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Highlights

A tight-binding atomistic approach for point defects and surfaces
applied to the o0-Al;3Co0, quasicrystalline approximant

O. Bindech, C. Goyhenex, E. Gaudry

A tight-binding N-body potential for Al-Co interactions is implemented.

We model the 0-Al;3Co4 quasicrystalline approximant in the presence
of atomic vacancies and surfaces.

The importance of stress relaxation in vacancies formation in bulk o-
Al;3Co, is highlighted thanks to an atomic stress mapping.

A good agreement between DFT and semi-empirical calculations is ob-
tained for surface structures and relative surface energies.
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Abstract

We implemented an N-body potential for the Al-Co interactions and applied
it to the 0-Al13Co, quasicrystalline approximant. We show its ability to
model this complex compound in the presence of point and extended defects
(atomic vacancies and surfaces). The importance of stress relaxation in va-
cancy formation is highlighted through the mapping of local pressures in the
bulk compound. Thanks to the many body character of the potential, the
surfaces could be investigated which was not done before in atomistic studies
of this complex phase. Our classical simulations point up the competition
between preserving the cohesion by minimizing the number of broken bonds
and avoiding the presence of Co atoms at the surface. This study opens
the way to large scale simulations of phenomena involving complex metallic
alloys in particular at their surfaces.
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1. Introduction

The Al;3Co, intermetallic compound has recently attracted the attention
of many research groups due to its unusual physical and chemical proper-
ties. A few examples include its strongly anisotropic magnetic and electronic
transport behavior [1], its interesting catalytic performances towards hydro-
genation reactions [2, 3|, as well as its unexpected wetting properties [4].
To understand these fascinating features, the determination of structure-
properties relationships is crucial. This task is however challenging, since
defects play a non negligible role in this compound. For instance, the lack of
quantitative agreement between the ab initio-calculated theoretical transport
coefficients and the experiments have been attributed, at least in part, to the
presence of disorder in the samples [1]. More recently, emphasis was raised
on the fact that experimental phonon lifetimes and temperature-independent
lattice thermal conductivity in Al;3Co, can only be fully described by prop-
erly taking into account the disorder [5].

The orthorhombic 0-Al;3Coy crystal structure was primarily refined in the
Pmn2, space group using X-ray diffraction (XRD) experiments [6]. Early
identified as a quasicrystal approximant 7], 0-Al;3Co, presents all structural
features characteristic of a Complex Metallic Alloy (CMA) [8], including a
crystal cell containing more than 100 atoms, arranged in well-defined bipen-
tagonal polyhedra, and the occurrence of inherent disorder, probed by the
large atomic displacement parameters of several aluminum positions. Re-
cently, high-resolution single-crystal XRD with spherical aberration corrected
HRTEM and HRSTEM (High Resolution Transmission and Scanning Trans-
mission Electron Microscopy) has revealed multiple split and partially occu-
pied crystallographic sites. [9]

Accurate and reliable modelling of 0-Al;3Co4 where structural complexity
and local disorder are at play, requires large computational cells. Thus, in
this case, computational limitations prevent Density Functional Theory cal-
culations from being applied to perform atomistic simulations. Alternative
methods based on interatomic potentials are more suitable for this purpose.
Such approaches have already been successfuly used to model bulk o-Al;3Co,
characteristics, like thermodynamic [10, 11] and vibrational |5, 12| properties,
based on oscillating pair potentials derived from force or/and energy match-
ing to ab initio calculations [13|. However, the transferability of the previous



potentials built for bulk systems, to other properties related to the presence
of surfaces, is not trivial. Indeed, pair potentials are insensitive to changes
in coordination and thus, are not a priori suited to catch the increased bond
strength of atoms at or near surfaces due to their strongly reduced average
coordination. Because of the strong practical interests on Al;3Co, surfaces,
like chemical reactivity [14], wetting [4], oxidation resistance [15], the ques-
tion of the transferability of Al-Co pair potentials to surface properties is of
interest. As far as we know, the few parameterized potentials built for bulk
Al-Co alloys [16, 17, 18, 19] are not evaluated against surface properties. On
the other hand, studies involving metallic surfaces mainly relate to experi-
mental observations combined with DFT. The latter is used to quantify the
relative stability between different configurations|20, 21, 22, 14|.

We therefore propose here to move a step forward towards the model-
ing at the atomic scale of complex intermetallics including their surfaces by
developing a new parameter set for Al-Co alloys using a simple many body
interatomic potential. This potential based on the tight-binding formalism
is founded on the fitting to ab initio data calculated for pure Co, pure Al
and several Al-Co alloy phases including o-Al;3Cos. The new parameter
set is applied to the study of the formation of Al bulk vacancies and the
0-Al;3C0,4(100) surface which are two archetypes of respectively point and
extended defects.

2. Materials and Methods

2.1. Computational details

2.1.1. Tight-Binding potentials

The bonding in (Al, Co) based systems was modeled by using a tight-
binding (TB) N-body potential based on the second moment approximation
of the density of states in the Tight-Binding formalism (TB-SMA)[23, 24]. It
is derived from a simplified but realistic description of the electronic structure
and has been widely used for a large set of metals and alloys, mostly of the
transition series|24, 25|. It was also extended with success to metals having
a free-electron-like character. [26, 27| In the case of Al, the relevance of
TB was attributed to the fact that d orbitals play a non negligible role in
the electronic structure of the material.[28] This semi-empirical potential is
also well known to accurately describe the relaxations and reconstructions at
surfaces or adlayers. [29, 30, 31, 32] Within the TB-SMA, the total energy
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at a site ¢ of a system of atoms writes as the some of an attractive band term
E?, derived from the electronic structure, and a repulsive Born-Mayer one
(E7):

T4

Ei = E,ZJ + EZT - 5226_2(1(?5_1) 4 ZAe_p(%g_l) (1>
J j

Then the total energy is the sum of energies F; over sites i. For homoatomic
interactions, ry is the next nearest neighbor distance at equilibrium in the
considered pure material. For mixed interactions it is taken as the arith-
metic average between the values of the two pure corresponding materials.
The parameters A, &, p, q are fitted in order to reproduce the physical prop-
erties of reference materials. In addition, we have to fix a cut-off radius r.
for the interactions. Typically, in a bimetallic material, r. is taken as the
second neighbor distance for the bulk material of the largest atom. Then,
the potential is linked up to zero at higher order neighbors with a fifth-order
polynomial in order to avoid discontinuities in calculated quantities like en-
ergies and forces.

Such an analytical formulation can easily be implemented in classical
Molecular Dynamics (MD) or Monte Carlo simulations. In the present work,
a quenched molecular dynamics (QMD) method has been used as a relax-
ation procedure to optimize the crystal structure at 7' = 0 K. It means that
the equations of motion are solved for atoms ¢ while cancelling their velocity

v;, when the product FzUZ is negative.

2.1.2. Density Functional Theory

Electronic structure calculations were performed within the density func-
tional theory (DFT) implemented in the plane wave Vienna ab initio simula-
tion package (VASP) [33, 34, 35, 36]. The projector-augmented wave (PAW)
method [37, 38| and the spin-polarized generalized gradient approximation
(GGA-PBE) [39, 40] were used in this work. Nine valence electrons were
explicitly treated for Co (4s'3d®) and three for Al (3s?3p'). Total energies
were minimized until the energy differences became less than 107% eV be-
tween two electronic cycles during the structural optimizations. The elastic
tensor was calculated by performing six finite distortions of the lattice and
deriving the elastic constants from the strain-stress relationship [41]. Bulk



and slab calculations were performed using a 350 eV energy cut-off. The
Brillouin zone was sampled with Monkhorst-Pack 31x31x31 k-point meshes
for bulk Al and Co, 43x43x43 and 29x29x29 k-point meshes for the B2
(in the body centered cubic structure) and L1y (in the tetragonal structure)
AlCo phases.

In the following all the structures are plotted using either the VESTA[42]
or Rasmol[43] softwares.

3. Results and discussion

3.1. Parameterization of the interatomic potential

The parameters (A, ¢, p, q) for each type of bonds — Al-Al, Co-Co and Al-
Co (12 parameters in total) — are mainly determined by least square mean
fittings to DFT quantities like lattice parameters and cohesion or alloy for-
mation energies. The homoatomic parameters are fitted to the cohesion
energy curves of fcc Al and Co calculated with DFT as a function of the
lattice parameter. For the fitting of mixed interactions, we use the formation
energies of the experimentally observed ordered B2 and complex o-Al;3Coy
phases. With a unit cell of 102 atoms, 0-Al;3Co, is described by the stack-
ing of two types of layers forming either a flat (F') or a puckered (P) plane
as represented in Figure 1. The atoms of the cell are distributed over a
sequence of four planes P, F) P, F» perpendicular to the pseudo-10-fold [100]
direction.|21, 44]. Let us note that two approaches can be used to describe
the 0-Al;3Co4 crystal structure: a stacking of two types of planes, as used
in this work, or of clusters. The validity of the 2D versus 3D picture has
been discussed in ref. 45. According to electrical resistivity measurements,
the physical properties of the compound are those of a 3D solid. Within this
scheme, the stacked-layer description in terms of 2D atomic planes should
be regarded as a convenient geometrical approach to describe the o-Al;3Coy
structure. In particular, surface science studies show that the description of
0-Al;3Co4 as a stacking of plane is very useful to identify the surface termi-
nation |21, 44, 46]. Since this paper partly focuses on surface structures, we
decided to adopt the description as a stacking of 2D planes, better adapted
for our purpose.

While for pure interactions all parameters are free to vary in the fitting
procedure, only A and £ parameters are allowed to vary for the mixed inter-
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Figure 1: 0-Al13Co4 : Bulk structure showing a periodic stacking of two types of atomic
planes: flat (F') and puckered (P). Co and Al atoms are represented by dark and light
blue balls, respectively. Four planes perpendicular to the pseudo-10-fold [100] direction (z
direction) appear in a sequence P; F} PoFy (see text).

actions. In this case p and ¢ are fixed at the arithmetic average of the values
of the fce Al and Co which may seem a rough approximation. However p
and ¢ have a physical meaning as they define the spatial range of the mixed
Al-Co atomic interactions. Leaving these parameters free during the fitting
procedure leads to an apparently very good fitting but at the same time to
non-physical p and ¢ values. In this sense it is more appropriate to constrain
p and ¢ parameters of the mixed interactions to intermediate values between
the ones of the pure materials. This guarantees that they keep their phys-
ical meaning and that no artifact appears in the relaxed atomic structures
especially at surfaces. It also insures to keep a relevant § ratio (typically
2<E<5 )[47]. The formation energy of an Al,Co,, alloy, AH; (eV /atom),
is obtained from the total energy F;, co, by using the following expression:

bulk bulk

n+m

1)
AHf _ Al Com <2>

where E%'t, is the ground state total energy per atom of Al or Co bulk
material. In the SMA formulation it corresponds to the cohesive energy. The
whole set of obtained parameters is given in Table 1.

« B Aaﬂ(ev) faﬁ(ev) Pap Gap
Al Al 0.138 1.452  7.80 2.50
Co Co 0.147 1.896 10.27 2.66
Al Co 0.126 1.920  9.035 2.58

Table 1: SMA potential parameters for Al-Al, Co-Co and Al-Co.



Table 2 gathers the DFT and SMA calculated values of the lattice pa-
rameters and cohesive energies of the pure Al and Co materials. Some elastic
constants and surface energies have been added to further check the fitted
parameters. Experimental values are also given for comparison. The surface
energies obtained with SMA interactions are systematically smaller than the
DFT ones, which is a known effect for this type of semi-empirical poten-
tial. However the value of the difference between Al and Co surface energies
is close to the DFT and experimental ones. This is essential to deal with
bimetallic surfaces issues[30, 25]. The bulk modulus B and the shear mod-
ulii Cyy and C’ calculated with our model are reasonable when compared to
DFT and experimental values considering the important dispersion of values
found in the literature for these quantities. Most importantly all these values
are found positive which is the guarantee for mechanical stability.[48]

a Econ B Cy ¢  E!
(A) (eV/atom) Mbar Mbar Mbar (eV/ K
Al
DFT 4.03 -3.50 0.81 033 0.11 0.060
SMA 4.03 -3.50 0.76 0.33  0.09 0.047
Exp.[24, 49] 4.05 -3.34 0.81 037 0.11 0.068
Co
DFT 3.45 -4.97 2.60 2.07 1.11 0.150
SMA 3.45 -4.97 2.39 1.26 041 0.107
Exp. (fee, thin layers)[50] - - 1.82 092 0.33 -
Exp. (hep, bulk)[51, 49] 3.54 439 195 082 -  0.157

Table 2: DFT and SMA calculated values of the lattice parameters, cohesive energies,
elastic constants and surface energies of the pure materials Al and Co. The given DFT
values are either the ones used in the fit lattice parameter a and cohesion energy FE.,p) or
for afterwards comparison (elastic constants and surface energies). Available experimental
values are also given.

Calculated equilibrium lattice parameters and formation energies for the
AlCo phases used in the fit are given in Table 3 together with some experi-
mental values.

One counterpart of the simplicity of the TB-SMA potential is the possible
stabilization of ordered cubic close-packed or tetragonal phases which are



O—A113004 B2 AlCo
DFT SMA  Exp. DFT SMA Exp.

[6] 52, 53
AHg(eV/atom)  -0.39 -0.35 - -0.69  -0.70 -0.57
Lattice a—8.20 8.13 8.16 2.85 288 2.86
parameters b=12.40 12.35 12.34
(A) c=14.42 1444 1445

Table 3: Equilibrium lattice parameters and formation energies for the AlCo phases used
in the fit. Available experimental values are also given.

not found in the phase diagram|54|. Here they can occur for the AlCo and
Al3Co compound at or close to the composition of respectively the B2 and
0-Al;3Co4 alloy phases. We therefore calculate the formation energies of a
cubic L1, (Al3Co) and a tetragonal L1y (AlCo) ordered phases. For the Lls,
very close values are obtained by DFT and with our potential, respectively
-0.46 eV /atom and -0.41 eV /atom. They are both slightly lower than the
energy formation of the 0-Al;3Co, phase which can be related to the lower
Al content in Al3Co compared to 0-Al;3Coy. In addition 0-Al;3Coy is actually
known to be a metastable phase at low temperature[54]. The DFT value of
the formation energy obtained for the tetragonal phase L1 is -0.42 eV /atom
which is, as expected, larger than the formation energy of the B2 phase. On
the other hand, the tetragonal L1 is stabilized in the TB-SMA model, with
a formation energy of -0.71 eV /atom, very close to the calculated formation
energy for the B2 (-0.70 eV /atom). This drawback should however not alter
too much the further studies on 0-Al;3Co4. Indeed, the important thing is the
reliability of the determined potential in the concentration region of interest
(here the Al-rich region).

3.2. Al vacancies in bulk 0-Ali3Coy

Following the development of the potentials for the metallic interactions,
we perform a first test study of the bulk o-Al;3Co4 structure. From here
Quenched Molecular Dynamics is used in all the simulations.

The atomic arrangements in the F-type and P-type planes, optimized
by DFT and QMD, are compared in Figure 2. The characteristic patterns
are almost identical in both types of atomistic simulations. After relaxation
by QMD, the deviations of atomic distances in the direction perpendicular
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Figure 2: Results for DFT calculations (left hand side) and Classical QMD simulations
(right-hand side) of bulk 0-Al15Co4. a) F-type atomic plane. b) P-type atomic plane. Co
and Al atoms are represented in dark and light blue, respectively, and the primary cell is
repeated four times for a better visualization.

to the F' and P planes show small variations of about £0.05 A compared
to the DFT structure. The maximal fluctuations in the [100]| direction for
P-type planes are larger, around +0.15 A compared to the DFT structure
but can be considered as a reasonable agreement for further use in atomistic
simulations since the overall structure is well preserved. The present param-
eterization is therefore optimal for the bulk o-Al;3Co, complex alloy despite
the simplicity of the used semi-empirical potential.

As mentioned in the introduction, defects, especially Al vacancies, have a
non negligible impact on the materials properties. Following the description
of Mihalkovi¢ and Widom|54], the ideal o-Al;3Co, phase is a metastable
structure. It becomes stable at high temperature within the introduction
of a small amount of Al vacancies in the flat (F) planes where some Co
pentagons contain up to 5 Al atoms resulting in an overcrowding of Al atoms
in this area. The present atomistic simulations enable a site specific analysis,
in particular through local pressures. The local pressure — also named atomic
stress — is given by the variation of the interaction energy E;; as a function
of the local deformations of the interatomic distances 7;;:



1 dE;;
P, = 32 Wijrw (3)

J

Within this definition, a positive value of the local pressure corresponds to
an atomic compressive stress while a negative one corresponds to an atomic
tensile stress. The local pressure is calculated on each site of the system after
the relaxation within the quenched MD algorithm. The stress map obtained
for 0-Al13Co, using a simulation crystallite containing 816 atoms is plotted
in Figure 3. It clearly highlights the strongly constrained specific Al sites
located only in F-planes (colored in red or dark orange in the right-hand
side image). More precisely a stress accumulation occurs on four specific Al
sites (referred as Alj-type and Als-type) in the junction area between two
contiguous Co pentagons. These sites correspond exactly to the partially
occupied Al sites reported in Refs.[54, 55| pointing out precisely the area for
the possible vacancy formation. Conversely, zero or negative values of the
local pressure are obtained on Co sites. Since negative values correspond to a
tensile stress, Co vacancy creation should not be favoured at these sites. Fig-
ure 4 shows the optimized structures obtained after relaxation by quenched
MD for a structure obtained after removing one Alj-type (left image) or one
Al,-type (right image) atom at the most stressed sites in an F-plane. Such
removal allows the system to actually release a large amount of its stress since
the local pressures strongly decrease around the place where the vacancy was
created. At first sight, removing one Al,-type atom seems to be slightly more
favorable since the local pressures tend towards zero within a larger area.

The vacancy energetics can be also examined per site in the whole bulk
compound. The vacancy energy formation is calculated within the equation:

Efer = En-1 + B3 — Ey (4)

where Ey_; is the total energy of the crystallite with one vacancy and Ey
the total energy of the ideal bulk with N atoms. Eﬁ”’co“ is the accessible site
energy (or cohesive energy) of the corresponding removed atom initially in
the bulk 0-Al;3Co, compound. The vacancy formation energies calculated for
all the Al atomic sites of the compound are gathered in the graph of Figure
5. The results are consistent with the preferential vacancy formation in the

10
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Figure 3: Left image : bulk atomic structure of o-Al;3Co4(crystallite of 816 atoms) ob-
tained after relaxation at 0 K by QMD. The front plane is of F-type. Dark blue and light
blue balls correspond respectively to Co and Al atoms. Right image : Atomic stress on
each site of the same structure. The bottom picture illustrates the used color code in the
right hand side atomic structure, going from the maximal value of pressure (red) to the
minimal one (blue). In both crystallites the two black pentagons connect five Co atoms,
while sharing two Co atoms by one of their edges. The most compressed Al atoms are
referred as (1) and (2).
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-150 125 -130 125
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Figure 4: Optimized bulk atomic structures of o-Al;3Co4 (crystallite of 815 atoms) obtained
by QMD after removing one Al;-type atom from the ideal structure (left image) or one
Aly-type atom (right image). Large and small balls correspond to Al and Co atoms
respectively. The bottom pictures illustrate the used color code in the atomic structures,
going from the maximal value of pressure (red) to the minimal one (blue).

11



most compressed regions. First the vacancy formation is favored in F’ planes.
Then the lower energy (+0.29 eV /atom) is obtained when one Als-type atom
is removed. A higher, although rather close, energy (40.36 eV /atom) is ob-
tained when removing one Al;-type atom. This is in agreement with the
optimal stress release obtained when an Al,-type atom is removed compared
to Aly (see Figure 4).
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Figure 5: Al vacancy formation energies per site in bulk 0-Al;3Co04. a) Representation
along the direction perpendicular to the alternating F- and P- planes. b) Mapping of the
Al vacancy formation energies in one F-plane. The scale on the right hand side of the
graph illustrates the used color code, going from the smallest values of energies (blue) to
the largest ones (red). The black ellipse contains two circles corresponding to Als-type
sites. The positions of Co atoms have been marked by small black circles for a better
visualization of the structure.

This case study shows that the mapping of the local pressure provides a
good guide for locating precisely the areas where vacancies could be formed.
It is worth noticing that both sterical and electronic structure effects are
at play in the vacancy formation and the stabilization of the resulting o-
Al13Co,4 compound|54]. Although electronic effects could hardly be taken
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into account within our atomistic approach, we show here the importance of
stress relaxation in the vacancy formation.

3.8. 0-Ali3Co4(100) surface

After showing the reliability of the TB-SMA model for point defects, we
move to the case of extended defects illustrated here by the investigation of
the pseudo-10-fold surface of 0-Alj3C04(100). According to previous exper-
imental studies, the surface termination is found to derive from the P-type
planes only, which present a higher atomic density and a higher concentration
of Al than the flat planes|21, 44]. The corresponding surface termination has
a unit cell defined as follows: it contains four Co atoms per surface unit cell
(model S in Figure 6), two of them are located above the mean position of
the puckered layer, while the other two are located below. Following previous
works|21| we consider several variations of the P-termination model (consid-
ering only P; from the two equivalent P; and P, planes). The main structures
are represented in Figures 6 and 7 where the upper images are the structures
optimized by DFT and the lower ones are the structures relaxed by QMD.
More precisely, Figure 6 shows the four models of the complete (or almost
complete) P-termination model, including four Co atoms (.S;), only the two
protruding Co atoms (S3), only the two Co atoms located slightly below the
mean position of the termination plane (S3), and no Co atoms (S4). Figure
7 shows four other possible models based on an incomplete P-termination
model in which only one set of bipentagons is present, leading to much less
dense surfaces. These models are named: S5 with bipentagons containing
the top Co atoms, S5_s¢c, with the same bipentagons and two missing top
Co atoms, Sg with bipentagons containing the bottom Co atoms and Sg_s¢,
with the same bipentagons and two missing Co atoms.

The relative surface energies Vsyurf — 'yf;r s are also evaluated, from the
total energies obtained within the QMD simulations. They are represented
in Figure 8 as a function of the chemical potential variation p4 — p%4*. In
this representation the relevant values of the relative surface energies are
obtained within the range of chemical potential respecting the condition:
% < pa — phek < 0. Tt is worth noticing that we use here the same for-
mulation of the relative surface energies and the same representation as in
Ref. 21. This facilitates the comparison with the previous literature.

13



Figure 6: Model structures of Ps-termination (almost complete). The models numbered
from 1 to 4 are the denser ones for this surface. Dark blue and light blue balls correspond
respectively to Co and Al atoms. The upper images correspond to the structures optimized
with DFT and the lower ones to the same structures further relaxed by classical QMD.

Figure 7: Incomplete surface terminations for the P, layer. Dark blue and light blue
balls correspond to Co and Al atoms respectively. The upper images correspond to the
structures optimized by DFT and the lower ones to the same structures further relaxed
by classical QMD.
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Figure 8: Relative surface energy vs the chemical potential 4 — pb4* for the different
models of Figures 6 and 7.

Generally the QMD results are rather consistent with DFT and experi-
mental observations. At first sight, the most stable models are Ss, S; and
S5, S4 being between S; and S3 in terms of relative surface energies and only
on a very small range of chemical potentials. In general the relative stability
to S} strongly depends on the chemical potential. The S3 model is found to
be the most stable within a large domain of chemical potentials on the right
hand side of the diagram (u4 — p%* > —0.2 eV) i.e in the region where
the chemical potential of Al in 0-Al;3Coy, is close to the one of Al in fcc Al
This model which corresponds to a dense P-type termination where the two
protruding Co atoms have been removed, is also the one experimentally ob-
served under ultra-high vacuum conditions by surface science studies |21, 22].
Within the QMD simulations, the two remaining bottom Co atoms tend to
sink into the surface in agreement with a previous study|44]. Both effects,
vacancy of Co protruding atoms and sinking of remaining Co surface atoms,
can be related to the much higher energy of pure Co close-packed surfaces
compared to Al ones. In DFT calculations, the S; model, with all Co atoms
removed, is found to compete with S3[21]. In our case the relative energy
of S, remains above the one of S3 probably because the denser situation
(preserving the cohesion with less broken bonds) is finally favored. Then
the system can lower its energy by a sinking of Co bottom atoms deeper
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inside the surface layer. In this series of dense surfaces, the surface energies
of Sy and S3 as a function of the Al chemical potential present similar slopes
because the surface composition is similar in both models. On the contrary
to S3, the Sy structure takes positive relative surface energy values in the
whole range of considered chemical potentials which can be related to the
presence of protruding Co atoms in this model. In summary, at least within
our model, there is a competition at surfaces between preserving the cohesion
by minimizing the number of broken bonds and avoiding the presence of Co
atoms at the surface. On the left hand side of the diagram, the relative sur-
face energy of the S; model, belonging to the family of the so-called cluster
preserving (or Henley clusters) models [22], has apparently the same trends
as in DFT calculations but it is found to be the most stable on a smaller

range of chemical potential (ﬂ < g — plk < —0.4 eV). Tt is however very

satisfying that the relaxed con?iguration by classical QMD well preserves the
initial pattern. The other less dense structures Ss_sc, and Sg are also well
preserved after QMD simulations. Lateral displacements of Al atoms from
their initial positions are however visible in the relaxed Sg_oc, structure.
They are driven by the tendency of Al atoms to cover underlying Co atoms.
Within the classical QMD relaxation based on our TB-SMA potential, these
displacements are favored by the fact that Al atoms are much less bonded in
these less dense surface structures. The same behavior is not observed for the
S5_200 Where top Co atoms are removed while bottom Co are removed from
S to obtain Sg_oc, leading to a destabilization of the structure as seen also
from the surface energy diagram. S5 _sc, and Sg model structures, although
preserved in the simulations, have however positive relative surface energies
on the whole range of considered chemical potentials. Finally, in this series
the cluster preserving model with Co atoms at their top is therefore the most
stable in agreement with Ref. 22.

4. Conclusion

We have parameterized an N-body potential based on the tight-binding
second moment approximation to describe atomic interactions in o-Al;3Coy.
This potential has been implemented in classical quenched molecular dynam-
ics simulations for structural studies of the realistic complex compound in the
presence of defects, either point (vacancies) or extended (surfaces). Consid-
ering the inherent qualitative nature of such studies compared to DF'T, most
of the physics of the complex 0-Al;3Co4 compound was well captured. The
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TB-SMA model was shown to be reliable in the bulk by preserving the clus-
ter structure of the 0-Al;3Co4 complex alloy phase. Then, the importance of
stress relaxation in vacancy formation was highlighted through the mappings
of local pressures and the calculation of vacancy formation energies. The two
types of most compressed Al sites in the bulk flat planes correspond exactly
to the sites for which the vacancy formation energies are the lowest. Thanks
to the N-body character of the potential, the investigation of surfaces could
be tackled which was not done before in atomistic studies of this complex
phase. The calculation of the relative surface energies gives the same trends
as DFT calculations. The analysis of the relaxed tested configurations em-
phasizes the competition between preserving the cohesion by minimizing the
number of broken bonds and avoiding the presence of Co atoms at the surface.
Important perspectives can then be envisaged using a complex o-Al;3Co, sub-
strate, in particular large scale simulations of inaccessible phenomena until
now, such as growth, wetting or large scale self-assembling. Apart from the
surfaces, extended defects include also metadislocations which are associated
with separate phason defects. The latter escort the movement of the metadis-
locations through the material. The development of TB-SMA potentials, able
to correctly describe point and plane defects, may help the investigation of
extended metadislocations. Indeed, atomic models for metadislocation glide
motion, are based on atomic diffusion, as demonstrated by ref. 56. In addi-
tion, the development of the efficient TB-SMA potential may be further used
to understand the interaction between metadislocations and vacancies, which
likely plays an important role in the transformation from an orthorhombic
to a monoclinic phase.

Data Availibility

The raw and processed data required to reproduce these findings are avail-
able from the authors upon request.
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