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Abstract
Atomic structures of amorphous Al89La6Ni5, prepared by single-roller melt
spinning, and pre-annealed at 493 and 588 K for 1 h, were characterized by
differential scanning calorimetry, x-ray diffraction with a large wavevector
transfer value, La L3-edge and Ni K -edge x-ray absorption fine structure
and the reverse Monte Carlo technique. In the as-prepared amorphous alloy,
our study reveals that the Ni–Al distance is 2.38 ± 0.02 Å coupled with a
coordination number as low as 6.2. The Al–Al distance was found to be ∼4.5%
shorter than the nominal atomic diameter of aluminium and the coordination
number to be ∼39% less than expected from the dense random packing model.
Crystallization of the Al89La6Ni5 glassy alloy at high temperatures can be
described as follows: [amorphous alloy] → [fcc-Al] + [bcc-(AlLa)] + residual
amorphous → [fcc-Al] + [o-Al3Ni] + [o-La3Al11].

1. Introduction

Al-based amorphous alloys have attracted much attention during the past two decades. Their
extraordinary high tensile strength (σ f more than 1200 MPa) combined with good ductility and
low density make Al-based amorphous alloys promising candidates as advanced engineering
materials [1–3]. The mechanical properties can even be enhanced (σ f approaching 1600 MPa)
by partially crystallizing the amorphous alloys [4, 5]. The reported mechanical properties of
these materials strongly correlate with formation of Al nano-grains and atomic structures at
the interfaces between grains and matrix. Thus atomic structure investigations are necessary to
understand the mechanical properties and avoid possible pitfalls during the materials design for
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applications. In our previous work, nucleation of Al nano-grains and high pressure effects
on crystallization of Al89La6Ni5 ternary metallic glass were reported [6, 7]. In this paper
we present an atomic structural study on the Al89La6Ni5 glass by using differential scanning
calorimetry (DSC), x-ray powder diffraction (XRD) up to large Q values, La L3-edge and Ni
K -edge extended x-ray absorption fine structure (EXAFS) and reverse Monte Carlo (RMC)
techniques. We find that the Ni–Al distance is 2.38 ± 0.02 Å coupled with an average
coordination number as low as 6.2 (43% reduction compared to the value derived from the
dense random packing (DRP) model), indicating a strong interaction between Ni and Al which
corroborates covalent bonding. The Al–Al distance was also found to be ∼4.5% shorter than
the nominal atomic diameter of aluminium and the coordination number to be ∼39% less than
expected.

2. Experimental details

Ingots, with nominal composition Al89La6Ni5, were prepared by arc melting a mixture of pure
Al (99.99 wt%), La (99.9 wt%), and Ni (above 99.96 wt%) in a purified argon atmosphere.
Amorphous ribbons (∼1.3 × 0.02 mm2) were prepared from the master alloy ingots using a
single roller melt-spinning apparatus. Differential scanning calorimetry (DSC) measurements
were performed using a Perkin Elmer DSC-7 at a heating rate of 20 K min−1. In order to
investigate the structure of the alloy at different stages of crystallization two sets of samples
were pre-annealed in vacuum (<10−5 mbar) at 493 and 588 K for 1 h. To obtain high resolution
radial distribution functions, particularly interesting for atomic structure study of highly
disordered materials, XRD data with a large maximum wavevector transfer (Q = 4π sin θ/λ)
are necessary. Thus, high-energy XRD measurements were performed at HASYLAB at DESY
(Hamburg, Germany) on the experimental station PETRA2 using monochromatic synchrotron
radiation of 115 keV. The samples measured at room temperature in transmission mode were
illuminated for 180 s by a well collimated incident beam of 1 mm2 cross-section. XRD patterns
were recorded using a 2D detector (mar345 Image plate) in asymmetric mode to obtain data
at high Q. The background intensity was subtracted directly from the 2D XRD pattern and
the result was integrated to Q-space by using the program Fit2D [8]. The integrated data were
corrected for polarization, sample absorption, fluorescence contribution and inelastic scattering.
The total structural factor S(Q) was obtained by using the Faber–Ziman equation [9].
X-ray absorption fine structure measurements at La L3 (photon energy 5483 eV) and Ni K
(8333 eV) edges were performed at HASYLAB at the experimental station E4. Spectra were
collected at room temperature in transmission mode using a fixed exit double-crystal Si(111)
monochromator. Experimentally measured x-ray absorption cross sections µ(E) were analysed
by standard procedures of data reduction, using the program Viper [10]. In order to derive
quantitative values for the interatomic distances r , coordination numbers N , mean-square
relative displacements σ 2 and threshold energy shifts E0 we carried out a curve fitting analysis
of k-space amplitudes and phases.

2.1. Reverse Monte Carlo simulation

The reverse Monte Carlo simulation technique [11–14] is an iterative method for
generating large three dimensional models compatible with available structural information
(e.g. diffraction or EXAFS measurements). Key parameters of the simulation procedure are the
density and the minimum interatomic distances. The density of Al89La6Ni5 can be estimated in
different ways. In the present work we adopted the value reported by Hsieh et al (3.21 g cm−3

(0.0567 Å
−3

)) for amorphous Al90Ce5Fe5 [15]. It is to be mentioned that linear combination of
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the molar volumes of crystalline phases (fcc-Al, o-Al3Ni, o-Al11La3) obtained by annealing
Al89La6Ni5 gives 0.0582 Å

−3
. The following minimum interatomic distances were used

throughout the simulation runs: Al–Al 2.6 Å, Al–La 3.1 Å, Al–Ni 2.2 Å, La–La 3.0 Å, La–Ni
2.7 Å and Ni–Ni 4.0 Å. Some runs were carried out with larger La–La and La–Ni distances (5.0
and 4.5 Å, respectively). The gAlX(r) (X = Al, La, Ni) functions primarily investigated in this
work were not significantly influenced by the choice of these parameters. On the other hand, a
better fit could be obtained (especially for the x-ray measurement) by applying the lower La–La
and La–Ni distances.

The simulation box contained 20 000 atoms. The length of the box was 70.66 Å,
corresponding to a density of 0.0567 Å

−3
. Initial configurations were obtained by hard sphere

Monte Carlo runs (satisfying only the above cut-off constraints but fitting no experimental data).
The main steps of the reverse Monte Carlo simulation technique can be summarized as follows
(for details of the modelling procedure we refer to a recent review [12]).

(1) The partial functions are calculated from the initial atomic coordinates. For diffraction
the partial gi j(r) functions are transformed to reciprocal space by the following equation:

Si j (Q) = 4πρ

Q

∫
r sin Qr(gi j(r) − 1) dr (1)

where i and j run over the atomic species. ρ is the average number density and r is a
distance. The Si j partial structure factors are then combined to Sm(Q), the model reduced
x-ray interference function:

Sm(Q) =
∑

i j

wi j(Q)Si j (Q). (2)

The wi j weights can be calculated from the f (Q) atomic form factors [16] and compositions
in the following way:

wi j = (2 − δi j)ci c j fi (Q) f j (Q)∑
i j ci c j fi (Q) fi (Q)

, (3)

where c j is the concentration of the j th atomic species and δi j represents the Kronecker delta
symbol. The model EXAFS signal χm,i (k), at the absorption edge of i -type atoms (here La,
Ni) can be calculated from the gi j functions via the following equation:

χm,i (k) −
∑

j

4πc jρ

∫
r 2γi j(r, k)gi j(r) dr. (4)

Here γi j is the backscattering signal of an atomic pair that contains both amplitude and phase
information:

γi j(r, k) = Ai j(k, r) sin(2kr + 	i j(kr)). (5)

The Ai j amplitudes and 	i j phase shifts were calculated by the FEFF 8.1 code [17].
Once the model quantities are known their deviation from the experimental ones (denoted

by Sexpt, χexpt,La and χexpt,Ni) is calculated in the following way:

δ2 = 1

ε2

∑
n

(Sm(qn) − Sexpt(qn))
2 + 1

ε2
La

∑
n

(χm,La(kn) − χexpt,La(kn))
2

+ 1

ε2
Ni

∑
n

(χm,Ni(kn) − χexpt,Ni(kn))
2. (6)

Here the ε are parameters to regulate the weight of the dataset given in the fitting procedure.
(Please note that δ and ε are denoted by χ and σ in the RMC literature. Here δ and ε are used
in order to avoid confusion with EXAFS terminology.)
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Figure 1. DSC curve of as-prepared Al89La6Ni5 at a heating rate of 20 K min−1.

(2) One atom is moved randomly and the whole procedure under (1) is repeated to get
the δ2

new, the new δ value. The move is accepted if δ2
new < δ2, otherwise it is accepted with

probability exp(−(δ2
new − δ2)/2). In a typical RMC simulation run 2 is repeated several million

times until the equilibrium is reached and δ2 starts to oscillate around a constant value.

3. Results

3.1. DSC measurement

The DSC trace of amorphous Al89La6Ni5 shown in figure 1 exhibits two exothermic heat effects
(crystallization peaks) and no glass transition.

XRD experimental results proved that the first exothermic peak around T x1 = 494 K
corresponds to a eutectic crystallization of fcc-Al and bcc-AlLa phases. The second peak at
T x2 = 607 K on the other hand results from the transformation of the residual amorphous
component and the metastable bcc crystalline compound to stable orthorhombic Al3Ni and
Al11La3. This crystallization process for the Al89La6Ni5 alloy is consistent with our previous
studies [6] and [7].

3.2. XRD measurements

Figure 2 shows XRD patterns from the as-prepared and pre-annealed samples. The as-
prepared sample (despite the low concentration of solute elements (11 at.%)) exhibits the
diffuse scattering pattern typical for metallic glasses with a maximum at Q = 2.6 Å

−1
and

a pre-peak located at Q = 1.3 Å
−1

. The XRD pattern taken from the pre-annealed alloy at
493 K on the other hand shows distinct Bragg peaks from fcc-Al (marked by asterisks) and
bcc-AlLa in addition to the diffuse amorphous contribution. Simultaneous crystallization of
the two phases has been ascertained by an in situ experiment (not shown here) indicating the
eutectic rather than primary nature of the first crystallization. The newly formed bcc-AlLa
crystalline phase has peak positions as well as relative peak intensities close to cubic Al92La8

(open triangles, a = 6.653 Å) listed in the PCPDFWIN database [18], suggesting a similar
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Figure 2. XRD patterns of Al89La6Ni5 in as-prepared state and pre-annealed at 493 and 588 K.

crystalline structure. EXAFS results (discussed later) also support the idea that the bcc-phase is
formed exclusively from Al and La atoms. The mean-square relative displacement value of Al
coordinated to La atoms σ 2

La–Al after pre-annealing at 493 K is significantly smaller (see table 2)
than for the as-prepared stage. On the other hand, for an environment of Ni atoms σ 2

Ni−Al values
in both samples are very similar. Therefore, one can assume that pronounced changes in the
La–Al short-range order are directly connected to the formation of the bcc phase. The XRD
pattern from Al89La6Ni5 pre-annealed at 588 K for 1 h looks fully crystallized and the products
of the crystallization were identified as fcc-Al (S.G. Fm3̄m; a = 4.0494 Å), orthorhombic-
Al3Ni (S.G. Pnma; a = 6.598 Å, b = 7.352 Å, c = 4.802 Å) and orthorhombic-La3Al11

(S.G. Immm; a = 4.431 Å, b = 10.13 Å, c = 13.14 Å). Schematic drawings of the stable
orthorhombic phases are shown in figure 3. Table 1 summarizes the structural parameters
(nearest neighbour distances and coordination number) for o-La3Al11 and o-Al3Ni.

3.3. EXAFS measurements

Figures 4(a) and 5(a) show the absolute values of the Fourier transforms (FTs) of the k2

weighted EXAFS signals extracted above the La L3 and Ni K edges, respectively. Closer
inspection of figure 4(a) reveals shoulders to the main peaks in the pre-annealed samples. The
low r side shoulder is visible on the sample pre-annealed at 493 K, while the high r side can
be seen after pre-annealing at the higher temperature.

The calculated Ni K -edge FT signals from the amorphous sample and from the sample
annealed at 493 K (shown in figure 5(a)) on the other hand are very similar. The similar
FTs obtained from the as-prepared state and after first crystallization suggest a similar atomic
arrangement around Ni and have been already discussed in the XRD section of this work.
The signal obtained from the sample pre-annealed at 588 K, on the other hand, displays the
formation of three distinct coordination spheres (marked by arrows) clearly resulting from
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Figure 3. Schematic drawings of (a) orthorhombic-La3Al11, (b) orthorhombic-Al3Ni phases.

Table 1. Average pair lengths rwa and coordination numbers N in orthorhombic Al11La3 and
Al3Ni.

Orthorhombic Al11La3

Pair rwa N

La(1)–Al 3.423 16
La(2)–Al 3.365 16
Al(1)–Al 3.029 8
Al(2)–Al 2.652 5
Al(3)–Al 2.789 6
Al(4)–Al 2.796 6

Orthorhombic Al3Ni

Ni–Al 2.489 9
Al(1)–Al 2.842 6
Al(2)–Al 2.842 8

formation of Al3Ni. In order to obtain quantitative values of structural parameters from the
first shell around La and Ni absorbing atoms, the shells were first isolated from the rest
by applying Hanning windows (1.6–3.7 Å for La and 0.8–2.8 Å for Ni) followed by back
Fourier transformation (BFT) to k-space. In the next step the filtered signals were fitted by
the EXAFS formula based on the single scattering approximation [19]. During the fitting the
following assumptions were made. (a) Both La and Ni atoms are surrounded by Al atoms
only. This condition is reasonable taking into account the low atomic concentration of solute
elements in the Al89La6Ni5 alloy. The La and Ni atoms in crystalline Al11La3 and Al3Ni are
surrounded exclusively by Al atoms. Additionally, the structural study on the similar alloys
Al87Ni7Nd6 [20] and Al0.91La0.09 [21] documents the first shell coordinating TM and RE atoms
consist of Al atoms. (b) Theoretical back-scattering amplitudes and phase shifts were calculated
from the orthorhombic atomic configuration, using the FEFF 8.1 code [17]. (c) As a result
of the non-Gaussian Al distance distribution around La, a two-shell model was applied to fit
corresponding La–Al BFT signals. The use of the two-shell model was primarily verified by
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Figure 4. (a) Fourier transforms of experimental k2 · χ(k) signals obtained from Al89La6Ni5 alloy
in as-prepared state and after pre-annealing at 493 and 588 K measured above the La L3 edge.
(b) Comparison of filtered and calculated two-shell fits of La L3-edge EXAFS data using structural
data listed in table 2.

Table 2. Structural parameters of amorphous and crystalline Al89La6Ni5 determined from the
La-L3, Ni-K edge EXAFS spectra analysis; C–B means central–back-scattered atoms. Structural
parameters of amorphous Al89La6Ni5 obtained by RMC simultaneously modelling the x-ray
structure factor and the La-L3, Ni-K edge EXAFS datasets.

EXAFS analysis

Annealing C–B pairs R (Å) N σ 2 (Å
2
) �E0 (eV)

As prepared La–Al(1) 3.28 ± 0.04 12.4 ± 1 0.021 ± 0.002 5 ± 1
Sample La–Al(2) 3.51 ± 0.08 3.4 ± 1

Ni–Al 2.43 ± 0.01 6 ± 0.5 0.0087 ± 0.0014 −2.3 ± 1
493 K La–Al(1) 3.28 ± 0.03 9.7 ± 1 0.013 ± 0.002 5.6 ± 1

La–Al(2) 3.52 ± 0.03 7.4 ± 1
Ni–Al 2.43 ± 0.01 5.9 ± 0.5 0.0094 ± 0.0014 −2.1 ± 1

588 K La–Al(1) 3.27 ± 0.02 13.6 ± 1 0.016 ± 0.002 4.8 ± 1
La–Al(2) 3.70 ± 0.03 3.6 ± 1
Ni–Al 2.431 ± 0.008 7.5 ± 1 0.0061 ± 0.001 −2.1 ± 1

RMC

Pairs R (Å) N XRD weights (%)

Al–Al 2.73 ± 0.02 7.7 ± 0.3 51
As prepared sample La–Al 3.29 ± 0.02 15.4 ± 0.5 26

Ni–Al 2.38 ± 0.02 6.2 ± 0.3 15

fitting of the experimental datasets. Application of the two-shell model in the minimization
procedure leads to significant reduction of model–data residual. A similar two Al sub-shells
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Figure 5. (a) Fourier transforms of experimental k2 · χ(k) signals obtained from Al89La6Ni5 alloy
in as-prepared state and after pre-annealing at 493 and 588 K measured above the Ni K edge.
(b) Comparison of filtered and calculated single-shell fits of Ni K -edge EXAFS data using structural
data listed in table 2.

around Nd and Ce were reported for Al87Ni7Nd6 [20] and (Al80Co10Ce10, Al80Fe10Ce10) [22],
respectively. The first peak of gAlLa(r) obtained by the RMC simulation technique is also
strongly asymmetric (see below). During the fitting mean-square relative displacements σ 2

and threshold energy shifts E0 for both sub-shells were constrained to be equal. In contrast
to La, a successful fit of the Ni environment was achieved using a single-shell model only
having the parameters unconstrained. Results of numerical fits are listed in table 2. The filtered
and calculated EXAFS spectra are shown in figures 4(b) and 5(b). The nearest neighbour
distance between La and Al remains unchanged for all samples while the second shell distance
only slightly increases with annealing temperature. The weighted average value of the La–Al
interatomic distance of 3.33 Å is close to the sum of the nominal atomic radii (3.3 Å) and the
coordination number 15.8 obtained from the as-prepared sample is only slightly smaller than
the value (17) calculated by the dense random packing (DRP) model using the principle of
two-dimensional packing of the atomic surface [23]. The relatively large σ 2

La–Al value obtained
from the as-prepared sample reflects loosely bound Al atoms in the first coordination shell and
significantly decreases after the first crystallization step. A later increase of σ 2

La–Al in the sample
annealed at 588 K can on the other hand be associated with the formation of the orthorhombic
phase. Refined structural parameters from the nearest Al shell coordinating La (listed in table 2)
are quantitatively similar to the data reported for the amorphous Al91La9 alloy by Frenkel et al
[21]. Important findings of our EXAFS studies are that for the as-prepared sample the Ni–Al
interatomic distance is 2.43 Å, about 9% shorter than the sum of nominal atomic radii (2.67 Å).
Similarly, the number of Al atoms coordinating Ni is six, which is∼44%smaller than the value
(10.8) derived on the basis of the DRP model using nominal metallic state radii. These changes
indicate a strong interaction between Ni and Al and suggest covalent bonding of Al to Ni atoms.
A similar shortening of interatomic distance coupled with strong reduction of coordination
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Figure 6. Experimental and RMC modelled XRD reduced interference function, La-L3 and the
Fe K -edge EXAFS signals of amorphous Al89La6Ni5.

number was reported for amorphous Al–Co–Ce [22], Al–Fe–Ce alloys [22, 24, 15], Al–La–
Y [25] A187Y8Ni5 and Al90Y10 [26] and Al88Y7Fe5 alloy [27]. This was interpreted to indicate
a strong interaction between transition metal and aluminium, corroborating covalent bonding.
The σ 2

Ni–Al values for as-prepared samples and samples pre-annealed at 493 K are similar and
strongly decrease with the formation of Al3Ni.

3.4. RMC simulation

A favourable property of the EXAFS technique/analysis is its high sensitivity to the
environment of the absorbing atoms. This method is, on the other hand, insensitive to medium-
and long-range correlations (∼ above 5 Å) and therefore cannot provide a complete overview of
atomic structures of the investigated material. An additional limitation of our EXAFS analyses
is that in the absence of Al-edge data no information on Al–Al correlations could be obtained.
Due to the high percentage of Al the XRD structure factor is most sensitive to Al–Al and
Al–La correlations. The combination of EXAFS datasets and the XRD structure factor can
therefore offer a more detailed insight into the short-range order of the system investigated.
The reverse Monte Carlo (RMC) technique [11–14] provides us with a suitable framework
for the simultaneous interpretation of multiple datasets (in general XRD, neutron diffraction
and EXAFS). Therefore, we carried out an atomic structure study of as-prepared Al89La6Ni5

glass by simultaneous RMC modelling of three datasets: the x-ray structure factor and the
two EXAFS datasets. Figure 6 shows the comparison of experimental data (open circle) with
the simulated data (full line). One can see a very good agreement between experimental
and simulated S(Q) while fitting of EXAFS signals results in a small amplitude mismatch,
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Figure 7. The most dominant partial pair correlation functions g(r), obtained from RMC simulation
(solid line) and hard sphere model without fitting of any experimental data (dashed line).

particularly pronounced in the Ni K -edge signal. Figure 7 shows the comparison of most
dominant partial pair correlation functions obtained by the RMC simulation.

4. Discussion

4.1. Al–Al pair

Due to large differences in the atomic radii of the constituents (rAl = 1.43 Å, rLa = 1.87 Å
and rNi = 1.24 Å) it is possible to separate the first peaks of the Al–Al and Al–La g(r)

functions in real space already from the diffraction measurement alone. The peak positions
together with corresponding coordination numbers and XRD weights calculated by equation (3)
at Q = 0.75 Å

−1
are listed in table 2. The Al–Al mean distance (2.73 Å) is significantly smaller

(∼4.5%) than the nominal diameter of an Al atom (2.86 Å).
To check the reliability of the Al–Al peak position, the following should be considered.

First, SAlAl(Q) has the most significant contribution to the x-ray total structure factor (about
30–50%). Second, due to the large separation of the first peaks of the three most significant
partial pair correlation functions, gAlAl(r), gAlLa(r) and gAlNi(r), they can be clearly resolved
by fitting simultaneously diffraction data with La L3 and Ni K -edge EXAFS measurements.
Regardless of the starting configuration the final Al–Al peak position was always at 2.73 Å.
Attempts to move apart Al atoms by raising the minimum Al–Al distance from 2.6 to 2.75 Å
resulted in a drastic worsening of the fit of the diffraction data. Thus it can be concluded
that the first Al–Al distance is shorter than the nominal diameter of Al atoms. The Al–Al
coordination number is 7.7. This is ∼39% smaller than the value of 12.6 calculated by the
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DRP model using nominal metallic state radii. It is to be mentioned that a similar contraction
of the Al–Al distance was found in crystalline [28, 29] and in quasicrystalline Mg2Al3 [29].
Though there are many studies devoted to the coordination environment of transition metal
or lanthanide atoms in Al-based metallic glasses, as far as we know this is the first time
that the Al–Al distance and coordination number in an Al-based metallic glass has been
determined.

4.2. Ni–Al and La–Al pairs

The Ni–Al distance (2.39 Å) is significantly shorter than the sum (2.67 Å) of the corresponding
atomic radii, and the coordination number obtained (6.2) is also much smaller than the value
(10.8) predicted by the DRP model. For La–Al atomic pairs, the first peak is significantly
broader, showing a shoulder at high r values. Its shape can be approximated by two Gaussian
functions. The weighted average value of the two ‘sub-shell’ distances is about 3.29 Å, which
is very close to the sum of Al and La atomic radii. The La–Al coordination number 15.4 is
also close to the value (17) predicted by the DRP model. All structural parameters obtained
from RMC simulation (listed in table 2) are in good agreement with corresponding data refined
solely from EXAFS signal analysis.

In the case of metallic glasses it is believed that efficient packing plays a key role in the
formation of short range order. A simple way of illustrating to what extent the above opinion
holds for Al89La6Ni5 is the comparison of pair correlation functions with those calculated from
the initial configuration (obtained by a hard sphere Monte Carlo simulation without fitting
any experimental data). Figure 7 shows the Al–X (X = Al, La, Ni) pair correlation functions
obtained with the two techniques. It is remarkable that apart from a small peak at about
3.45 Å gAlAl(r) is practically unchanged. The peak at gAlLa(r) is shifted to higher r values
and becomes broader if the measurements are simulated. The most drastic changes can be
observed in gAlNi(r). As can be expected the first peak is shifted to higher r values and a
deep minimum is formed. There is also a pronounced second maximum at about 3.45 Å. It is
to be mentioned that though the fine details of these features depend somewhat on the fitting
parameters (e.g. the r -range used to calculate the model Ni-edge signal, see equation (4)) the
first Ni–Al coordination number and the peak positions are practically model independent.

The transition metal–Al coordination number is close to six in almost every experimental
work published on Al–transition metal–rare earth (Al–TM–RE) alloys [15, 22, 24, 26, 27]. As
far as we know the only exception is reference [20], where ∼11 was obtained for the Ni–
Al coordination number in Al87Ni7Nd6. Neutron diffraction measurements on isotopically
substituted samples are often the most conclusive tools of structural investigations on
disordered materials. However, the density used in the above studies was 0.08 Å

−3
, a value

∼40% higher than the density of Al90Fe5Ce5 (3.21 g cm−3 or 0.0567 Å
−3

) reported in [15].
Even the density of pure Al is only 0.060 Å

−3
. The improper choice of density can seriously

influence the coordination numbers deduced from experimental results. Therefore in our
opinion the Ni–Al coordination number published in [20] should be treated with reservation.

4.3. Prepeak

Prepeaks are usually considered as a clear indication of ‘intermediate range order’ or the
presence of well defined atomic clusters. According to reference [20] the prepeak disappears for
Al87Ni7Nd6 when the strong neutron scatterer 58Ni isotope is replaced by the weaker scatterer
60Ni (neutron scattering lengths are 14.4 and 2.8 fm, respectively). No such effect can be
observed upon 142Nd/144Nd isotopic substitution (scattering lengths: 7.7 and 2.8 fm). These
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Figure 8. (a) XRD partial structure factors SLaLa(Q) and SLaNi(Q) obtained from RMC simulation.
(b) The hard sphere Monte Carlo modelling of SLaLa(Q) and SLaNi(Q) without fitting of any
experimental data; the minimum La–La and La–Ni interatomic distances were set to 4.5 and 5 Å,
respectively. (c) The same as (b) but the minimum distance for both was 2.7 Å.

results satisfactorily illustrate the fact that the prepeak is connected with some special ordering
of/around Ni atoms and Nd does not contribute to it. In contrast with the above picture,
the prepeak was found to be significantly more intense in the case of Al90Fe5Ce5 than for
Al90Fe7Ce3, where the concentration of transition metal atoms is higher [15]. Moreover, the
S(Q) from Al90Y10 binary alloy [26] also exhibits a prepeak. This suggests that the Y–Y (or
generally RE–RE) correlations contribute to the prepeak, as well. A similar conclusion can be
found in our recent XRD study on Al88Y7Fe5 metallic glass [27].

In order to elucidate the origin of the prepeak we compared SLaLa(Q) and SLaNi(Q) partial
structure factors calculated by hard sphere Monte Carlo simulations with different minimum
interatomic distances (see the reverse Monte Carlo simulation section). When the minimum
La–La and La–Ni distances were set to 5.0 and 4.5 Å, respectively, pronounced peaks appear at
about 1.5 Å

−1
on both partial structure factors (figure 8(b)). On the other hand, when the cut-off

distances were decreased to 2.7 Å the peaks disappeared (see figure 8(c)). The prepeaks can be
found on the partial structure factors from reverse Monte Carlo simulation (figure 8(a)) as well.
It should be noted that the quality of the fit improves keeping the lower La–La and La–Ni cut-
off distances. The above indicates the presence of a small number of La–La and La–Ni contact
pairs in the alloy. Another noticeable fact is that while the sum of the XRD weights of SLaLa(Q)

and SLaNi(Q) at 1.5 Å
−1

is 0.088 the weight of SNiNi(Q) is only 0.008, which means the Ni–
Ni pairs have practically negligible contribution to the XRD intensity pattern. The apparent
contradiction between reference [20] and our results can be resolved only assuming that the
prepeaks in neutron diffraction structure factors are due to TM–TM and TM–RE correlations
while prepeaks observed by XRD are from RE–RE and TM–RE partial structure factors.
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4.4. Comparison to other literature data

As has been discussed above, some structural aspects of as-prepared Al89La6Ni5 glass are
far from being predicted by the dense random packing model. The Ni–Al and Al–Al
interatomic distances are significantly shorter than the sum of the metallic radii and differ
also from the corresponding distances in the stable crystalline compound (see table 1).
Similar transition metal–Al distance shortening was found in many Al–TM–RE metallic
glasses [15, 20, 22, 24, 26, 27]. Up to now, there is no conclusive explanation for this
anomalous shortening of the interatomic distances coupled to anomalous coordination number
reduction. In case of Ni and Al atomic pairs a strong hybridization of Ni d–Al p states exists,
where some 3d localized electrons of Ni atoms and 3p electrons of Al atoms form strong
covalent bonds [30]. Based on this knowledge one can presume the existence of small (size
beyond the resolution of XRD technique) covalently bound Ni–Al clusters embedded in the
amorphous matrix. It is also plausible that due to the strong Ni–Al interaction Al–Al pair
distances are reduced in the vicinity of Ni atoms, resulting in smaller average Al–Al distance
and coordination number for the as-prepared Al89La6Ni5. The idea that besides packing
considerations the vitrification of metallic melts is facilitated by the formation of well defined
and energetically stable structural units is often reported. It is known that some Al-based alloys
(e.g. Al–(Pd)–Mn) form icosahedral phases. It is remarkable that the Al–Al distance in liquid
Al80Mn20 is also significantly shorter than the sum of atomic radii [31]. However, the Ni–
Al coordination number found in the present study is much smaller than 12, the coordination
number of the central atom of an icosahedron. Therefore, the icosahedral local order around Ni
atoms in amorphous Al89La6Ni5 alloy can be excluded.

It is also to be mentioned that according to a neutron diffraction study [32] the Al–Al
distance in icosahedral Al–Fe–Cu is 2.90 Å, suggesting that there is a close relation between
local ordering and the nature of chemical interactions between Al–Al and Al–TM pairs.

5. Summary

Atomic structures of amorphous Al89La6Ni5, prepared by single-roller melt spinning, and pre-
annealed samples at 493 and 588 K for 1 h were characterized by x-ray diffraction with a
large Q value, La L3-edge and Ni K -edge x-ray absorption fine structure and reverse Monte
Carlo techniques. In the as-prepared amorphous alloy, this reveals an anomalously short Ni–Al
distance of 2.38±0.02 Å coupled with an average coordination number close to six. The Al–Al
distance was also found to be ∼4.5% shorter than the nominal atomic diameter of aluminium
and the coordination number is ∼39% less than expected. On the other hand, the average La–Al
distance (3.29 Å) and the average number of Al atoms around La (15.4) both agree reasonably
with the values predicted by the DRP model using nominal metallic state radii, which indicate
that atomic structure around La atoms in the alloy is most likely similar to the dense random
packing model. Crystallization of the Al89La6Ni5 glassy alloy at high temperatures can be
described as follows: [amorphous alloy] → [fcc-Al] + [bcc-(AlLa)] + residual amorphous →
[fcc-Al] + [o-Al3Ni] + [o-La3Al11].
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