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Atomic structures of liquid AlgyMn,, and AlgyNi,y have been calculated by first-principles
molecular-dynamics simulations. For both liquid alloys, the local structure is characterized by a strong
AI-TM (transition metal) affinity, which leads to a well-pronounced chemical short-range order.
However, we show that the occurrence of magnetic moments localized on Mn atoms plays a key
role in determining the short-range arrangement of Mn atoms which is also interpreted on the basis of

the local fivefold symmetry.
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The nature of short-range structure is essential to
understand the special properties of metallic liquids and
glasses [1]. For close-packed systems, the icosahedron
cluster has been proposed to be an important building
block, which becomes predominant during liquid quench-
ing according to Frank’s suggestions [2]. With the dis-
covery by Shechtman et al [3] of quasiperiodic struc-
tures with icosahedral symmetry, many experimental
attempts [4—7] have been made to study the local order
in liquid alloys forming quasicrystalline phases such as
those based on Al-TM (transition metal) alloys. For such
alloys, the overall similarity observed between the struc-
ture factors of liquid phases and their parent icosahe-
drally coordinated quasicrystalline phases has been
taken as proof, albeit indirect, that the fivefold symmetry
also exists over short range in the liquid phases. For Mn-
based alloys, the appearance of localized moments in the
liquid state [5] makes such experimental analysis still
more difficult since it is generally thought that the for-
mation of local magnetic moments is not related to icosa-
hedral site symmetry [8].

Molecular-dynamics (MD) simulations offer an alter-
nate possibility to determine the short-range structure in
liquids. However, an accurate simulation of the properties
of Al-TM alloys is still a challenging problem since
bonding is not well described by currently available pair
and embedded-atom potentials. For instance, the model
structure for the liquid AlggMn,, alloy prepared by
molecular-dynamics simulations using either pair poten-
tials proposed by Phillips et al. [9] or interatomic poten-
tials based on a semiempirical tight-binding approach
[10] lead to different descriptions of its magnetic property
[8,11]. To further clarify the short-range order in liquid
Al-TM alloys, we have undertaken a study of structural
properties of liquid AlggMn,y and AlgyNi,, alloys based
upon first-principles molecular-dynamics simulations.
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The interest of such a study is to differentiate and char-
acterize the local structure motifs in the quasicrystal-
forming llquld Algoano and in the 11qu1d AlgoNizo,
from which no quasicrystalline phase evolves. For both
liquids, our findings show that the local structure is
characterized by a strong AI-TM affinity, which leads
to a well-pronounced chemical short-range order (SRO).
However, we demonstrate that the occurrence of magnetic
moments localized on Mn atoms plays a key role in
determining their local environments. From structural
analysis using bonding orientational order and three-
dimensional pair analysis techniques, the icosahedral
short-range order is evidenced in AlgyMn,, as opposed
to what occurs in AlgyNiyg.

We have carried out first-principles simulations of lig-
uid AlgoMn,, and alloys using the ab initio total-energy
and molecular-dynamics program VASP [12] in which the
interactions between the ions and electrons are described
by the projector augmented-wave method [13]. Simula-
tions were performed using a gradient corrected energy
functional [14] and a plane-wave cutoff of 270 eV for both
alloys. In the simulations for AlgyMn,,, we have treated
the spin variable explicitly with the gradient corrected
local spin density approximation [15]. We have considered
a system of 205 Al atoms and 51 TM atoms in a cubic
box with periodic boundary conditions such that the
densities of the two systems reproduce the experimental
ones [4]. Only the I'-point sampling was considered to
sample the supercell Brillouin zone. The initial positions
are extracted from tight-binding molecular-dynamics
simulations [10] and all the dynamical simulations were
carried out in the canonical ensemble by means of a
Nosé thermostat with a characteristic frequency equal to
38 ps~!. The simulated temperatures were those of the
experiments, namely, 7 = 1380 K and 7 = 1320 K for
AlgoMny, and AlgyNi,,, respectively (about 60 K above
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their experimental liquidus temperatures). Newton’s
equations of motion were integrated using the Verlet
algorithm with a time step of 3 fs. For each alloy, the
total simulation time was 7.5 ps, which followed a 1.5 ps
equilibration phase.

The Bhatia-Thorton partial structure factors shown in
Fig. 1 are based on averages of over 100 independent
configurations. They are perfectly in phase with the ex-
perimental curves and, more particularly, reproduce quite
well the experimental height of the first and second peaks
of SNN(Q) for both AlgoMHQO and AISONiZU llqu1ds The
largest difference between both liquids is undoubtedly in
the height and the shape of the first peak of Syy(q)
[Syn(g1) = 1.90 with ¢, =2.95 A~! for AlgNi,, and
Syn(g1) = 2.25 with g, = 2.85 A™! for AlgyMn,,]. As
already discussed [4], such a change can be attributed
to a variation of the special extent of topological order-
ing, the atoms in AlgyMn,, being arranged roughly over
one more interatomic distance than in AlgyNiy,. Our
simulations also reproduce the pronounced peak in the
chemical-chemical structure factor [Sqc(g)], indicative
of a well-defined chemical SRO in both liquids. In agree-
ment with experiments, the first and second oscillations of
the two functions are comparable in amplitude, but those
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FIG. 1. Bhatia-Thornton partial structure factors for
AlggMn,, (a) and AlggNi,, (b) liquids. Triangles, circles, and
squares correspond, respectively, to the experimental Syy(q),
Syc(q), and Scc(g) from Ref. [4]. The solid lines represent
the corresponding partial structure factors from the MD
simulations.
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for AlgyNi, are shifted towards higher g. For AlgNi,, let
us mention that our results are comparable to that ob-
tained by Asta et al. [16].

Table I lists the structural parameters related to the first
and second coordination shells in AlgyNi,, and AlgoMny,
liquids together with the corresponding experimental
ones [4] for comparison. Concerning Alg,Ni, liquid, the
experimental hierarchy of the bond lengths is well repro-
duced; i.e., the Ni-Al bond length is significantly smaller
than the values of Ni-Ni and Al-Al bond lengths. Our
results are in better agreement with experimental results
than those obtained by Asta et al., partly due to differ-
ent exchange and correlation functionals since the over-
binding given by local density approximation is largely
corrected by generalized gradient approximation for
metallic alloys. For AlgyMn,, liquid, it has been ex-
perimentally shown that a localized moment appears on
Mn atoms in the liquid state, giving rise to a remarkable
evolution of the susceptibility as a function of tempera-
ture [5]. Therefore, magnetic interactions may not be
ignored and an explicit spin treatment for the structural
properties of AlgyMn,, liquid has been included in our
MD simulation as mentioned above. As shown in Table I,
the experimental bond lengths are well reproduced. To
emphasize the role played by magnetic interactions, we
have also performed MD simulations by omitting the spin
treatment. In this case, if calculations are able to repro-
duce the experimental Al-Al and Al-Mn bond lengths,
they fail to reproduce the first distances Mn-Mn.
Therefore, the quantitative difference (as large as 20%)
can be attributed to an incorrect description of Mn-Mn
interactions To confirm this analysis, we show in Fig. 2
Gunvin(7) calculated with and without explicit treatment
of spin. The two curves are found to be very different both
in the location and the height of the first and second
peaks, spin effects leading to a correct description of

TABLE I  Positions of first and second peaks of the partial
TM-TM, AI-TM, and Al-Al pair-correlation functions in
AlgyMnyy and AlgyNiy liquids, where TM means the transition
element considered. Columns (MD) and (expt.) correspond,
respectively, to the MD simulations of the present work and
the experimental parameters from Ref. [4]. The values in
parenthesis for AlgyMn,, are the distances without the explicit
spin treatment.

AlggNiy, AlggMn,,
Tij (1&) Tij (A) Tij (1&) Tij (A)
(MD) (Expt.) (MD) (Expt.)
TM-TM 2.67 2.63 2.85 (2.30) 2.89
4.51 4.60 4.95 (4.85) 4.85
Al-TM 2.47 2.54 2.60 (2.55) 2.56
4.65 4.48 4.85 (4.80) 4.6
Al-Al 2.77 2.82 2.76 (2.76) 274
5.00 49-5.7 5.00 (5.00) 48-53
207801-2
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FIG. 3. Bond-angle distributions for AlgyMn,, (solid lines)

FIG. 2. Mn-Mn partial pair-correlation function Gygp-p(7)
from the MD simulations with (solid line) and without (dashed
lines) magnetic interactions. The symbols correspond to the
experimental curve of Ref. [4].

the experimental partial pair-correlation function. We
have checked that our results do not depend on the initial
magnetic configuration. Our results show that magnetic
interactions are the driving mechanism to obtain a cor-
rect description of the Mn-Mn distribution. Such a con-
tribution ignored in previous theoretical approaches may
explain their inability to provide a quantitative descrip-
tion of the magnetic properties of liquid Al-Mn alloys.

The comparison of the partial functions determined
for the AlgyMn,, and AlgyNi,, alloys shows that the local
structure motifs, defined by the set of the interatomic
distances given in Table I, are different. Indeed, we find
ryuy equal to 2.67 A in AlggNiy,, while it is equal to
2.85 A in AlgyMn,,. This difference cannot be attributed
to the very small atomic size difference between Ni and
Mn atoms and suggests that the local arrangements are
different. This is also supported by the first Al-Al dis-
tances which are significantly shorter than Mn-Mn con-
tacts in AlgyMn,, and greater than Ni-Ni contacts in
AlgyMn,,. The fact that the topological short-range order
is different in both alloys is also confirmed by the bond-
angle distribution functions drawn in Fig. 3. In a tetrahe-
drally close-packed structure, the bond-angle distribution
g(6) has two peaks at the icosahedral bond angles (1 =
63.5° and 7= 116.5°), and this distribution is only
slightly changed if systems with larger size ratios are
considered. For both alloys, the bond angles around the
Al atoms are quite similar, but characteristic differences
are found in the bonds centered at TM atoms. Indeed, the
partial bond-angle distribution functions show that the
surrounding of the Mn atoms is essentially icosahedral
whereas it is not the case around the Ni atoms, the bond
angles being far from the values of the icosahedron.

To obtain more detailed information about the local
atomic structure of the AlgyMn,, and AlgyNi,, alloys, we
use the common-neighbor (CN) analysis [17] that decom-
poses the partial pair-correlation functions according to
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and AlgoNi,, (dotted lines) liquids. The thick lines correspond
to the total distribution, while the thin lines are the partial
distributions around the transition elements.

the different local environment of the bonded pairs. This
method is able to characterize the local environment
surrounding each atomic pair that contributes to the
peaks of the pair-correlation functions, in terms of the
number and properties of common nearest neighbors of
the pair under consideration. Such an analysis is per-
formed on inherent structures in which the atoms are
brought to local minima of the potential energy surface
by applying a technique similar to the steepest-descent
minimization proposed by Stillinger and Weber [18]. For
each alloy, ten selected configurations regularly spaced in
time are used to generate the corresponding inherent
structures from which an average relative abundance of
selected pairs is determined and gathered in Table IL
More particularly, the CN analysis was also applied to
the pairs involving at least one transition metal atom
since the partial bond-angle distribution functions dis-
play different surroundings of the transition metal atoms.
This method, which can distinguish between the fcc, hep,
bece, and icosahedral packing, is described in more details
in Ref. [19].

The microscopic analysis emerging from the data of
Table II confirms that the local environment of Mn atoms
is quite different from that of Ni atoms. The local environ-
ment of Mn atoms is dominated by icosahedral and dis-
torted icosahedral inherent structures since the 1551 and
1541 bonded pairs are preponderant. Their sum amounts
to more than 50% of the total number of all bond types
whereas only 35% of 1441, 1431, 1421 and 1422 pairs,
related to the tetrahedral local order, are found. However,
although the 2331 pairs are relatively numerous, the ab-
sence of the 1321 pairs and the presence of the 1661 ones is
a strong indication that the local order is more complex
than the one found in the 13-atom icosahedron [19]. Let
us mention that the relative numbers of 1331, 1321, 1311,
and 1301, related to the rhombohedral structures, repre-
sent only a small fraction of all bonded pairs. In AlgyNi,,
our findings are quite different since the 1441, 1431, 1421,
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TABLE II.  Analysis of the MD simulations in bonded pairs
for AlgyNi,y and AlgyMn,, liquids. The columns named total
correspond to the analysis of all the pairs in the system while
the columns named Ni and Mn are partial analysis of the pairs
in which at least one of the atoms is Ni and Mn, respectively.
The abundances are averaged over the ten selected inherent
configurations and the absolute error bars of the abundances is
0.01.

AlgoNipg AlgyMny
Pairs Total Ni Total Mn
1551 0.14 0.25 0.18 0.37
1541 0.15 0.10 0.14 0.13
1431 0.25 0.34 0.21 0.21
1421 0.05 0.04 0.03 0.02
1422 0.10 0.07 0.10 0.05
1201 0.02 0.00 0.03 0.00
1211 0.01 0.00 0.01 0.00
1301 0.02 0.01 0.02 0.00
1311 0.10 0.06 0.08 0.02
1321 0.06 0.04 0.07 0.02
1331 0.00 0.00 0.00 0.00
1441 0.03 0.07 0.04 0.08
1661 0.03 0.01 0.03 0.06
1771 0.00 0.00 0.00 0.00
1881 0.00 0.00 0.00 0.00
2101 1.81 1.96 1.75 1.71
2211 1.00 1.17 0.93 1.08
2321 0.18 0.10 0.15 0.06
2331 0.59 0.65 0.64 0.76
2441 0.13 0.08 0.13 0.11

and 1422 pairs become preponderant. The sum of these
four types of pairs amounts to more than 50% of the total
number of all bond types, indicating a strong tetrahedral
local order. On the contrary, the 1551 and 1541 bond
types, related to the icosahedral configuration, contrib-
utes to only 34.3% of the total number of all bond types.
Such a result indicates that the icosahedral packing is still
present in AlgyNi,, but strongly hidden by the tetrahedral
packing.

To summarize, we have performed ab initio MD simu-
lations of liquid AlgyMn,, and AlgyNi,g alloys in order to
analyze their local order. The structure of AlgyNi,, liquid,
characterized through the Bhatia-Thorton partial struc-
ture factors and the partial pair-correlation functions,
was found to be in very good agreement with experimen-
tal data. For AlgyMn,, liquid, we have shown that an
explicit spin treatment is necessary to obtain a correct
description of the Mn-Mn distribution. This result pre-
dicted by our simulations differs from those found in
previous classical and empirical models. A more refined
structural analysis, using a method to classify inherent
structures, allows one to gain additional insight into the
atomic configurations characterizing the SRO found in
the two liquid alloys. In AlgyMn,,, the analysis clearly
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points out the predominance of the fivefold symmetry
around Mn atoms. On the contrary, in AlgyNi,,, the local
environment of Ni atoms is characterized by the predomi-
nance of the close-packed local symmetry over the icosa-
hedral symmetry. Our results can be viewed as a proof
that the fivefold symmetry is preponderant in the liquid
alloys from which quasicrystalline phases may be formed
by quenching techniques.
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