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Anomalous X-ray scattering study of amorphous
and icosahedral Al,;Cu,;V,, alloys
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Atomic structures of amorphous and icosahedral Al;;Cu,5V,, alloys were precisely examined
by the ordinary and anomalous X-ray diffraction techniques. Some distinct features of intensity
profiles, and coordination numbers and interatomic distances determined from the RDF analy-
sis, indicate the presence of the icosahedral short-range ordering clusters in the as-quenched
amorphous sample and other annealed amorphous samples, which are similar to the basic
atomic structure constructing the icosahedral phase. The intensity differences of the amorph-
ous and icosahedral phases obtained in the anomalous X-ray scattering (AXS) at the Cuk-
absorption edge suggest that copper atoms are homogeneously dispersed in the icosahedral

short-range ordering clusters.

1. Introduction

The discovery by Shechtman ez al. [1] of aluminium-
based Al-Mn alloy with icosahedral point-group
symmetry and long-range orientational order has
stimulated many theoretical and experimental studies.
Formation of an icosahedral crystal was predicted
from the structure of an equilibrium phase which
contains icosahedral clusters in the unit cell. In other
words, formation of the icosahedral crystal formed by
rapid quenching may be related with structural sim-
ilarity to an equilibrium phase. Koskenmaki ez al. [2]
revealed a definite coherent orientational relationship
between the o-(Al;,5St,,,Mn;,,) phase and the
icosahedral phase in a rapidly quenched Al-Si-Mn
alloy. Audier er al. [3] established a close structural
relationship between the Im3 Al;CuLi; [4] and the
Al,CuLi, icosahedral phase. On the other hand, Stein-
hart ef al. [5] found in molecular-dynamic simulations
that icosahedral correlations increase in under-cooled
liquid metals. Thus this short-range icosahedral order
is preserved by sufficiently rapid quenching, which
determines the structure of an amorphous state [6].
Furthermore, it was inferred that an icosahedral
crystal could condense out of an undercooled liquid
with structural correlations similar to those in an
amorphous alloy under certain conditions {7],
although the precise relationship, if any, between the
icosahedral crystal and the icosahedral order in the
amorphous state is not yet understood.

In a Pdsg U, ¢Sy alloy, an icosahedral phase is
formed by annealing an amorphous phase produced
by liquid quenching [8]. Similarities of the atomic
structures of both the phases in a near-neighbour
region were pointed out by Kofalt et al. [9] using the
anomalous X-ray scattering (AXS) at the uranium
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absorption edge. Fuchs et al. [10] confirmed their
result by X-ray and neutron scattering and H. Bretscher
et al. [11] indicated similarities of their physical
properties. Using an amorphous Ali,Mn,, alloy
produced by ion-beam irradiation, Lilienfield et al.
[12] observed a transformation of the amorphous
phase into an icosahedral phase with ion-beam irradia-
tion at room temperature or with in situ annealing in
a transmission electron microscope. A similar experi-
ment [13] was carried out in an icosahedral Al-
l16at % V alloy which is transformed into an amor-
phous phase by low-temperature electron irradiation
in a high-voltage electron microscope. Chen er al. [14]
attributed a pronounced prepeak, and a marked
shoulder at the low Q-side of the main peak of an
X-ray diffraction profile of amorphous Al Si,,Mn,,,
to icosahedral short-range ordering clusters in the
amorphous phase similar to those in a-(Al,;Si,
Mn,;,). Extended X-ray absorption fine structure
(EXAFS) measurements showed a similarity to the
local atomic structure around a manganese atom in
icosahedral and amorphous Al-Mn alloys {15]. Also,
quantitative analyses of X-ray diffraction profiles of
amorphous sputtered Al;;sMny,s and as-spun
Al Si;Mn, alloys confirmed the presence of
icosahedral clusters, resembling those in the o-phase
[16]. These experimental results imply the presence
of a particular structural relationship between icosa-
hedral crystals and amorphous alloys.

Recently, Tsai et al. [17] found a new and stable
single icosahedral phase which is formed by crystal-
lization of an amorphous Al;;CusV,, alloy prepared
by liquid quenching. Its grain size is much larger than
those of icosahedral Pdsg s U,y Siyg e [8] or AlssMny,Siys
[18] prepared by the same method. The present authors
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systematically studied the transformation of an as-
quenched amorphous Al,Cu,sV,, alloy into an
icosahedral phase by X-ray diffraction and electron
microscopy [19]. The continuous evolution of the
amorphous phase into the icosahedral phase was well
confirmed by comparing the intensity profiles of
samples annealed below crystallization temperature.
The main purpose of the present study is to report a
further quantitative analysis of intensity profiles of the
Al;sCu,sV,, alloy, including local atomic structures
around copper determined in the amorphous and
icosahedral samples, using the anomalous X-ray
scattering (AXS) measurement at the Cuk-absorption
edge.

2. Experimental procedures

A mixture of aluminium (99.99%), copper (99.99%)
and vanadium (99.8%) was melted under argon in an
arc furnace, and amorphous ribbons of about
0.02mm thickness and 1 mm width were prepared
from the alloy by a single roller melt spinning appar-
atus. Two samples were annealed under argon gas
atmosphere for 40 800 sec (11 h 20 min) and 86 400 sec
(24 h), respectively, at 620K, which is about 100K
below the crystallization temperature determined in a
differential scanning calorimetry curve [17]. A sample
of the icosahedral phase was prepared by heating the
as-quenched sample for 300 sec (5min) at 820 K, just
below the melting temperature 830 K. Four powder
samples prepared by grinding the ribbons were used
for the ordinary X-ray measurements. The anomalous
X-ray scattering (AXS) measurements at the Cuk-
edge were done for the as-quenched and icosahedral
samples.

A molybdenum X-ray tube and a singly-bent
pyrolytic graphite monochromator in a diffracted
beam were used for the ordinary X-ray measurements.
Intensity was detected by a scintillation counter with
a pulse-height analyser to eliminate fluorescent radi-
ations from the sample. A fixed-count mode was
applied and at least 20000 counts were collected at
every point so that the statistical uncertainty was
about +0.5%. The polarization correction for an
ideally imperfect monochromator was applied, and
the Compton scattering was corrected using the tabu-
lated values {20, 21] with the so-called Breit-Dirac
recoil factors. Observed intensities were converted
into electron units by the generalized Krogh—-Moe-
Norman method [22] using the X-ray atomic scatter-
ing factors [23] including anomalous dispersion terms
[24]. In this work, intensity data at Q values below
S5nm~' were smoothly extrapolated to Q = 0. The
effect of the extrapolation and the truncation up to
Q = 153nm~" is known to give no critical contri-
bution to a radial distribution function (RDF) calcul-
ated by the Fourier transformation [25, 26].

The RDF is evaluated from a structural function
Q) in a multi-component system by the following
equations.

dntp(r) = 4nrip, + %f jOQ'“ Qi(Q) sin (Qr) dQ
()
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where IZ" (Q) is the coherent X-ray scattering inten-
sity in electron units per atom, which is experimentally
determined. f; and ¢; are the scattering factor and
the concentration, respectively, of the jth element.
p(r) is the averaged radial density function and
g0 1s the average number density of atoms. Q.
is the maximum value of @ used for the measure-
ment.

The AXS measurement was carried out with syn-
chrotron radiation at the Photon Factory of the
National Laboratory for High Energy Physics,
Tsukuba, Japan. For details of the experimental
setting and analysis used for the AXS measurements
see [27]. Only some additional details which were
necessary for the present study are given below.
Because of particular near-edge phenomena such as
XANES (X-ray absorption near-edge structure),
EXAFS (extended X-ray absorption fine structure),
and extremely intense fluorescent radiation on the
higher-side of the edge, only the lower energy side was
used for the present AXS measurement.

Incident beam energy below the CuK-absorption
edge was determined with an energy resolution of a
few clectron volts by a silicon 111 double-crystal
monochromator. Since the samples were mounted on
a vertically placed diffractometer, the polarization
correction was ignored. The incident beam was
monitored by a nitrogen-gas-flow type ion chamber
placed in front of the sample. The intensity measured
was converted to intensity in counts per photon by
dividing the total number of photons incident on
the sample calculated from monitor counts [28]. Dif-
fracted intensities were measured by a portable pure
germanium solid-state detector to collect separately
the coherent intensity (corresponding to the structural
information) and K« fluorescence from the sample.
The Kp fluorescence overlapping with the coherent
scattering near the absorption edge was estimated
from the intensity of the K« radiation, and the ratio
of Ko to Kf [29], and subtracted from the coherent
scattering [30]. The eifect of higher harmonics diffracted
by a silicon 3 3 3 plane was reduced to an insignificant
level by intentionally detuning the second silicon crys-
tal of the double crystal monochromator with a piezo
electric device attached to it. The coherent intensity
was corrected for absorption by the sample and air
in the beam path. Compton scattering intensity was
corrected in the same method as the ordinary analysis.
Only the basic equations used are given below, as the
details of the analysis have already been given [31, 32].

Since the incident beam energy is selected at the
lower energy side of the CuK-edge, the variation
detected in intensity is attributed only to a change of
the real part of the anomalous dispersion term f of
copper. Thus the difference between scattering inten-



sities measured at two energies E, and E,(E, < E,)is
given by

M) = KQ. E) — KQ. E)
= LB — SB[ dnr
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pcyi(r) is the number density function for the jth atom
around copper, and p,, the average number density for
the jth element. Re indicates the real part of the value
in the parentheses.

The environmental RDF around copper which
represents the radial distribution of atoms around
copper was determined by the Fourier transform of
the quantity QAI-,:
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and
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where p¢,(r) is the number density function around
copper. By comparing the environmental RDF
around copper in Equation 7 with the ordinary RDF
in Equation 1, the advantage of the AXS method is
easily recognized. Although six partial RDFs are
overlapped in the ordinary RDF of the ternary alloy,
the environmental RDF around copper is only a sum
of the three partial RDFs of Cu-Al, Cu-Cu and Cu-V
pairs. This energy-derivative method with the AXS
technique based upon the idea of Hosoya [33] and
Shevchik [34] was first used by Fuoss et al. [35] with
synchrotron radiation under the name of differential
anomalous scattering (DAS), although the principle
of the method itself is unchanged.

3. Results and discussion

Fig. I shows the profiles of Qi(Q) defined by Equation
2 for all of the samples. The fundamental features of
the as-quenched sample correspond to a typical non-
crystalline structure. Some distinct features are
observed. For example, a prepeak appears at Q =
15nm~!. A marked shoulder at the low-Q side of the
main peak and a small hump at Q0 = 40nm™' are
also visible. These similar features were frequently
observed in aluminium-based amorphous alloys, such
as Al-Si-Mn [16] and AI-Cu-V-Si-Mo [36]. In
general, the presence of a prepeak has been quali-
tatively interpreted as one of the compound-forming
behaviours, and the partial structure factor of unlike-
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Figure 1 Function of QiQ) of Al,Cu;V,, as-quenched, and
annealed for 40 800 and 86 400 sec at 620K and 300sec at 820 K.

atomic pairs in this type of disordered alloy is found
to be a very sharp first peak with a prepeak [26, 37, 38].
In addition to the features discussed above, quite clear
splitting of the second peak as well as fairly distinct
oscillations at high-Q regions are rather unlike the
patterns of typical amorphous alloys. These features of
the patterns imply the presence of chemical short-
range order in the ailoys.

On annealing the as-quenched amorphous alloy, the
main peak and its shoulder separate into two
icosahedral peaks, which are 100000 and 110000
according to the indexing scheme of Bancel ez al. [39].
Similarly, the small hump around Q = 40nm~', the
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Figure 2 Ordinary radial distribution functions (RDFs) of
AlsCu 5V, alloys as-quenched, and annealed for 40800 and
86 400 sec at 620 K and 300 sec at 820 K. The density of each sample
is 3.698, 3.756, 3.756 and 3.797 Mgm™*, respectively.
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second peak and its shoulder sharpen and grow into
the icosahedral peaks 110001, 111000, and
200000, respectively. This continuous growth from
diffused peaks in the amorphous alloy into sharp
peaks in the icosahedral phase which has already been
observed in raw intensity profiles [19] gives significant
evidence of the structural similarity between the
‘icosahedral and amorphous phases.

The RDFs calculated by Equation 1 are shown in
Fig. 2. The RDF of the as-quenched sample shows the
first peak almost completely resolved and rather
distinct oscillations over a wide range of r, compared
with the RDF of a typical amorphous alloy. These
oscillations are amplified in the icosahedral phase
without changing their periodicity. Furthermore, it is
surprising that all four RDFs up to the radial distance
of 0.6nm show an extremely similar profile. These
features suggest that a local ordering structure in the
as-quenched sample grows into an icosahedral struc-
ture in the sample annealed above the crystallization
temperature. This is strong evidence to support the
conclusion obtained from the change of intensity pro-
files in Fig. 1. The nearest-neighbour distance and its
coordination number were estimated from the first
peak of the respective RDFs. An error for the coordi-
nation number is about + 8% at most. These values
for the four samples are summarized in Table I, with
the values computed from the crystal structural data
of Al V, by Brown [40].

The unit cell of Al sV, consists of two kinds of
icosahedra formed by aluminium atoms at vertices
and vanadium atoms at their centre, and a polyhedron
composed of two icosahedra sharing one of pentagonal
planes with each other where aluminium atoms are
located at vertices and vanadium atoms are at each
centre of the two connected icosahedra. An average
distance between vanadium atoms locating at the
centres of these icosahedra is about 0.51 nm. The
Al,s 'V, crystal data for the pairs of Al-Al, Al-V, V-Al
and V-V in Table I were calculated by taking an
average over all possible neighbouring pairs in the unit
cell. Thus it is found that all kinds of pairs at the
nearest-neighbour distance are located at about
0.27nm. It is sometimes very difficult to determine
the kind of pairs corresponding to each peak in the

TABLE I Summary of coordination numbers, N , and inter-
atomic distances, r.

r(nm) N

AlCusV, alloys

As-quenched 0.268 9.8

Annealed 40.8 k sec at 620K 0.268 9.8

Annealed 86.4k sec at 620K 0.269 9.9

Annealed 300sec at 820K 0.272 11.4
Al V, crystal

Al-Al 0.286 10.1

Al-V 0.270 1.8

V-Al 0.270 11.4

V-V 0.264 0.6
Average 11.9

Experimentally determined in Al,;Cu 5V, alloys as-quenched and
annealed for 40800 and 86400 sec at 620K and 300sec at 820K,
and calculated in the Al V; crystal.
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ordinary RDF. The sizes of constituent elements are
almost equal, as in the present case. The average
coordination number for all kinds of pairs corre-
sponding to the first peak was estimated to be 11.9
from the Al,;V, crystal data in order to compare with
those experimentally determined.

The coordination number increases with annealing
time and is 11.4 in the icosahedral sample annealed for
300 sec at 820 K. On the other hand, the atomic dis-
tances only show a slight increase with annealing. The
difference between the distance of the icosahedral
phase and that of the as-quenched amorphous phase
is only 1.5%. Since the experimental error of the
atomic distance is estimated to be a few percent, the
difference appears to be insignificant. Furthermore,
correlation length, r, approximately estimated from
an average Q-value of a prepeak in the amorphous
samples is 0.524 nm by applying an empirical relation
of Qr = 2.5x[26]. This value is found to correspond
to the interatomic distance between vanadium atoms
located at the centre of the icosahedral clusters in the
Al V, crystal. Such similarity implies that the local
structures of the samples consist of icosahedral
clusters which are formed by a similar atomic con-
figuration to that in Al,V,, although the present
samples are of a ternary alloy including copper as well
as aluminium and vanadium. Accordingly, in order to
obtain information about the location of copper in
these icosahedral clusters, the AXS measurement at
the CuK-absorption edge was carried out in the
samples as-quenched and annealed for 300sec at
820K, that is, in the amorphous and icosahedral
phases.

Anomalous X-ray scattering profiles of the amor-
phous and icosahedral phases are shown in Figs 3 and
4, respectively. The two profiles at the bottom of the
figures are intensity profiles measured at 25 and
300 ¢V below the CukK absorption edge and intensity
profiles of their differences are shown in the top. As
shown in Fig. 3, the essential profile of the intensity
difference in the amorphous phase shows a very similar
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Figure 3 Differential intensity profile of as-quenched amorphous
Al,sCu;V,, alloy (top) determined from intensity profiles (bottom)
measured at (——) 8.955 and (- - - -) 8.680 keV, which correspond to
the values of incident energy of 25 and 300eV below the Cuk-
absorption edge.
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Figure 4 Differential intensity profile of icosahedral Al;;CuV,,
alloy annealed 300sec at 820K (top) determined from intensity
profiles (bottom) measured at (——) 8.955 and (----) 8.680keV,
which correspond to the values of incident energy of 25 and 300eV
below the CuK-absorption edge.

feature to the original intensity pattern before taking
a difference, which indicates that copper atoms are
homogeneously dispersed in the icosahedral clusters.
Copper atoms take both of the aluminium and
vanadium sites in the icosahedral clusters. Similarly,
all peaks in the intensity difference of the icosahedral
phase in Fig. 4 are positive and similar to the peaks of
the original icosahedral phase. It also suggests the
same conclusion in the amorphous phase mentioned
above. However, the following point is stressed in the
intensity difference by comparing it with the original
intensity for the peaks of 100000and 110000. The
peak intensities are reversed in the differential inten-
sity profile, which indicates a possibility that copper
atoms only occupy particular sites of aluminium and
vanadium in the icosahedral clusters. This selective
replacement of copper atoms to aluminium and
vanadium sites may explain the very narrow compo-
sition range for the formation of a single icosahedral
phase in the Al-Cu-V system.

Environmental RDFs around copper for both the
samples computed by the Fourier transformation of
the intensity difference in Equation 7, are shown in
Fig. 5. For comparison, their ordinary RDFs are also
shown by dotted lines in this figure. It is easily seen
from Equations | and 7 that the absolute values of
the ordinary and environmental RDFs provide the
different physical meaning, and then only the peak
positions give significant information in this com-
parison. Peak maxima of oscillations in the environ-
mental and ordinary RDFs are surprisingly coincident
with each other in both amorphous and icosahedral
phases. This means that there is significant difference
in the atomic configuration around copper atoms
from the average atomic configuration. This result
clearly leads to the same conclusion as obtained
above.

In conclusion, the presence of the icosahedral short-
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Figure 5 Comparison of environmental radial distribution func-
tions (RDFs) around (——) copper and (-- ) ordinary RDFs of
AlsCu,sV, alloys as-quenched, and annealed 300 sec at 820 K.

range ordering clusters has been confirmed for the
amorphous samples from the systematic X-ray scatter-
ing measurements of the Al;sCu,sV,, alloys. Thus it is
plausible that the atomic configuration close to the
icosahedral short-range ordering in the amorphous
phase grows preferentially to form a quasi-crystalline
structure. However, the present result is not good
enough to give an understanding of the mechanism of
structural evolution.
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