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The ordinary X-ray diffraction profile and anomalous X-ray scattering profiles at nickel and
germanium K absorption edges of amorphous Alg,Ge,oNiy, alloy have been determined.

The results indicate the characteristic feature of the coexistence of nickel-rich highly ordered
crystal-like regions and germanium-rich amorphous regions. From the environmental radial
distribution function around germanium atoms, the coordination number around a germanium
atom is estimated at about 4. Thus, an amorphous germanium-like structure may be quite

feasible in this region.

1. Introduction

Studies on numerous aluminium-base amorphous
alloys (see e.g. [1]) are vigorously proceeding in order
to search for new aluminium-base materials whose
physical or chemical properties are superior to those
of known aluminium-base crystalline alloys. Recently,
ternary Al-Ge-Ni alloys have been found to produce
a non-crystalline phase over a wide range of con-
centration by rapid quenching, and some of them
show good ductility [2], suggesting enough potential
for future use. Some interesting features were reported
for these alloys [2]; for example, a split first peak in the
X-ray diffraction pattern of Aly,GeyNi, alloy is
found, and a modulated pattern is also observed
in the bright-field image by transmission electron
microscopy. The split first peak in the amorphous
ternary alloy has also been interpreted by the coexist-
ence of the two components of aluminium-rich and
germanium-rich amorphous phases inferred from
previous results on amorphous Pt Pb,,Sby, [3] and
Aug;Pby, Sby, s [4], in which a split first peak of the
X-ray diffraction profile was detected and ascribed
to the coexistence of platinum- or gold-rich and lead-
rich amorphous phases [4]. However, their atomic
structure has not yet been revealed. Thus, additional
structural information on amorphous Al-Ge-Ni
alloys is strongly desired for a better understanding of
their characteristic features.

The main purpose of this work is to present
the further structural analysis of an amorphous
Alg, Gesy Niyg alloy by ordinary X-ray diffraction and
by anomalous X-ray scattering (AXS) techniques.

2. Experimental procedure

An ingot of the alloy composed of 60 at % Al, 30at % Ge
and 10 at % Ni nominal composition was prepared by
arc-melting a mixture of pure aluminium (99.99 wt %),
germanium (99.99 wt %) and nickel (99.8 wt %) in a
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purified argon atmosphere. From the master ingot,
ribbons about 1 mm wide and 0.017mm thick were
prepared by a single-roller melt-spinning technique.
Since this ternary sample was very brittle and the
ribbon was obtained as small pieces, for X-ray measure-
ments these short pieces of ribbon were closely arranged
on aluminium frames about 15mm wide and 10 mm
high, and a few layers of the sample were placed upon
them.

An ordinary X-ray diffraction profile was obtained
using an w-26 diffractometer with a molybdenum
X-ray tube, and a singly bent pyrolytic graphite
monochromator in the diffracted beam. The scattering
intensity from the sample was measured by a scintil-
lation detector with a pulse-height analyser for the
reduction of background noise. The intensity profile
was obtained from 7 to 153 nm ™' for the wave-vector
Q = 4gsin 0/4, where 0 is half the angle between
incident and diffracted beams and A is the wavelength.
In order to obtain the same counting statistics for
every measured point, a fixed-count mode was used to
collect at least 20000 counts.

The absorption, polarization, and Compton scat-
tering were corrected for [5, 6], and the measured
intensities were converted into electron units per atom
by the generalized Krogh-Moe-Norman method [7],
using the atomic scattering factors and anomalous
dispersion corrections tabulated in the International
Tables [8]. The total structure factor S(Q) was evalu-
ated from the coherent scattering intensity in absolute
units I (Q) by the equation [5, 6]
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where { [} is the average atomic scattering factor and
{f*> is the mean square of the atomic scattering
factors. The radial distribution function (RDF) was
obtained by the Fourier transformation of S(Q). That
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where g(7) is the total radial density function and g, is
the average number density of the sample.

The measurements were carried out with synchro-
tron radiation at the Photon Factory of the National
Laboratory for High Energy Physics, Tsukuba, Japan.
Monochromatic incident beams at any energy from 4
to 20keV were obtained with a silicon 111 double-
crystal monochromator. The sample was mounted on
a vertical diffractometer. The intensity of the incident
beam was monitored by an N, gas-flow type ion
chamber placed in front of the sample. By adopting
a fixed monitor-count mode, the total number of
photons to the sample was kept constant for all meas-
urements. The diffracted intensities were measured by
a portable pure germanium solid-state detector so
that the coherent intensity (including the structural
information) and Kua fluorescent radiation from
the sample were measured separately [9]. The Kp
fluorescence overlapping with the coherent radiation
near the absorption edge was numerically estimated
from the measured Ko radiation and tabulated Ka to
Kp ratio [10], and eliminated from the coherent
intensity. Then, the coherent intensity was corrected
for the absorption by the sample and air in the beam
path and for the efficiency of the ion chamber at the
incident beam energy, and converted into absolute
units using the generalized Krogh-Moe-Norman
method [7]. Then the Compton scattering intensity
was corrected by subtracting the theoretical values
given by Hajdu [11]. Details of the experimental
setting used for AXS measurements at the Photon
Factory are explained elsewhere [12].

In the present measurements, only the energies on
the lower-energy side of the nickel and germanium K
absorption edges were used for the AXS measure-
ments because of particular near-edge phenomena, for
example XANES (X-ray Absorption Near Edge
Structure), EXAFS (Extended X-ray Absorption Fine
Structure) and extremely intense fluorescent radiation
on the higher-energy side of the edge. For AXS
measurement it is crucial to set the incident beam at an
exact energy near the edge in order to carry out the
measurement successfully. In the present work, this
has been accomplished by determining the energy
dependence of the values f” of the element estimated
from the integrated intensities of its powder peaks
around its absorption edge, and comparing them with
the theoretical values calculated by the method of
Cromer and Lieberman [13]. Since the details of
the basic concepts of the AXS technique have been
explained elsewhere [14], only basic equations necess-
ary for the AXS analysis will be given below.

When the energy of the incident beam is tuned
to the vicinity of an absorption edge of a specific
element A, the detected variation in intensity is attri-
buted only to the change of the real and imaginary
parts of the anomalous dispersion terms /" and f” of
the A element, respectively. Since the variation of the
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Figure 1 X-ray diffraction profile tor amorphous AlgGe,,Niyg

alloy. Small bars indicate peak positions of polycrystalline
aluminium metal.

term f” is small and almost constant on the lower-
energy side of the edge, the difference between the
scattering intensities measured at two energies E, and

E, (E, > E,) on the lower-energy side of the absorp-
tion edge is given in a ternary case by

AIL(Q) = KQ. E) — IQ, E)
= & [/ (E) — L (E)
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where ¢, is the atomic fraction of the A element. The

Fourier transformation of the quantity Al (Q) gives

the environmental RDF corresponding to the local

environmental structure around an A atom; that is,
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For example, for the ternary system, six partial RDFs
are known to overlap each other in the ordinary RDF,
but the environmental RDF defined in Equation 4 is

X [QAj(r) - QOj]}

g @

_ a sum of three AA, AB, AC partial RDFs. Thus, the

environmental RDF can provide a more local atomic
structure about a specific element, without complete
separation of all partial RDFs. This energy-derivative
method of the AXS along the line of Shevchik’s
scheme [15, 16] was first used by Fuoss ef al. [17] with
synchrotron radiation under the name of differential
anomalous scattering (DAS) and the differential dis-
tribution function (DDF).

3. Results and discussion

Fig. 1 shows an intensity profile of the sample by
MoKu radiation. Two sharp characteristic peaks at
19 and 33nm™!, followed by a third peak with a
shoulder at about 50nm™', and a small and diffuse
fourth peak at about 80nm~' arec observed. The
general profile of the intensity pattern can be classified
into the similar one commonly observed in amorph-
ous alloys, except for the split of the main peak. In
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Figure 2 Total structure factors S(Q) for amorphous
AlgGeyNij, in the present work and for amorphous
germanium reported by Kortright [20].
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Fig. 1, it is also noted that there are many “spikes”
overlapping the diffuse profile. These small spikes
perhaps indicate that there is an extremely small
amount of crystallized regions in the sample. We tried
to identify them by comparing the peak positions with
known compounds formed by some combinations of
nickel, aluminium or germanium. As a result, it was
found that some of them are explained by aluminium
whose peaks are marked by short bars in Fig. 1. Other
spikes have not been explained by known equilibrium
compounds. It i$ more likely that they might result
from metastable phases since there are some reports
of metastable phases in liquid-quenched aluminium
alloys [18, 19]. Incidentally, it was confirmed that the
RDF obtained from Fourier transformation of the
intensity profile with manual removal of these sharp
small spikes does not show any significant difference
from the RDF determined from the original profile in
the figure.

In Fig. 2, the structure factor S(Q) of the sample is
shown with that of amorphous germanium from
Kortright [20]. It is seen immediately that the basic
profiles of S(Q) are similar to each other in peak
positions and values, etc. Thus, it is imagined that
the structure of the sample might be similar to the
structure of amorphous germanium. In order to
obtain further insights into the characteristic structure
of this amorphous Al,, Ge,,Ni; alloy, the AXS tech-
nique was applied to the sample at the nickel and
germanium K absorption edges. The energies used for
the measurements were 8.3067 and 8.0316 keV for the
nickel K edge, and 11.0795 and 10.8047 keV for the
germanium K edge. Incidentally, these energies corre-
spond to energies 25 and 300 eV below each edge. The
profiles observed at the two energies for nickel and
germanium edges are shown in Figs 3 and 4, respect-
ively. The differential intensity profiles of the intensity
curves are given in the top of each figure. From these
two differential intensity profiles, it is promptly noted
that their basic patterns appear completely different.
At the nickel edge, the differential intensity profile
consists of several discrete peaks like those from crys-
tals, and their values are both positive and negative.
On the other hand, the differential intensity profile at
the germanium K edge shows a diffuse non-crystalline
pattern overlapping with small spikes.

Here, let us consider the effect of f’ on the total
coherent intensity in various structures, before pro-
ceeding to a discussion of the relation between the
differential intensity profiles and atomic structure. In
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order to simplify the explanation, a binary alloy AB is
considered. If A and B atoms are arranged at random
in the crystal, its structure factor is proportional to the
average atomic scattering factor, i.e. (¢ fa + ¢p/f3)s
where ¢, and ¢ are the atomic fractions of A and B,
and f, and fy are the atomic scattering factors of A
and B. Thus, a decrease in the quantity f, near the
absorption edge due to the decrease in the quantity of
the real part of the anomalous dispersion term results
in a decrease in the scattering intensity. Consequently,
the differential intensity defined by Equation 3 is
positive for all differential peaks. Similarly, in an
amorphous alloy, where all constituent elements are
distributed at random, the resultant differential inten-
sity profile should be positive. However, if a crystal
has an ordered structure, all differential peaks may not
be positive. The reason is as follows. Let us consider
the AXS measurement at the absorption edge for the
A element. The structure factor at some of the super-
lattice points should include the term (fg — fa)-
Therefore, the scattering intensities at such peaks
increase near the absorption edge of the element A. As
a result, the differential intensity profile in the ordered
structure consists of a mixture of positive and negative
peaks.

The differential intensity profile at the nickel edge in
Fig. 3 corresponds to this latter example. Namely, it is
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Figure 3 (a) Differential intensity profile of amorphous Al Ge,,
Nij, alloy obtained from (b) intensity data sets measured at photon

energies ( ) 8.3067keV and (- --) 8.0316 keV; these are 25 and
300eV below the nickel K absorption edge, respectively.
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Figure 4 (a) Differential intensity profile of amorphous
Al GeyNiyy alloy obtained from (b) intensity data sets
measured at photon energies ( ) 11.0795keV and
() 10.8047 keV; these are 25 and 300eV below the
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germanium K absorption edge, respectively.

imagined that most of nicke] atoms in the sample are
present in a crystal-like region and form a highly
ordered structure with aluminium or germanium
atoms, although a definite structure of this crystal-like
region cannot be obtained from the present results
alone. On the other hand, the differential intensity
profile at the germanium edge in Fig. 4 clearly indi-
cates a non-crystalline pattern similar to the original
one, although the relative intensity of the second peak
drops drastically in comparison with that of the first.
This implies that most of the germanium atoms are
contained in the non-crystalline region. The structure
of this non-crystalline region can be estimated from
the environmental RDF in Fig. 5. In this figure, the

RDF of amorphous germanium [20] is also shown.

It is readily noted that the environmental RDF at
the germanium K edge resembles the RDF of the
amorphous germanium, and the coordination number
was estimated to be 4.1 from the area of the first peak.
Thus, it is plausible that the atomic arrangements
around a germanium atom is extremely similar to
those in amorphous germanium. The small spikes
overlapping with the diffuse profile indicated in Fig. 1
may be understood as due to Ge-Ni pairs strongly
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Figure 5 Environmental RDF obtained from Fourier transfor-
mation of the differential intensity profile in Fig. 4 of amorphous
Al GeyNiyg alloy below the germanium K absorption edge, and
the radial distribution function (RDF) of amorphous germanium
reported by Kortright [20].

3488

100

correlated in the ordered phase. For a further quan-
titative description of the characteristic structure
of an amorphous Al Ge,,Ni,, alloy, an additional
structural analysis for detecting a finer profile change
is required at each edge, particularly at the nickel
edge. It must be the first consideration to identify
the peaks obtained in the differential intensity profile
at the nickel edge, and to attempt a quantitative
explanation of the intensity changes of these peaks.
Such AXS measurements are under consideration.
However, it may be concluded from the present results
that the modulated region observed in the trans-
mission electron microscope [2] corresponds to
harmony between the non-crystalline regions con-
sisting of mainly germanium and aluminium whose
local structure around germanium is close to that
of the amorphous germanium, and highly ordered
crystal-like regions mainly related to the nickel atom
correlations.
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