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Abstract, We present an atomistic simulation of the structure of liquid Al Mn, alloys based
on interatomic forces derived from quantumn theory. Using the intra-atomic potentials calculated
within the tight-binding bond approach, we study the structural properties of liquid AlggMngg and
AlgpMnyg alloys using molecular dynamics simulations. The resuits are in good agreement with
the most accurate diffraction data. The correlation of the structyral trend with the characteristic
variation in the electronic structure is established,

1. Introduction

The atomic structure of liquid aluminium-transition-metal alloys has been the subject of
intense research over the last 3 years [1-3]. These results, based on neutron diffraction
measurements have given us clues that indicate icosahedral order in the number-number
structure factor Syy{(g) of liquid Al;_,Mn, alloys, which are absent for liquid AlgyNiag;
these are the existence of a sharp first peak, a height ratio of the two first peaks close to
the value obtained from a Landau description of short-range icosahedral order [4], and a
shape of the second peak that tends to form a double-component peak at positions .74
and 2g,. However, for liquid materials, diffraction studies lead to a set of partial pair
correlation functions, i.e. to a one-dimensional projection of a three-dimensional structure.
Hence a fundamental understanding of the liquid structure is possible only if the diffraction
experiments can be supplemented by accurate modelling structures. However, an accurate
simulation of the properties of transition metals and of their alloys is still a challenging
problem since bonding is not well described by the currently available pair and embedded-
atom potentials. Very recently, a bond-order approach to interatomic interactions has been
proposed [5,6], This bond-order approach is derived from tight-binding Hiickel theory in
which the quantum-mechanical bond energy in a given pair of atoms i and j is written in
the chemically intuitive form

Ubond(, /) = ) %Mo =2 Hig, j6Oia,jp (1
[N:] o,f

where Hi, ;g is the Slater-Koster bond integral matrix linking the orbitals «, 8 on site i and
J together. © is the corresponding bond-order matrix whose elements give the difference
between the number of electrons in the bonding (1/+/2)|ie + jB) and antibonding states
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(1/+/2))iec — jB). Bond-order potentials are similar to the embedding potentials in that the
bond in a given pair of atoms is considered as embedded in and depending on the local
atomic environment. Thus, equation (1) represents only formally a pair interaction and
depends via the bond order on many-atom effects. The explicit analytical form of these
many-body potentials has the necessary ingredient for an adequate description, but there
are difficulties in practice when it comes to incorporating the charge-transfer contribution
between different orbitals in a self-consistent way. The last remark has encouraged us
to develop a new simple effective pair interaction for pure liquid transition metals and
transition-metal-based alloys [7,8)]. The bond order is calculated from the tight-binding
scalar Bethe lattice method (SCBLM) which is expected to be valid in disordered systems.
Indeed, for a disordered system, the detailed structure in the electronic density of states
(DOS) which is the origin of the characteristic variations in the higher moments and hence
in the many-body interactions is smeared out. Therefore, it is possible to use approximation
such as the cluster Bethe lattice method (CBLM) which gives the correct fourth moment
of the local DOS and then reproduces the band-mixing effect correctly. In this paper, our
approach is applied to liguid aluminiom-manganese alloys. It turns out that the bond orders
depend very sensitively on the partial DOSs in the alloy which are calculated for each
composition self-consistently. As the electronic DOS of Al-Mn alloys is characterized by
strong hybridization between the sp orbitals of Al and the d orbitals of Mn, the pair forces
in the alloy are essentially concentration dependent and the non-additive potentials have a
strong preference for the formation of pairs of unlike atoms and short-bond distances in
the Al-Mn pairs. In the liquid structures, this is reflecied in a composition dependence
of topological and chemical short-range order. We note that our approach is the first to
reproduce a quantom-mechanical force field for liquid Al-Mn alloys which can be used in
atomistic simulations.

2. Tight-binding approach to interatomic forces

Within the tight-binding bond (TBB) approximation, the binding energy may be written in
the form [5, 6]

Usina =% Y _ D _19"™P(3;) + Ubonai. N1 )
i (D
Equation (2) is derived with the assumption that each atormn is assumed to remain charge
nentral by varying the on-site Hamiltonian matrix elements in such a way that the energy
splittings between different orbitals on the same atom are preserved [9]. This approximation
ensures that the TBB model is consistent with the force theorem.
The bond-order matrix entering the definition of the bonding energy (see equation (1))
can be expressed as

2 [Er op
Orajg = _—:;f Im[G,; (E)]dE. (3
In order to calculate the Green function GE’S (E), we have used the SCBLM for which the
mean local environment is isotropic and there is a spherical point symmetry for the CBLM

mean-field model [10]. In order to obtain the bond order in the SCBLM formalism, we first
recall the matrix expression for the Green function of an atom in the CBLM [10]:

-1
GSBM 7y = (zl —-E; — ZZPutuSu (Z)) (4}
7
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where I{i) denotes the species A or B at site i, py; are the pair probabilities, and t;; and
S;; are the matrix of hopping energies and the so-called transfer matrix, respectively. In
the spherical approximation made by the SCBLM, we obtain simple scalar equations for the
Green function in the subspaces (i) of atom { as [7]

-1
Gun(@) = (2= Eu = 2303050 Gpo @) ®
B
where one defines
2 2
%y p) = ZP1Is Loty gy (6)

where ng is the degeneracy of the subspace 8 and Taz(‘.)' s 15 the mean square of the matrix
element between a state of subspace o of atom i and a state of subspace £ of atom j (see
equation (10) in [10]). Finally, G"B( j)(Z) can be defined by

-1
G = (Z = Epy - Zaﬁz(j}.y(k)Grtk)(Z)) (7)
yik)
with 0';20-)’},@) =[(Z-1)/ Z]agmly(k). By comparing (4) with (5) and (6) it follows that

2
tuinpc Spa (2 = 1 Ty Gy (2)- ®
On the other hand, the transfer matrix S is related to the off-diagonal Green function by

Gpina®(@ = Sp3a)Cate® (@) = R Sp(jpat) Gay(@)- ®)
[+4

Then, the bond potential can be written as

" 2 £p
Uond = - > tepen Im ( f e Sp( ety (E)Gaiy(E) dE) (10)
ap

2 Er
=TT > Im (f rattp Toy0) e (EYG sy (B) dE) =D P
af af

From equation (10) it is clear that the bond—potential interaction can be expressed directly
from the local Green functions treated in the mean isotropic environment. The advantage of
equation (10) is that it allows us to estimate the different orbital contributions in the bond
energy and more particularly to treat the effect of hybridization explicitly.

Assuming that the distance dependence of the bond order ®5;, in equation (3) is
negligible with respect to that of the transfer integral [5] we obtain

Petp) = fa0)80)Osp an

with the distance dependence of the hopping integral t,¢ys¢;). Here the average hopping
integrals are evaluated according to Harrison’s {11] power-law dependence:

({'m) = (B mr?) (12)
for s, p electrons and

('m) = gy (B2 /mr™0) (13)



2856 L Do Phuong et al

for other electrons. To determine the repulsive part of the binding energy, we assume
repulsive pairwise interactions as expressed in equation (2), with given @7 (r;;) given by

1/2
1 CanCainy
Oy (rij) = Z‘; Celnpn (i) = 5 > (%@_ : (14)

B ij

For s—s and p—p interactions, the repulsive pair interaction is modelled as @53 (r;;) = caa/ rj‘_‘r.,
while for d—d interactions a stronger power-law dependence ¢4/ rff is chosen. Cp (x =5,
p or d orbitals) are the only parameters of the model; they are determined from knowledge of
the experimental atomic volume and bulk modulus of the pure metals. To treat the alloying
effect, i.e. the Al-Mn interactions, we have to determine the attractive and the repulsive parts
of the heteroatomic bond potential. The parametrization of the repulsive pair interaction
is still achieved using equation (14} with the same Cyay- and Cgg)-values. To obtain the
hae g hopping integrals (i.e. (sso)ag, (Spolap, (sdo)as, (pdolap and (pdm)ap), we use
the geometrical average of hopping integrals given in table 1, which is reasonable in the
case of the alloys studied. Consequently, no parameters are introduced to describe the alloy
properties. At the end, the dependence for both hopping integral and repulsive terms has
been modified using the rescaling method proposed by Goodwin ef af [12]. This method
is known for generating improved tight-binding parameters which are both transferable and
suitable for extensive molecular dynamics simulations. The two scaling parameters of the
scaling smoothed step function, namely r. and n,, have been chosen in such a way that the
step is positioned between the first- and the second-nearest neighbours in the FCC lattice and
that the interactions become zero at %L, where L is the linear dimension of the molecular
dynamic cell. Table 1 shows all the parameters entering the interatomic interactions.

Table 1. Tight-binding and repulsive parameters for Al, Mn and Ni.

TB parameters (eV) Repulsive parameters (eV)

585 dds ddp ddd sds PPs ppp sps Css Cu Cop

Al —052 ) 120 —-031 071 030 0.30
Mn -133 —0.65 032 000 -115 122 007

3. Structure of liquid AlgpMnyp and AlgMny, alloys

During the last few years, we have focused attention on the study of topological and
chemical short-range order in aluminium—transition-metal liquid alloys [1-3] through the
accurate determination of the partial pair correlation functions by neutron diffraction. In
the experimental study of composition dependence of topological and chemical short-range
order in liquid Al,_,Mn, alloys, the most salient features are the following: the comparison
between AlggMnyp and AlggMnyg liquids has shown that the strength of the heteroatomic
interactions is similar in both alloys and that, by contrast, the local arrangements between
homoatomic pairs change significantly with Mn concentration, as indicated by the shortening
of the Mn-Mn and Al-Al first-neighbour distances in AlgpMng. Then it is important
to know whether our interactions are able to reproduce such differences. Therefore the
molecular dynamic simnlations of liquid AlgyMnag and AlggMnyy alloys were performed at
constant volume and constant temperature [7, 8]. We consider a system of 1332 atoms in a
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cubic box with periodic boundary conditions such that the composition and the density of the
two systems are equal to the experimental values. The initial atomic positions are randomly
chosen. The Newtonian equations of motion were solved using the Verlet algorithm with
a time increment of 310715 s, Classical dynamical trajectories of 10* time steps were
generated to calculate properties of the alloy.

The reduced partial pair distribution functions Gy (r) of the liquid AlgMnay and
AlgpMiyg alloys shown in figure ! are the curves averaged over the last 100000 integration
steps. They are in phase with the experimental curves and, more particularly, reproduce
the experimental height and position of the peaks. By comparing the two curves, we
can see that the Mn-Al distributions are exactly in phase, indicating that the strength of
heteroatomic interactions associated with the sp—d hybridization is independent of the liquid-
alloy composition. By contrast, the Mn—Mn first-pair distributions are different, since for
AlgoMnyg the first peak of Guymma(r) is shifted to smaller r-vatues. The comparison of
Al-Al distributions shows a small shortening of the first distances. In table 2, the first
interatomic distances (taken from the peak positions of the partial pair correlation functions
gi;(r) = Gy(r}/4mpr + 1) are reported for both alloys with the corresponding partial
coordination numbers calenlated as follows:

Tuyman

Zij=¢ ¢roF, (r) dr (15)

Fipmin

with grpE, (r) = 7Gy () + drrip. In equation (14), rijmin and 7ijmm are the lower and
upper limits of the first coordination shell given by the minima in G yy{r). The agreement
with experimental data ts good and the most salient feature is that the nearest-neighbour
distances for the three types of pairs are closer to each other in AlgyMnyg than in AlgpMnag.
As mentioned above, it is essentially due to the shortening of the first Mn-Mn interatomic
distance in AlgoMnasg which become shorter than Al-Al distances. For AlgoMnyg alloy, the
Mn—Mn interatomic distance is 2.58 A while the Mn—Al and Al-Al interatomic distances
are 2.52 A and 2.72 A, respectively. In AlgoMnyy alloy, they have been found to be equal to
236 A, 257 A and 2.79 A, respectively, The first Mo—Mn distance in AlgpMnap becomes
comparable with the value of pure liquid Mn (2.68 A, [13]) and we think that Mn atoms
have a peculiar behaviour in AlggMnay alloy. On the other hand, the Mn—-Al distances
are similar in AlggMngg and AlggMnyy alloys and we conclude that the strength of chemical
interactions is comparable in both alloys. This is confirmed by the caleulation of the Warren
chemical short-range order parameter generalized by Wagner and Ruppersberg [14] which
is equal to —0.09 for AlggMngy and —0.04 for AlgMng, very close to the experimental
values which are —0.07 and —0.06, respectively.

Table 2. Interatomic distances and coordination numbers in the liquid AlgyMnzp and AlgsMnag
alloys: comparison with experimental data [1,3].

Liquid AlgpMnzy Liquid AlgoMngp
Atomic pair  rij (A) i rj (&) Zij
Mn-Mn 2.86 (289 (1.5) 258028l (4.5
Mn-Al 2.57 (2.56) {9.5) 252259 (1.8)
Al-Al 278 274)  (10.2)  272(265) (74

The first conclusions obtained from the comparison between the AlggMnag and AlgoMngp
liquids are the following. )



2858 L Do Phuong et al

L - L L ™ s N i L
0 2 4 6 8 i "o 2 4 6 8 A

Figure 1. Reduced partial pair distribution functions G, (r) for (@) AlggMnag and (b) AlgoMngsp:
——, calculation) « .+« ¢ , expeniments {1,3],

(1) The chemical short-range order is similar in both alloys because the heteroatomic
interactions display the same strength.

{(ii) The topological short-range orders are different, as the homoatomic pairs change
significantly with the transition-metal eontent, as indicated by the shortening of first Mn—Mn
distances in AlgoMyg.

The fact that the topological short-range orders are different in the two alloys is also
confirmed by the bond-angle distribution functions (figure 2). For AlgsMnag, the calculated
distribution shows a prominent peak near 63° and a broad maximum near 115°, very close
to the icosahedral bond angles # of 63.5° and 116.5°. For AlgMnyg, the distribution is
shifted towards smaller bond-angle values and the peak near 60° is less prominent than in
AlgoMnm.

These changes may now be traced back to the variations in the interatomic forces and
in the electronic structure. As shown in figure 3 for both alloys, the strong pd hybridization
leads to a strong interaction between Al and Mn atoms for both liquids; the consequence
is the formation of pairs of unlike atoms and short-bond distances in the Al-Mn pairs.
However, an important difference is in the evolution of the homoatomic jnteractions as
a function of the composition. The AlggMnyg alloy is characterized by a weak Mn-Mn
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Figare 4. Calculated pos for the liquid alloys (@) AlggMngg and (5) AlggMMnag: ——, total DOS;
------ . Mn partial Dos; ----, Al partial Dos.

interaction but a strong Al-Al interaction. As the Mn content increases, i.e. AlggMnyg alloy,
the strength of the Al-Al interaction decreases to become similar to Mn—Mn interactions
but shifted to higher r-values. The electronic DOSs of both alloys are displayed in figure 4.
They are obtained from the atomic coordinates obtained by molecular dynamics simulations
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and the same tight-binding Hamiltonian but now coupled with the recursion method. The
shape of both DOSs is characterized by a Mn d band coupled with a broad Al sp band.
The major difference is in the shape of the d band and the location of the Fermi level.
This is because Mn—Mn distances are shorter in AlsgMngy alloy and the corresponding
first-neighbour number is much larger than in AlggMnag alloy. The consequence is that
Mn atoms in AlgMnygy alloy retain a behaviour similar to pure Mn liquid. For AlgsMnag
alloy, the Fermi level is not located in the middle of the d band as for pure Mn [7] or
for AlgoMnao alloy. The overall shape of liquid alloy is very similar to that of a-(Al-Mn)
as calculated by Fujiwara [15]. The major feature of the calculated DOS of w-(Al-Mn) is
a dip or quasi-gap in the vicinity of the Fermi level; the quasi-gap was atiributed to an
antiresonance, with the resonance below the Fermi level. In the hypothetical binary Al~Mn
case, the Fermi level resides at the lower-energy end of the quasi-gap. However, the origin
of the DOS structure in the liquid AlggMngg alloy is guite different since the interatomic
distances and coordination numbers in the first and second shells are different for the liguid
and «-phases [1]. Let us recall that the Mn-Mn distance is longer in the liguid phase while,
by contrast, the first Al-Al distance is shorter and the corresponding first-neighbour number
Is slightly larger. We think that in the liquid case a strong Al p—Mn d hybridization but
also an important Al p—Al p coupling due to the short Al-Al bond length are at the origin
of the AlgpMngg DOS structures.

4. Conclusion

We have studied the stuctural and electronic properties of AlgoMnyg and AlgoMngg liquid
alloys using atomistic simulations based on TBB interatomic interactions. We have shown
that the topological shori-range orders in the two alloys differ significantly, in agreement
with experimental results. Our results indicate icosahedral order in liquid AlggMnag which
is absent for liquid AlgMngy. We think that it is mainly due to the peculiar behaviour of
Mn-Mn interactions in AlggMnzq alloy.
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