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We report the results of first-principles molecular dynamics simulations of liquid Al1−xMnx alloys at three
different compositions. The local structure as defined by the Bhatia-Thornton partial structure factors is found
to display significant changes at x=0.4. In addition, a structural analysis using three-dimensional pair-analysis
techniques evidences a fivefold symmetry around x=0.14, in agreement with the experimental quasicrystal-
forming range, and an increasing complexity of the Frank-Kasper polytetrahedral symmetry around Mn atoms
at x=0.4. We also examine the time evolution of the configurations at the three compositions in terms of the
mean-square displacements and self-diffusion coefficients. Finally, we show a strong interplay between the
structural changes and the evolution of the magnetic properties of the Mn atoms as a function of composition.
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I. INTRODUCTION

The interplay between the short-range structure of metal-
lic liquid alloys and their electronic and magnetic properties
is of both fundamental and practical interest, but it is gener-
ally much less understood than that observed in the well-
defined crystalline structures. For instance, liquid Al1−xMnx
alloys in the region near 20 at. % Mn are very attractive
since they are known to form quasicrystalline phases under
fast quenching techniques. Another remarkable observed
property of these alloys is the increase of the magnetic sus-
ceptibility on melting as well as a subsequent rise with tem-
perature in the liquid state. This behavior is quite opposite to
what is expected from the usual spin-fluctuation theories
where the magnetic susceptibility is Curie-like, and therefore
decreases with increasing temperature.

Experimentally, Maret et al. performed a detailed analysis
of the composition dependence of topological and chemical
orders in liquid Al1−xMnx alloys �x=0.14, 0.2, 0.267, and
0.4� by neutron diffractions.1 Three of these compositions
�x=0.14, 0.2, and 0.267� are in the quasicrystal-forming
range while one �x=0.4� is outside it. The main conclusion is
that all these alloys exhibit a tendency toward icosahedral
ordering even for x=0.4. However, the experimental evi-
dence of the fivefold symmetry is quite indirect since it is
based essentially on the overall similarity observed between
the structure factors of liquid phases and their present icosa-
hedral or equilibrium solid phases.

In addition, using low momentum transfer as well as po-
larized neutron-scattering experiments combined with sus-
ceptibility measurements, Hippert and co-workers2 have es-
tablished that magnetic moments appear upon melting on Mn
atoms which are nonmagnetic in the solid, paramagnetism
continuing to increase with increasing temperature in the liq-
uid state. The origin of this behavior was discussed on the
basis of nonhomogeneous magnetism and an evolution of the
icosahedral short-range order �ISRO� when the temperature
increases. Nonhomogeneous magnetism is characterized by

two types of Mn atoms, magnetic and nonmagnetic; the frac-
tion of nonmagnetic atoms display a local environment close
to that in the solid, namely, an icosahedral environment,
while magnetic Mn atoms have another environment. Within
this assumption, the fraction of nonmagnetic Mn atoms has
to decrease with increasing temperature, with the idea that
the icosahedral symmetry is progressively destroyed as tem-
perature increases.

On the theoretical side, there have been several attempts
to study the local structure and the magnetic properties of
liquid Al-Mn alloys using molecular-dynamics simulations
coupled with either pair potentials proposed by Philips et
al.3,4 or interatomic tight-binding-based potentials.5–7 How-
ever the exact nature of the magnetic states of Mn atoms was
under debate mainly due to the semiempirical forms of the
interatomic interactions. It is clear that a powerful simulation
of the electronic and magnetic properties of Al-T �where T is
a transition metal� alloys requires an accurate description of
Al-T bonds which are beyond the scope of these semiempir-
ical approaches. To circumvent this difficulty, interatomic
potentials derived from neutron-diffraction data in the liquid
state have been coupled with molecular-dynamics simula-
tions to characterize the local symmetry of liquid Al80Mn20
and Al60Mn40 alloys.8 Using an analysis based on Voronoi
polyhedra, the authors concluded that topological ordering in
both liquids is mainly formed by the same type of local
symmetry. However, it is quite obvious that the fitted pair
potentials are unable to capture the variations of the complex
electronic effects as a function of composition and/or
temperature.

As an alternative, one can use first-principles electronic
structure calculations to capture the exact nature of SRO in
such liquid alloys and to have an accurate description of their
electronic and magnetic properties. Very recently,9 we inves-
tigated the structural properties of Al80Mn20 and Al80Ni20
alloys above and below their experimental liquidus tempera-
tures using first-principles molecular-dynamics �MD� simu-
lations coupled to a structural analysis based on three-

PHYSICAL REVIEW B 76, 024207 �2007�

1098-0121/2007/76�2�/024207�8� ©2007 The American Physical Society024207-1

http://dx.doi.org/10.1103/PhysRevB.76.024207


dimensional pair-analysis techniques.10 We have also studied
the formation of magnetic moments in liquid Al80Mn20 al-
loys as a function of temperature.11 Our findings showed that
the local structure of Al80Mn20 and Al80Ni20 alloys is char-
acterized by a strong Al-T affinity, leading to a well-
pronounced chemical short-range order �CSRO� in both al-
loys. However, from the structural analysis using bonding
orientational order and three-dimensional pair-analysis tech-
nique, our results clearly pointed out the predominance of
fivefold symmetry around Mn atoms, while the local envi-
ronment of Ni atoms is characterized by a close-packed local
symmetry more pronounced than the fivefold symmetry.
Concerning magnetic properties of Al80Mn20 alloys as a
function of temperature, we have obtained the result that
calculated magnetic moments on Mn atoms are not sensitive
to interactions with other Mn as found experimentally.2

However, our results do not confirm the experimental view
that only a fraction of Mn sites carry a moment due to a
strong local environment effect, with others being nonmag-
netic. On the contrary, we obtained the result that calculated
Mn moments are close to those obtained from the single-
impurity mode, the small distribution being related to ther-
mal fluctuations which favor atomic displacements. Finally,
we showed that thermal expansion effects mainly explain the
continuous increase of magnetism with temperature.

Given that the structural and magnetic properties of
Al-Mn systems in the liquid state can be successfully de-
scribed using first-principles MD simulations,9,11 in this pa-
per we address the question of the evolution of the local
structure as well as the magnetic state of Mn atoms as a
function composition by performing a series of simulations
for x=0.14, 0.2, and 0.4. Our ab initio MD results show
significant changes of the local structure at x=0.4 character-
ized by a strong shortening of the Mn-Mn distances in per-
fect agreement with experimental trends. By refining our
study of the structural properties with the common-neighbor
three-dimensional analysis,10 our findings further indicate the
predominance of the icosahedral symmetry around x=0.14 in
agreement with the experimental quasicrystal-forming range.
A dynamical image is proposed by analyzing the particulari-
ties of the mean-square displacement as well as the self-
diffusion coefficients of each species for the three composi-
tions. Finally, we show that the composition dependence of
magnetism in the Al1−xMnx alloys can be related to the evo-
lution of the local environment of the Mn atoms.

The outline of the paper is the following. In Sec. II, we
describe the computational methods. Section III is devoted to
the results and their discussion. A brief summary and conclu-
sions are given in Sec. IV.

II. COMPUTATIONAL DETAILS

A. First-principles calculations

Our first-principles calculations are based on density
functional theory using the form of generalized gradient ap-
proximation developed by Perdew and Wang.12 We use the
most recent version of the Vienna ab initio simulation
package13 �VASP� in which the interactions between the ions
and electrons are described by the projector augmented-wave

�PAW� method.14 In the present PAW potentials, the 4s and
3d orbitals are treated as valence orbitals for Mn while 3s
and 3p orbitals are used as valence orbitals for Al, with a
plane-wave cutoff of 270 eV. In the simulations, we have
treated the spin variable explicitly with the gradient-
corrected local spin density approximation15 since, in our
previous work,9 we have shown that an explicit spin treat-
ment is necessary to obtain a correct description of the ex-
perimental partial pair-correlation function GMnMn�r�.

B. Molecular dynamics and inherent structures

We have considered a system of 256 atoms in a cubic box
with periodic boundary conditions. To study the composition
dependence of the local structure of liquid Al1−xMnx alloys,
we have performed three MD simulations for composition
x=0.14 �36 Mn, 220 Al�, 0.2 �51 Mn, 205 Al�, and 0.4 �102
Mn, 154 Al� at temperatures T=1330, 1380, and 1510 K,
respectively. For each composition, the volume of the cell
has been fixed to reproduce the experimental densities given
in Ref. 1 just above the liquidus �see the values in Table I�. It
is worth mentioning that it results in lengths of the simula-
tion box L=16.799, 16.403, and 15.874 Å, respectively, for
x=0.14, 0.2, and 0.4, and that these finite-size effects have
been examined in a previous contribution.16 Only the � point
was considered to sample the supercell Brillouin zone. Tests
to study the influence of Brillouin-zone sampling are very
difficult to perform since ab initio simulations using many k
points are very demanding. However, Alfe et al.17 have
shown indirectly that the � point is sufficient for the cell size
used. Moreover, we must emphasize that the present study
focuses on the evolution of some properties as a function of
composition, and errors due to the size of the simulated sys-
tem and the k-point sampling were found to be negligible
compared to the composition effects. All the dynamical
simulations were carried out in the canonical ensemble
�NVT� by means of a Nosé thermostat with a characteristic
frequency equal to 38 ps−1. Newton’s equations of motion

TABLE I. Temperatures T and number densities � used in the
simulations, which correspond to the experimental data of Ref. 1.
The values of D and N are, respectively, the self-diffusion coeffi-
cients and the coordination numbers in Al1−xMnx liquids.

x

0.14 0.20 0.40

T �K� 1330 1380 1510

� �Å−3� 0.054 0.058 0.064

DMn �Å2 ps−1� 0.31 0.27 0.23

DAl �Å2 ps−1� 0.67 0.46 0.29

Ntot 12.49 13.15 13.46

NMn 11.90 12.56 13.21

NAl 12.59 13.28 13.63

NMn-Mn 1.10 1.97 4.53

NAl-Al 10.82 10.65 7.87

NMn-Al 10.80 10.58 8.69
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were integrated using the Verlet algorithm in the velocity
form with a time step of 3 fs. The procedure of the simula-
tions is the following: the initial positions are obtained from
tight-binding molecular-dynamics simulations;5 after an
equilibration period of 6 ps, with a total simulation time of
27 ps. A 2000 configurations were used to produce averaged
structural quantities such as the partial pair-correlation func-
tions. Among these configurations, ten selected ones, regu-
larly spaced in time, are saved to extract their inherent
structures.18 To this end, the steepest-descent energy-
minimization procedure with the conjugate gradient method
is imposed on each of these configurations. This method al-
lows us to uncouple the vibrational motion from the under-
lying structural properties since atoms are brought to a local
minimum in the potential-energy surface. At x=0.2 and T
=1380 K, the simulation done in the present work is an ex-
tension of the one made in the previous study.9

III. RESULTS AND DISCUSSION

In order to analyze the simulations described above, we
have calculated several structural and magnetic quantities in
order to emphasize their evolution as a function of composi-
tion.

First, to assess the quality of the simulations, the mean-
square displacement �MSD� �R2�t�� is calculated at time t as

�Ri
2�t�� = ��r�i�t� − r�i�0��2� �1�

about an arbitrary time origin, for each species i. In Fig. 1,
the MSD is drawn for the three compositions and for each
species. It reveals three distinctive regimes in the individual
motion of the atoms: a ballistic motion seen at very short
times, in which the atoms evolve as t2, followed by a cross-
over region, where the slope of �R2�t�� weakens. The latter is
interpreted as a slowing down of the motion of the atoms as
they encounter their first neighbors, and is called the cage
effect. Finally, at long times, typically after 1 ps for the three
systems studied here, the atoms enter a diffusive regime in
which the mean-square displacement grows linearly with
time. The diffusive regime is sufficiently long for an accurate
statistical analysis in the liquid state

The self-diffusion coefficients for each species have been
estimated from the velocity autocorrelation functions �not
shown� and gathered in Table I. To our best knowledge the
self-diffusion coefficients have been neither measured nor
calculated by MD simulations. Nevertheless, self-diffusion
coefficients have been determined using ab initio MD simu-
lation for a similar system,19 namely, Al80Ni20 at T
=1300 K. It appears that the values for Ni and Al are close to
those found here for Mn and Al, respectively.16 As the con-
centration of Mn atoms increases, the values of DMn and DAl
decrease, with the difference between the two coefficients
becoming small for x=0.40. This can be interpreted by the
fact that, as the heavier Mn atoms become more numerous,
the Al atoms experience a more marked cage effect, as can
be seen in Fig. 1�c� and induce a slowing down of their
motion. This phenomenon is amplified by the increase of the
density.

We come now to the calculation of the structural quanti-
ties in order to emphasize their evolution as a function of
composition. For the three alloys Al1−xMnx with x=0.14,
0.20, and 0.40, we have considered the Bhatia-Thornton par-
tial structure factors in Figs. 2 and 3 and the functions Gij�r�
in Fig. 4, the latter being related to the partial pair-correlation
functions gij�r� by Gij�r�=r�gij�r�−1�, i and j representing
the species of atoms. The functions gij�r� have been calcu-
lated beyond r=L /2 using the method of Baranyai and
Evans.20 We have determined the nearest-neighbor coordina-
tion numbers zAlAl

1 , zAlMn
1 , and zMnMn

1 by counting the numbers
of atoms in the first coordination shells directly from the
configurations, which is equivalent to integrating the radial
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FIG. 1. �Color online� Mean-square displacement for Al1−xMnx

liquids at concentration x=0.14 �a�, 0.2, �b�, and 0.4 �c�: the solid
and dashed lines correspond to the Mn and Al atoms, respectively.
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distribution functions Rij�r�=cj4��r2gij�r� �� being the
atomic density� up to the first minimum of gij�r�. For the
latter as well as for the common-neighbor analysis below, a
mean value of 3.9 Å for x=0.14 and 0.2 and 3.8 Å for x
=0.4 has been taken. The partial nearest-neighbor distances
rAlAl, rAlMn, and rMnMn have been estimated9 from the first
maxima of the gij�r�’s. All these values are compiled in Table
II.

The Bhatia-Thornton partial structure factors are espe-
cially useful for displaying the short-range order in a binary
liquid alloy. These are obtained from the partial structure
factors

Sij�q� =
1

�NiNj
�	

k

Ni

	
l

Nj

exp�− iq� · �r�i,k − r� j,l��
 , �2�

where Ni and Nj are the numbers of atoms of species i and j.
q� = �2� /L��nx ,ny ,nz� are wave vectors compatible with the

length L of the simulation cell, and nx, ny, and nz are integers.
The density-density factor SNN�q� describes the topological
properties of the spatial arrangement of the mean atoms, i.e.,
the topological short-range order �TSRO� of the system,
while the concentration-concentration factor Scc�q� describes
the local fluctuations in the concentration and hence its
chemical short-range order. The cross term SNc�q�, which
couples the density and concentration variables, is related to
the size difference between both alloying species.

FIG. 2. �Color online� Number-number structure factors SNN�q�
for Al1−xMnx liquids: the solid lines correspond to the MD simula-
tions and the triangles are experimental data from Ref. 1. The
curves for x=0.2 and 0.4 are shifted upward by amounts of 1.5 and
3, respectively.

FIG. 3. �Color online� Concentration-concentration structure
factors Scc�q� for Al1−xMnx liquids: the solid lines correspond to the
MD simulations and the triangles are experimental data from Ref. 1.
The curves for x=0.2 and 0.4 are shifted upward by amounts of 1
and 2, respectively. A smoothing has been applied to the curves
using a standard adjacent-averaging technique.

FIG. 4. �Color online� Mn–Mn �a�, Al-Al �b�, and Al-Mn �c�
partial pair-correlation function for Al1−xMnx liquids at x=0.14, 0.2,
and 0.4: the solid lines correspond to the MD simulations and the
triangles are experimental data from Ref. 1. The curve for x=0.2 is
shifted upwards by an amount of 3 in �a�, 4 in �b�, and 5 in �c� while
that for x=0.4 is shifted upwards by an amount of 6 in �a�, 8 in �b�,
and 10 in �c�.
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As a first step, we discuss the evolution of TSRO as a
function of composition through the calculated SNN�q� shown
in Fig. 2. For comparison, we have reported the experimental
results at similar compositions.1 A number of features de-
serve mention. �i� First, the position and the height of the
principal peak are virtually unchanged for both x=0.14 and
0.2. However, the position of that peak, q1, is considerably
modified for x=0.4 with a shift to higher q values. The
strong increase of that peak is another striking feature. This
behavior is in perfect agreement with experimental features1

and also with previous empirical simulations.8 �ii� No signifi-
cant change in the shape of the second peak of SNN�q� is
observed. For the three alloys, we note that the second peak
exhibits a shoulder on the right-hand side, leading to a rather
asymmetrical shape extending from 1.7q1 to 2q1. Despite the
absence of a clear second-peak splitting which is suggestive
of local icosahedral order,21 we can note that the height ratio
between the first peak and the second peak for x=0.14 and
0.2 is equal to 0.49, similar to the theoretical value obtained
by using a Landau description of short-range icosahedral
order.21 At x=0.4, this ratio is equal to 0.40, suggesting that
the icosahedral order is less pronounced for that composi-
tion. Finally, it is worth noting that the very small amplitudes
of oscillations of SNc�q� �not shown� indicate that the atomic
sizes of Al and Mn are close in liquid Al1−xMnx.

For the three compositions, the calculated functions Scc�q�
reproduce the experimental pronounced peak centered
around 1.9 Å−1 and which is indicative of a well-defined
chemical SRO in liquid Al1−xMnx alloys �see Fig. 2�. This
results from a strong chemical order between Mn and Al
atoms and we note that the peak is slightly more pronounced
for x=0.4. The spatial extent of chemical ordering deduced
from the breadth of the first peak is about twice as small as
that of topological ordering. To obtain a more quantitative
estimate for the CSRO and its dependence with composition,
we consider the Warren CSRO parameter a1 generalized by
Wagner and Ruppersberg to systems with size effects.22 �1 is
calculated using the values of zij

1 tabulated in Table I as fol-
lows:

�1 = 1 − zT-Al
1 /cAl�cTzAl

1 + cAlzTM
1 � , �3�

with zi
1=zii

1 +zij
1 �i , j=T ,Al�, and cj the concentration of spe-

cies j. �1 is equal to −0.047, −0.041, and −0.083 for x
=0.14, 0.2, and 0.4, respectively. We observe a slight in-
crease of the �1 parameter for x=0.4.

Therefore, the analysis of both SNN�q� and Scc�q� shows a
change of SRO at x=0.4. To study this composition depen-
dence more carefully, we inspect the interatomic distances.

As observed in Table II, the most salient feature is the short-
ening of the first Mn-Mn interatomic distances in Al60Mn40
while Al-Al and Al-Mn distances display negligible variation
as a function of composition. Thus the first distance Mn-Mn
in Al60Mn40 becomes comparable to other Mn-Al and Al-Al
distances, which perfectly follows the experimental trend.1

This is illustrated also in Fig. 3, where GAl-Mn�r�, GMn-Mn�r�,
and GAl-Al�r� are in overall good agreement with the experi-
ment for both compositions.

To obtain more detailed information about the origin of
the evolution of the local atomic structure at x=0.4, we use
the common-neighbor �CN� analysis applied to pairs involv-
ing at least one Mn atom, since we have shown that the
Mn-Mn distances have a different behavior in Al80Mn20 and
Al80Mn40 alloys. For each composition, Table III contains the
relative abundance of selected pairs, averaged over the ten
inherent configurations. A set of four indices is associated
with each of them:10 �i� the first index denotes to what peak
of g�r� the pair under consideration belongs, i.e., the root
pair, �ii� the second index represents the number of near
neighbors shared by the root pair, �iii� the third index is for
the number of nearest-neighbor bonds among the shared
neighbors; and �iv� the fourth index is used to distinguish
configurations with the same first three indices but with a
different topology. This method is able to distinguish be-
tween various local structures like fcc, hcp, bcc, and icosa-
hedral environments. For example, four bonded pairs are
represented in a bulk fcc crystal as 1421, 2101, 2211, and
2441. A bulk hcp crystal contains the same pairs but not with

TABLE II. Interatomic distances in Al1−xMnx liquids.

Rij �Å�

x

0.14 0.20 0.40

Mn-Mn 2.95 2.91 2.75

Al-Al 2.75 2.76 2.74

Mn-Al 2.62 2.60 2.60

TABLE III. Analysis of the MD simulations in bonded pairs for
Al1−xMnx liquids around Mn atoms. The abundances are averaged
over the ten selected inherent configurations and the absolute error
bar of the abundances is 0.01.

Mn pairs

x

0.14 0.20 0.40

1551 0.51 0.37 0.34

1541 0.06 0.13 0.14

1431 0.15 0.21 0.14

1421 0.01 0.02 0.01

1422 0.01 0.05 0.02

1201 0.00 0.00 0.00

1211 0.00 0.00 0.00

1301 0.00 0.00 0.00

1311 0.01 0.02 0.01

1321 0.01 0.02 0.02

1331 0.01 0.00 0.02

1441 0.13 0.08 0.08

1661 0.07 0.06 0.12

2101 1.79 1.71 1.99

2211 1.16 1.08 1.15

2321 0.03 0.06 0.09

2331 0.85 0.76 1.08

2441 0.08 0.11 0.25
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the same weight, and additional pairs like 1422 and 2331
pairs. 1441, 1661, 2101, 2211, and 2441 are typical pairs of
bulk bcc crystals. On the other hand, the pair 1551, corre-
sponding to a pentagonal bipyramid, is characteristic of
icosahedral ordrer. For instance, local order built on a 13-
atom icosahedron leads to the occurrence of 1551, 1321, and
2331 pairs.

The microscopic analysis emerging from the data of Table
III confirms the composition dependence of the local envi-
ronment of Mn atoms. At x=0.14, the local environment of
Mn atoms is dominated by icosahedral and distorted icosa-
hedral inherent structures since the 1551 and 1541 bonded
pairs are preponderant. Their sum amounts to 57% of the
total number of all bond types, whereas only 32% of 1441,
1431, 1421, and 1422 pairs, related to the tetrahedral local
order, are found. At x=0.2, the fivefold symmetry decreases
but is still quite pronounced since the sum of the 1551 and
1541 bond types is around 50%. The decrease of the fivefold
symmetry is mainly due to the decrease of the 1551 bonded
pairs. This decrease is still more pronounced at x=0.4 since
the ratio 1541:1551 at this composition is four times as high
as that at x=0.14. This result indicates that the SRO at x
=0.4 is much more complex that the one found in the 13-
atom icosahedron. The increase of the ratio 1661:1551 is
another signature of the complexity of SRO at x=0.4. As
already discussed above, the icosahedron is formed by a cen-
tral atom which has 12 nearest neighbors, all these being
joined to it by 12 1551 bonded pairs. Similarly, if the central
atom has 14 �or more� neighboring atoms, i.e., Z14 �or Z15,
Z16�, 12 are joined to the central one by 12 1551 bonded
pairs and two �or three or four� by two �or three or four�
1661 bonded pairs. Therefore increasing the ratio 1661:1551
is also a strong indication of an increasing complexity of the
Frank-Kasper based polytetrahedral symmetry. Thus all these
variations support the occurrence of an increasing complex-
ity of the Frank-Kasper-based polytetrahedral symmetry at
x=0.4.

We come now to the calculation of the magnetic proper-
ties and their evolution as a function of composition. Let us
mention that we have treated the spin variable explicitly
since we have shown that local moments on Mn atoms have
a significant influence on the Mn-Mn distribution in liquid
Al80Mn20 alloy.9 Spin-polarized calculations were performed
assuming only collinear arrangement of spins for Al1−xMnx
liquids of different compositions. As already found for x
=0.2, we did not obtain that the noncollinear state is more
stable compared to the collinear one for other
compositions.11 We have argued that the effects due to the
exact noncollinear magnetic state of the liquid alloy are not
crucial to determine the local geometry around Mn atoms nor
its interplay with the appearance of spin polarization. In Fig.
5 are reported distributions of the absolute values of the Mn
moments for the three compositions. In our calculations, for
x=0.14, the distribution is characterized by a narrow peak
centered on 2.8�B with small moments fluctuating. The dis-
tribution becomes wider when the Mn composition in-
creases, characterized by a more asymmetric shape due to an
increase of smaller moment values. The calculated average
moments are 2.77�B, 2.55�B, and 2.63�B for x=0.14, 0.2,
and 0.4, respectively. Let us mention that our calculated val-

ues at x=0.14 agree well with the experimental values ob-
tained at low Mn compositions,2 since the latter vary from
2.74�B at T=1180 K to 2.94�B at T=1280 K. However, our
results do not support the experimental view that only a
small fraction of Mn sites carry a moment due to a strong
local environment effect, with others being nonmagnetic.
Within this experimental scenario, it is believed that the dis-
tribution of magnetic and nonmagnetic sites is a consequence
of some remanent short-range order in the liquid phases
reminiscent of the atomic environment in the crystalline or
quasicrystalline phases. From Fig. 5, we can see that this
scenario does not hold for the studied compositions even for
x=0.40 for which the distribution of Mn moments is found to
be the largest.

In fact, the distribution of Mn moments can be explained
in terms of thermal fluctuations and chemical variations in
the local environment.

The first point to be mentioned is that the formation of
localized magnetic moments is not incompatible with the
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FIG. 5. Distribution of the local magnetic moments of the Mn
atoms in Al1−xMnx liquids. x= �a� 0.14; �b� 0.2; �c� 0.4.
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fivefold symmetry in the liquid state. In fact, the average
moment per Mn atom is found to be the highest for x=0.14,
the liquid phase that displays the most pronounced fivefold
symmetry as discussed previously. For this composition,
CSRO is also important and both considerations lead to a
local icosahedral-type arrangement around Mn atoms. A per-
fect icosahedral arrangement leads to a central Mn atom sur-
rounded by 12 aluminum atoms and to Al-Mn pairs which
are smaller than Al-Al bonds by about 5%, Mn-Mn bonds
being larger than Al-Al ones. This local description supports
results of Table II for x=0.14 and holds more or less for x
=0.20. In this case, Mn moments are close to those obtained
from the single-impurity model,11 and thermal fluctuations
are the relevant parameter which governs the small distribu-
tion of localized magnetic moments at x=0.14 and 0.20.

The second point is that the situation is quite different at
x=0.4 and the broadening of the distribution obtained at this
composition can be related to the strong increase of Mn-Mn
contacts: indeed at this composition, the local topology is
characterized by Mn-Mn distances that become similar to
Al-Al ones and a very pronounced decrease of the 1551 bond
types. Such an evolution may be explained by a strong com-
petition between chemical and magnetic effects. At this com-
position, Mn-Mn contacts become very important and the
presence of Mn-Mn correlations modifies the dilute alloy
picture that prevails at x=0.14. However, our computational
cell size is too small to allow a correct analysis of the spatial
correlation between the orientation of Mn moments. Let us
mention that the increase of the atomic density at x=0.4 may
also favor the occurrence of smaller magnetic moments since
the Mn atoms become closer to the magnetic-nonmagnetic
transition. Indeed, when the atomic density increases, the
overlap between orbitals of neighboring atoms increases and
the kinetic energy of d states increases too, leading to more
and more “delocalized” d states on Mn atoms.23,24 Such an
argument has been used to explain the continuous increase of
magnetism with increasing temperature in the liquid
Al80Mn20 alloy.11

IV. CONCLUSION

We have presented a first-principles-based study of
Al1−xMnx liquids in order to analyze their local order as a

function of composition. The determination of the Bhatia-
Thornton partial structure factor Scc�q� gives evidence of a
pronounced chemical SRO for all studied compositions. For
x=0.14 and 0.2, compositions from which quasicrystalline
phases may be formed by quenching techniques, our results,
based on the determination of partial coordination numbers
and the common-neighbor analysis, clearly show the pre-
dominance of the icosahedral local symmetry around Mn
atoms. For x=0.4, a composition outside the quasicrystal-
forming composition range, we find that the local arrange-
ment between Mn-Mn pairs changes significantly as com-
pared to what occurs at x=0.2. We also observe that the
fivefold local symmetry is still present but leads to a short-
range order which is much more complex than the one found
at x=0.2 or 0.14. Then we conclude that a strong icosahedral
ordering in the liquid phase is a preponderant feature of the
quasicrystalline phase formation for Al-Mn alloys using fast
quenching techniques.

Concerning the dynamics, we have analyzed the mean-
square displacement as a function of time for each species
and calculated the partial self-diffusion coefficients from the
corresponding velocity autocorrelation functions. We have
found that the cage effect becomes more pronounced, and the
self-diffusion coefficients of both species take similar values,
as the concentration of Mn atoms increases.

For x=0.14 and 0.20, Mn atoms carry large magnetic mo-
ments, characteristic of the single-impurity limit and in
agreement with experimental values. At x=0.40, the wide
smearing of the calculated distributions of the magnitude of
Mn moments can be related to the effect of atomic density
increase and a strong competition between chemical and
magnetic effects, leading to a local structure more complex
than that of the icosahedron.
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