very weak correlation is found with experimental 
intensity data for X-rays diffracted by A186Mn14 [37]. 
By analogy to crystalline structures, the interplanar 
spacing d is given by [373 

d = d o / ( N  + "~mo) 1/2 (2) 

where d o is a quasicrystalline parameter closely re- 
lated to the dimensions of Penrose rhombohedra. 
Unlike crystals, interplanar spacings in quasicrystals 
are not constant along a given direction in space. With 
the well known Bragg law [39], d can be related to 
experimental conditions. Thus it is possible to sys- 
tematically classify [37] all observed X-ray reflections 
by (N, M0) without any omissions for Als6Mnl4. 

To analyse our electron diffraction data, the first 
step was to check whether they could be indexed by 
the quasicrystalline model, then by any probable 
crystalline phase. To this end, each observed inter- 
planar spacing was divided by the smallest one, thus 
giving ratios greater than unity that could easily be 
compared with typical values of crystalline systems in 
which each reflection can be indexed by three integer 
indices h, k and l [39]. For instance, for cubic systems, 
interplanar spacings d are given by: d 2 = a2/N 2 where 
a is the side length of the conventional cell and N 2 

= (h2+ k2+  12) is a positive integer. We can then 
express ratios of ds in terms of those of measured radii 
R on the photographic plate: R2/Rre f2 = dref/d2 2 

2 2 = N /Nr~ f with respect to a reference reflection which 
is normally the sma]llest diffraction circle. We then 

obtain 

N { e f R 2 / g 2 e f  = N 2 = integer (3) 

Thus, by multiplying experimental values 2 2 R / R r e  f by 
an appropriate integer N~of (which is usually less than 
about 5), observed reflections can be described by a 
series of integers N z, within experimental error. For 
systems other than cubic, this approach obviously 
fails. However, we can always limit ourselves to reflec- 
tions for which one or two indices are equal to zero, 
and this gives enough such integer reflections to verify 
with reasonable certainty the possible presence of a 
crystalline phase, as in general, reflections with the 
lowest indices are always observed. Such reflections 
correspond to the highest d values along highly sym- 
metric crystallographic directions which primarily de- 
fine the actual structure. Once these reflections have 
been recognized, it is then possible to determine one of 
the unit cell parameters and restart the procedure to 
find others, until all parameters have been determined. 
Table I summarizes all ten first N 2 integer reflections 
for all crystalline systems. 

While missing reflections (when the structure factor 
is vanishing) for these series are possible, all observed 
ones will be contained therein. In addition, for non- 
cubic systems, 2 2 2 Nref(R /Rref) can be non-integral, inde- 
pendently of the choice of Nref ,  which means that the 
choice of the reference reflection does not correspond 
to the series we are looking for, i.e. to the correspond- 
ing restrictions on indices. Nevertheless, all ratios 
between the integers in Table I will be kept in this case. 

3. Results, analysis and discussion 
3.1. Summary of ion-beam mixing 

experiments 
All significant results from the microstructural ana- 
lysis as a function of the dose D and the implantation 
temperature T have been summarized in Table II for 
both alloys studied. Two new quasicrystals appear to 
have been formed for well-defined dose and temper- 
ature ranges. It should be mentioned that no quasi- 
crystalline point diffraction pattern was seen. Surface 
textures of both specimens showed little variation with 
D or T. No particular feature typical of rapidly quen- 
ched alloys, such as dentritic formation and solidi- 
fication morphologies, was seen on a micrometre scale 
for both alloys, although some small, nearly spherical 
precipitates have been observed for GassMn 15. 

T A B L E  I Series of lO first N2 integer  reflections for all  crystal l ine systems. Series for b c c ( b o d y - c e n t e r e d c u b i c ) a n d  fcc(face-centeredcubic)  
essent ia l ly  apply  to mono-e l emen ta l  structures,  sc = s imple  cubic  lattice. 

Crys ta l l ine  Restr ic t ions  F o r m u l a  for N 2 10 first N 2 integer  reflections 
system on h, k, l 

Cubic:  sc N o n e  h 2 + k 2 + 12 l 2 3 4 5 6 8 9 10 11 

Cubic:  bcc h + k + 1 even h E + k z + 12 2 4 6 8 10 12 14 16 18 20 
Cubic:  fcc All even or odd h 2 + k 2 + l z 3 4 8 11 12 16 19 20 24 27 

Te t ragona l  1 = 0 h 2 + k 2 t 2 4 5 8 9 10 13 16 17 

Hexagona l  1 = 0 h z + hk  + k 2 1 3 4 7 9 12 13 16 19 21 
Others  2 indices = 0 h 2 or k 2 or l z 1 4 9 16 25 36 49 64 81 100 
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T A B L E I I Summary of microstructural analysis as a function of D and T for Ga85Mn 15 and AI73Ni16Ta 1 l- 

T(~ D(10 is Ar + + cm-2): microstructure 

Gas sMnl s AI73Ni16Tal 1 

25 0 5: QC 22: QC 43: QC 0: Al 6: (A1) 13: (A1) 40: (A1) 
80 0 5: QC 11: QC 27: QC 0:A1 9: (A1) 19: (A1) 53: (A1) 

130 0 7: Cc 16: Cc 42: Cc 0: AI 17: (A1) 42: (A1) 70: (A1) 
180 0 8: Cc 17: Cc 30: Cc 0:A1 5: QC 11: QC 27: QC 
220 0: Cp 7: Cp 16: Cp 40: Cp 0:A1 5: QC 18: QC 60: QC 
260 0: Cp 6: Cp 35: Cp 66: Cp 0:A1 12: QC 28: QC 46: QC 
350 0: Cp 10: Cp 32: Cp 46: Cp 0:A1 4: QC 17: QC 29: QC 

QC = quasicrystal; AI = Al(fcc); (A1) = A1 partially amorphized (see text); Cp = crystalline diffraction pattern (points), Cc = crystalline 
diffraction pattern (circles). For Ga85Mna5 only, an amorphous phase was present in addition to those listed for all conditions given here. 

We have not attempted to determine the exact 
crystalline structure, which would be readily recog- 
nized by observation of typical point patterns alone, 
as for Ga85Mn15 (see Table II). There is no quasicrys- 
tal in such a case, as it is highly unlikely that a 
quasiperiodic axis could not be observed (with a 
double-tilt stage) while its possible periodic axes (for 
quasicrystalline symmetries other than icosahedral) 
are observed. For Ga85Mnls , unidentified point pat- 
terns were often obtained, for any D or T value. This 
means that typical crystalline grain dimensions are of 
the order of a micrometre for this alloy. The amor- 
phous phase was dominant for D = 0 from RT up to 
180 ~ We did not observe Mn-~ (b c c) for D = 0 at 
RT, as obtained in an analogous experiment by 
Knapp and Follstaedt during RT evaporation of 
AI-Mn multilayers [21]. 

Atomic mobility is increased at higher T, thus 
favouring larger grain dimensions. For a temperature 
high enough to give a point pattern with the smallest 
diaphragm size, a given phase can also be viewed as a 
circular pattern by using a larger size. This high-T 
circular pattern can then be used at lower temper- 
atures to identify (as crystalline or quasicrystalline) 
identical patterns, which would otherwise be difficult 
to identify. For Ga85Mn15, this idea was applied at 
high T(220~ < T <  350~ to identify crystalline 
circular patterns, noted Cc in Table II. From these 
observations, a good estimate on crystalline grain 
dimensions can be obtained from the diaphragm sizes 
(1, 2 and 5 gm). At high T, by changing diaphragm 
sizes a more or less complete circular pattern could be 
obtained from a point pattern, and grain dimensions 
were deduced to be typically a few micrometres (less 
than 5 gin) in this case. Otherwise, if grain dimensions 
were somewhat greater than 5 lain, this gross cellular 
pattern would not appear and if grain dimensions 
were somewhat smaller than 1 gm, no point pattern 
would be achieved by using the smallest diaphragm 
size. At low T, as very well defined circular patterns 
were always obtained with the smallest diaphragm 
size, grain dimensions were much smaller than 1 gm 
(by at least one order of magnitude), and could be 
determined in the same way by using much smaller 
diaphragm sizes, which were not available. For  
T > 130 ~ we noted an increase in concentration of 
crystalline phases with T or D. However, the amor- 

6014 

phous phase was always present at any implantation 
conditions. The crystalline phases may not be unique, 
given the variety of observed point patterns. For 
D'> O, the quasicrystalline phase is the dominant 
phase at RT and 130 ~ but has not been observed at 
higher temperatures. Given such a low transformation 
temperature, between 130 and 180~ it is likely that 
this phase is metastable. 

For A173NiI6Tatl, the results were simpler and 
clearer as there were no observed points in patterns 
and the quasicrystalline phase was distributed over 
the entire surface of the specimen, with the result that 
no changes occurred in diffraction patterns when the 
electron beam spanned the surface. Given non-negli- 
gible variations in relative concentrations of the order 
of a few percent that exist between our various sam- 
ples, the fact that the same results are obtained for 
various entries in Table II indicates a composition 
range for quasicrystal formation of similar magnitude. 
The observation of circular patterns means that grain 
dimensions are much smaller than one micrometre. 

From Table II, using our evaporation rate, it can be 
seen that A1 is crystallized under its unique stable form 
fc c by evaporation at RT, and is stable under heating 
only (D = 0) until at least 350 ~ We cannot exclude 
the possibility that the AI73Ni16Tall quasicrystal 
could be produced by interdiffusion of elemental 
layers as a minimum temperature of 400 ~ [22] was 
necessary for A18oRu/0, although a lower value has 
been observed for A186Mn14 (270~ 1-22]. Further- 
more, A1 was partially amorphized below 180~ 
which was indicated by the presence of the first few 
reflection lines only. Although amorphous or crystal- 
line phases other than A1 (fc c) should be present, since 
Ta and Ni account for about 27% in atomic concen- 
tration and, in addition, a thin layer of alumina (spinel 
structure) must also be present at the surface of the 
specimens, these phases were not perceptible. In addi- 
tion, there is the possibility of oxygen or nitrogen 
incorporation during electron-gun evaporation of the 
multilayered films, and during their subsequent treat- 
ment by ion bombardment. Several studies have 
shown, by using experimental conditions very similar 
to ours (e.g. a base pressure of 5 x 10-5 Torr  during 
evaporation of multilayered samples [25]) that this 
possibility is negligible and does not affect the forma- 
tion of well-known quasicrystalline alloys such as 



Als6Mn14. Also, one work found that oxygen was 
essentially present on the surface of the specimens 
after irradiation, by forming a layer of about 5 nm in 
thickness [21]. Finally, the formation temperature 
(180 ~ is typical of that of other Al-based binary or 
ternary quasicrystals formed by ion-beam mixing or 
by a similar technique such as the implantation of Mn 
ions into A1 (fcc) to form the Als6MnI4 quasicrystal 
[23]. 

Gas5Mn15 

3.2. Micros t ruc tu ra l  ana lys is  for  GassMn15 
The analysis was performed on a circular diffraction 
pattern, as shown in Fig. 1, and is summarized in 
Table III. Remarkably, the quasicrystal model ac- 
counts for all observed reflections without any omis- 
sion, within the experimental uncertainty that, from 
the A1 (fc c) diffraction data analysis (see below), has 
been determined to be _+ 0.3 mm or about 1% in 
relative precision. Measurements were done manually 
with a micrometer and the uncertainty depends prim- 
arily on the precise localization of the centre of the 
diffraction ring. Such an agreement is unlikely to be 
just a coincidence and lends strong support to the 
presence of a quasicrystal. Even though this is not a 
point pattern, it can nevertheless be assigned to an 
icosahedral symmetry as the pattern has been indexed 
according to that symmetry. We cannot assign with 
equal or better precision values of Q2 other than those 
indicated in Table III. The intensities and reflections 
are very different from those of the Als6Mn14 quasi- 
crystal, which means that the Bancel et  al. indexing 
[36] cannot be applied directly for our diffraction 
pattern. Clearly, this pattern is not from a cubic phase 
because no reasonable series of N z integer reflections 

Figure 1 Quasicrys ta l l ine  diffraction pa t te rn  for the Ga85Mn15 
al loy ob ta ined  at  T =  80~  and D = 11 x 1015Ar ++ cm -2. Index-  

a t ion  (N, M0) is shown for several  reflections. Comple t e  indexat ion  
can be found in Table  I l l .  

has been found by multiplying (R /R1)  2 ratios by 
1 < Nr% f < 10. If it is supposed that all reflections with 
two vanishing Miller indices were present, no crystal- 
line phase would be suitable as the reflection N 2 = 4 is 
too far from the two nearest observed reflections: 
(73.5/2R1) 2 = 3.61 and (88.6/2R1) 2 = 5.24, where 2R1 
= 38.7 ram. From powder diffraction files [40], we 

looked at all stable or metastable phases known to 
contain Ga or Mn alone, or both of these. All of these 
patterns were very different from ours, both in in- 
tensities and in interplanar spacings or ratios of ds. 
Neither did Villars and Calverts' compilation [41], 
nor stable [42] or metastable [43] phase diagrams 

T, A B L E  I I I  Analysis  of the GassMn15  quas icrys ta l l ine  diffraction pa t te rn  (Fig. 1) observed below T =  130 ~ fol lowing the procedure  
es tabl ished in Sect ion 2. 

Iob ~ 2R(mm) (R/R,) a N Mo Q~ Q2/Q2 6(%) Q' 2(R/R2 ) 2 (hkl):N 2 QC? 

M 38.7 1 4 4 10.47 1 - 2.00 0.76 1 

M 62.6 2.62 8 12 27.42 2.619 0.1 1.24 2 (110) :2  - 

S 73.5 3.61 12 16 37.89 3.619 0.3 2.35 2.77 - 3.61 
M 88.6 5.24 16 24 54.83 5.237 0.1 1.75 4.01 (200) :4  

VW 96.0 6.15 18 29 64.92 6.201 1.3 0.45 4.71 - 6.15 

W 108.4 7.85 24 36 82.25 7.856 0.1 2.14 6.00 (21 1):6 
M 115.2 8.86 26 41 92.34 8.819 0.5 1.32 6.74 - 8.86 

M 125.5 10.5 32 48 109.7 10.47 0.5 2.47 8.08 (220):8 - 

VW 130.5 11.4 34 53 119.8 11.44 0.6 1.80 8.71 11.4 

VW 140.8 13.2 38 61 136.7 13.06 1.4 0.89 10.0 (310) :10  - 

W 147.2 14.5 44 68 154.0 14.71 1.6 2.27 11.1 - 14.5 
VW 153.7 15.8 46 73 164.1 15.68 1.1 1.52 12.0 (222): 12 - 

VW 167.6 18.8 56 88 198.4 18.95 1.0 2.05 14.4 (321): 14 

W 172.2 19.8 58 93 208.5 19.91 0.6 1.17 15.1 - 19.8 

VW 177.6 21.0 62 97 219.0 20.91 0.7 2.32 16.1 (400): 16 - 

VW 189.8 24.1 70 113 252.8 24.15 0.4 0.65 18.5 (411):18 - 
VW 192.2 24.9 72 116 259.7 24.80 0.5 0.90 18.9 24.9 

W 194.5 25.3 74 117 263,3 25.15 0.4 2.10 19.3 - 25.3 
VW 199.4 26.6 78 125 280.3 26.77 0.8 1.40 20.4 (420) :20 

VW 212.5 30.2 88 140 314.5 30.04 0.4 1.97 23.0 (332) :22 

W 219.0 32.0 94 149 335.1 32.01 0.0 2.24 24.5 (422) :24 - 
VW 231.1 35.7 104 160 371.8 35.51 0.4 2.32 27.2 (510):26 - 
VW 263.5 46.4 150 240 488.3 46.64 0.6 1.14 35.7 (600) :36 - 

Iobs visual ly  observed intensi ty.  S = strong,  M = medium,  W = weak,  VW = very 
= 38.7 mm,  2R2 = 62.6 mm. 5 (%)  = 100{1 - (R/RI)2/(QZo/Q~)}. 

weak.  Some VW reflections are barely visible. 2R1 

601 5 



provide  o ther  possible  in te rpre ta t ions  of the diffrac- 
t ion pat tern.  Therefore  it m a y  be concluded  that  no 
single crystal l ine phase  can explain  the present  data.  

There  remains  the possibi l i ty  that  at least two 
crystal l ine phases are present  in the diffract ion data.  
Al though it is difficult to review all possibili t ies,  no- 
thing was found to match.  However ,  as indica ted  in 
Table  I I I  by Mil ler  indices and co r respond ing  N 2, a 
par t  of the da t a  is indexed on a b c c  s t ructure  as is 
Mn-c~ [44], but  for this la t ter  s t ructure  some of the 
reflections observed  are  missing. This might  be due to 
ano the r  form of Mn: these reflections may  not  belong 
to the quasicrys ta l l ine  structure,  which should  be 
revealed by the o ther  reflections, as indica ted  by val- 
ues of (R/R1) 2 in the last co lumn of Table  I l l  under  
the "QC?"  heading.  F o r  the reasons ment ioned  above,  
these remain ing  quasicrys ta l l ine  reflections could  not  
be indexed to any known  or  p robab le  crystal l ine 
phases. 

Final ly ,  no cor re la t ion  is observed from Table  I I I  
between lob S and Q'. This d iscrepancy should  not  be 
in terpreted as a failure of the quasicrysta l l ine  model;  
rather,  s t ructure  factor  calculat ions  using different 
a tomic  form factors and  more  refined decora t ion  
models  that  have not  been invest igated here should 
show a much bet ter  agreement .  It is possible  to estim- 
ate the value of d o from exper imenta l  condi t ions .  
F r o m  the (N, Mo) = (32, 48) reflection we ob ta ined  do 
= 1.50 nm, which is comparab l e  to 1.747 nm ob- 

ta ined with A186Mn14 [37]. This value represents  a 
very large app rox ima t ing  cubic lattice, which can be 
es t imated  by consider ing ra t ional  a p p r o x i m a n t s  Pn/qn 
of Z [45]. Replacing r by Pn/qn amount s  to mul t ip ly ing  
the in te rp lanar  spacing by (qn) 1/2 in o rder  to have all 
integer indices. To our  exper imenta l  precis ion (1%) 
cor responds  the a p p r o x i m a n t  8/5, that  gives the min- 
imum cubic in te rp lanar  spacing dmi . compa t ib le  with 
the present  data:  dm~n = 51/2 (15.0) = 3.34 nm. Con-  
sidering neares t -ne ighbour  in te ra tomic  distances of 
0.2 nm, this implies more  than  5000 a toms  per  cubic 

cell. 

3.3. Microstructural analysis for AI73Ni 16Tal 1 
Fig. 2 shows the Al(fcc)  diffraction pa t te rn  whose 

AI (f.c.c.) 

Figure 2 Diffraction pattern of Al(fc c) obtained at T - 80 ~ and D 
- 0. Because of the intense central spot (due to the undeflected 

electron beam), the pattern has been reproduced twice to show the 
maximum number of reflections, by using two different exposure 
times. Some of the reflections are indexed with Miller indices (h k 1), 
which are included in Table IV. (a) High-index weakest reflectidns, 
(b) low-index strongest reflections. 

analysis  is summar ized  in Table  IV. A good  agreement  
is seen between observed and theoret ical  values of 
diameters .  

A quasicrysta l l ine  phase  has been ob ta ined  for 
D > 0, uniformly d is t r ibuted  from T = 180 to T = 
350 ~ The min imum tempera tu re  of quasicrysta l l ine  
fo rmat ion  for ion-beam mixing is therefore s i tuated 

TABLE IV Analysis of Al(fcc) diffraction pattern (Fig. 2) following the procedure established in Section 2. 

lob ~ I, 2R(mm) (R/R1) 2 3(R/R1 ) 2 N2 (hkl) 6(%) 

S 100 27.8 1 3 3 (1 1 1) 
S 47 32.2 1.34 4.03 4 (2 0 0) 0.6 
M 22 45.3 2.70 8.10 8 (2 20) 1.2 
M 24 52.9 3.69 l 1.0 11 (3 1 1) 0.0 
VW 7 55.3 4.02 12.1 12 (2 2 2) 0.4 
VW 2 64.4 5.44 16.3 16 (4 0 0) 1.9 
W 8 69.1 6.26 18.8 19 (3 3 1) 1.1 
W 8 71.5 6.70 20.1 20 (4 2 0) 0.6 
W 8 78.3 8.05 24.2 24 (4 2 2) 0.6 
W - 83.7 9.07 27.2 27 (3 3 3) 0.7 
VW 91.4 10.8 32.4 32 (440) 1.3 
VW 94.4 11.7 35.1 35 (5 3 1) 0.3 
VW - 96.3 12.0 36.0 36 (6 0 0) 0.0 
VW - 102.8 13.7 41.0 43 (5 3 3) 4.6 

I~ = X-ray intensity [40]. 2R 1 = 27.8 mm. 6(%) = 100 {1 - (3(R/ROZ/N2)}. Abbreviations as in Table III. 
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T A B L E V Analysis of AI73NiI6Talt quasicrystalline diffraction pattern (Fig. 3) observed at 180 < T(~ _< 350, following the procedure 
established in Section 2. 

lob~ 2R(mm) (R/R~) 2 N M o Q~ Q2o/QZ ~ 5(%) Q' 3(R/Rz) 2 (h k l), N2; Io~ ~ 

W 48.9 1 4 4 10.47 l 2.00 1.15 
M 79.1 2.62 8 12 27.42 2.619 0.1 1.24 3 (1 1 1):3; S 
M 84.1 2.96 10 13 31.03 2.964 0.3 2.27 3.39 - 
S 92.2 3.56 12 16 37.89 3.619 1.8 2.35 4.08 (200):4; S 
VW 104.4 4.56 14 21 47.98 4.583 0.5 1.64 5.23 - 
VW 112.0 5.25 16 24 54.83 5.237 0.2 1.75 6.01 - 
VW 121.4 6.16 18 29 64.92 6.20t 0.6 0.45 7.07 - 
W 130.0 7.07 22 33 75.40 7.202 1.9 2.05 8.10 (220):8; M 
VW 137.8 7.94 24 36 82.25 7.856 1.1 2.14 9.10 - 
VW 153.2 9.82 30 45 102.81 9.819 0.0 2.39 11.3 (3 1 1): t I; M 
W 157.6 10.4 32 48 109.67 10.47 0.8 2.47 11.9 (222): 12; VW 
VW 183.5 14.1 42 65 147.17 14.06 0.1 2.I9 16.1 (400): 16; VW 
VW 207.8 18.1 52 84 187.91 17.95 0.6 0.47 20.7 (420):20; W 

See Table III for abbreviations and text for additional information, lob~ in the last column refers to observed Al(fcc) intensities. 

AI73Ni16Tall 

I I I I 
(32,48) (12,16) (4,4) (10,13) 

Figure 3 Quasicrystalline diffraction pattern for the A173Ni16Tall 
alloy obtained at T = 260 ~ and D = 12 x 1015Ar + + cm -2. Index- 
ation (N, Mo) is shown for several reflections. Complete indexation 
can be found in Table V. 

between 130 and 180~ as can seen from Table  II, 
which is c o m p a r a b l e  with o ther  results ob ta ined  in 
the l i terature.  I t  is poss ible  tha t  the quas icrys ta l  
A173Ni16Tatt may  be stable up to the mel t ing po in t  
a l though  this has not  been checked. The diffract ion 
pa t t e rn  is shown in Fig. 3 and the co r respond ing  
analysis  summar ized  in Table  V. As in G a s s M n l  5, the 
quasicrys ta l l ine  mode l  accounts  for all observed  re- 
flections wi thout  any omission.  Moreover ,  a lmost  all 
of the first 15 quasicrys ta l l ine  reflections are observed,  
which s t rengthens this identif icat ion.  The intensit ies 
and  reflections are  very different c o m p a r e d  to 

A185Mn15 and  GassMn15.  Also, the pa t t e rn  in Fig. 3 
for the la t ter  canno t  be from the A18sNils quas icrys ta l  
as the s t rongest  reflection is the same as for A l s s M n t  5, 
i.e. the (N, Mo) = (18, 29) reflection [46]. 

The A l s s W  1 s quas icrys ta l  [-8-] (and in general  quasi-  
crystals  of the form AlssTM15),  show similar  diffrac- 
t ion pa t te rns  E46] where T M  is a 3d or  4d t rans i t ion  
metal .  We can therefore exclude the possibi l i ty  that  
our  quas icrys ta l  is a b ina ry  one, A1-Ta. As before, one 
can assign a value to d o. Us ing  the (N, M0) = (8, 12) 
reflection, which coincides with the (1 1 1) reflection 

of Al(fcc),  we find: d o = a Q o / 3 1 / z =  4.04(5.236)/31/2 

-- 1.224 nm where a = 0.405 nm is the Al(fc c) cubic 
side length. This value for do is quite different from 
those of b inary  quasicrystals,  which range from 1.677 to 
1.817 nm for 3d T M  [46], suggesting a very different 
micros t ruc ture  from the b inary  ones. Using  the 8/5 
app rox iman t ,  we ob ta in  dmi n = 51/212.24 = 2 .74nm 
and  more  than  2600 a toms  to the smallest  crystal l ine 
cubic cell consis tent  with our  data .  As can be seen in 
the last co lumn of Table  V, some reflections have been 
reasonab ly  indexed on Al(fc c), as indica ted  by Mil ler  
indices and N z. However ,  the intensit ies do not  match  
those we observed for Al(fc c), as indica ted  by  lobs. I t  is 
therefore conc luded  that  it canno t  be Al(fcc),  al- 
though  the quas icrys ta l  mic ros t ruc tu re  might  be 
closely re la ted to it. Fo l lowing  the same anal3?sis 
p rocedure  as before, it was not  poss ible  to index the 
diffract ion pa t t e rn  to one or  more  crystal l ine phases  
for the same reasons,  including extensive searches 
th rough  [40, 41] as well as b inary  phase  d i ag rams  
[47]. N o  te rnary  phase  d i ag ram on the A I - T a - N i  
system appears  to be available.  Final ly ,  we conclude  
for this a l loy the presence of a new quasicrys ta l l ine  
phase.  

4 .  C o n c l u s i o n  

By ion -beam mixing, and  by a s imple mic ros t ruc tu ra l  
analysis  based  on e lect ron diffract ion of  two predic-  

t ions (GassMnx5 and  A17aNi16Tatl)  made  by means  
of q u a n t u m  s t ruc tura l  d i ag rams  [3],  exper imenta l  
verif icat ion of two new quasicrysta ls  has been ob-  
tained.  The diffract ion pa t te rns  of the quasicrysta ls  
ob ta ined  are very different from all those ob ta ined  
from other  quasicrystals ,  a l though  comparab l e  values 

were found for the quasicrys ta l l ine  lat t ice cons tan t  d 0. 
Moreover ,  it is es t imated  tha t  more  than  5000 and  

2600 a toms  (for G a s s M n t 5  and A173Ni16Tall , re- 
spectively) for the smallest  a p p r o x i m a t i n g  cubic cells 
are consis tent  with the da t a  and  with exper imenta l  
uncer ta inty .  Whi le  these results s t rongly  suppor t  our  
predict ions,  fur ther  exper imenta l  work  would  be war-  
ran ted  on the mic ros t ruc tu ra l  relat ions,  (if any), be- 
tween these two quasicrys ta ls  and  others.  However ,  it 
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is not certain that the actual compositions of the 
quasicrystals obtained are those indicated by the pre- 
dictions. For example, the presence of an amorphous 
phase in the GassMn15 samples at all irradiation 
conditions could conceivably affect the actual com- 
position of the quasicrystalline phase. 

As the list of known quasicrystals, which now com- 
prises over 100 different metallurgical systems, grows 
continuously, all of these findings may suggest in the 
long term that the quasicrystalline state is not an 
exceptional state of solid matter after all. Whether this 
is true or not, there remains much progress to be made 
in comprehending the origin of quasicrystallinity, 
both from theoretical and experimental aspects. 
Nevertheless, our theoretical work [3] has shown that 
the chemical stability of quasicrystals can be accur- 
ately characterized (within a very small fraction of all 
possible metallurgical systems) by the proper use of a 
few general and highly significant atomic properties 
such as the electronegativity, valence and effective size. 
From this point of view, quasicrystals represent a 
third fundamental state of solid matter on an atomic 
scale, along with crystals and amorphous solids. 
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