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Study of the Electronic Charge Distribution for a
Structural Configuration of the Liquid Silica
Through Classical and ab-initio Molecular

Dynamic Simulations

G. Lopez-Laurrabaquio, M. E. Fernandez-Garcia, J. M. Montejano-Carrizales, C. Diaz Torrejon

Abstract— A combination of classical and ab-initio molecular dynamics computer simulations will be done to a system of silica atoms in
order to generate a structural configuration in the liquid phase. In the first method, the effective classical potential (B. P. Feuston and S. H.
Garofalini, J. Chem. Phys. 89, 5818 (1988)) and in the second one, the pseudopotencials of N. Trouiller and J. L. Martins (N. Trouiller, J. L.
Martins, Phys. Rev. B 43, 1993 (1991)), will be used. We will begin by melting one of the crystalline silica forms, beta cristobalite, to 3400 K
and then it will be permitted to acquire a thermal equilibrium (equilibration) at this temperature; all of this will be done with classical
molecular dynamic simulations. Later we will cool it at 2200 K, in order to obtain that we will perform a strategic and systematic
combination of two methods. In the stage of the equilibration and cooling to the system will be placed in a geometric arrangement
denominated “sandwich”, which will generate a surface-type structural configuration. This form of obtaining the surface will permit to make
ab-initio calculations in a way that the properties of the surface can be analyzed in a detailed form.

Index Terms—ab-initio molecular dynamics, beta cristobalite, charge distribution, SIESTA.

1 INTRODUCTION

he silica (Si0;) is a material that possesses unusual prop-

erties in its different phases: liquid, crystalline and vitre-
ous[1], for example, its innocuousness, its diverse crystalline
polymorphs, the amorphous and insulating nature, and the
glassy transition temperature. This makes the material impor-
tant for scientific investigation and a great interest in its appli-
cations: in the microelectronic, catalysis and recently, in
medicine[2]. Therefore, it is necessary to have a better under-
standing of this material. It is relevant to indicate that the clas-
sical and ab-initio molecular dynamics (MD) computer simu-
lations have demonstrated that the structural and dynamic
properties of the SiO, in its respective phases can be reason-
ably well simulated and can provide details of atomic level be-
havior not normally observable though the experimental tech-
niques[3],[4].

The classical molecular dynamic simulations in conjunction
with an effective classical potential[5] have described the prop-
erties of bulk amorphous silica and the vitreous silica
surface[6], with a good concordance with the experimental
data. Recently some studies of the amorphous silica surface
have been done combined classical and ab-initio MD simula-
tions. The classical simulation uses the effective classical po-

tential, such as, the one proposed some years ago by van Beest,
Kramer, and van Santen (BKS)[7] and the ab-initio simulation
uses the pseudopotentials implemented in the CPMD[8] code.
The reason of using this combination is because the classical
potential was designed to reproduce the bulk silica properties
and it is less obvious that it can be used in aspects to study the
surface. Also, the simulation time and the number of particles
are greater in the classical than in the ab-initio[9] simulation.
On the other hand, a supercooled liquid[10],[11] (a liquid
with high viscosity) whose constitutive material, for example
the silica, when cooling is being applied a great cooling velocity
in a way that the crystalline state is inhibited, tends to a glassy
transition temperature, T,, where the structural configuration
gets “trapped”. Above T,, metastable region, the supercooled
liquid can explore all the structures or configurations at equilib-
rium (metastable state), since the relaxation times for the molec-
ular movements are very short compared to the experimental
timescale[12]. So, these times stay within the timescale of the
simulations. However, under this temperature, off-equilibrium
region, for the system to reach a stable state of equilibrium an
excessively considerate time would be needed so that the time
scale of the experiment or simulation would not to be enough
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for the time of the relaxation[10]. It is interesting to note that the
structural configuration of the liquid and vitreous phase is
identical[13],[14]. That is why it is important and necessary to
make a deeper and more detailed analysis in its quantum prop-
erties, for example the electronic density of states (DOS) and
electronic charge distribution in each of the atoms that consti-
tute the system.

Our work will be about the study of the quantum properties
of the surface (in liquid phase) through a combination of the
classical and ab-initio MD simulations, in a systematic and
strategic way. In the classical simulation, the effective classical
potential[5] will be used, performing it in the LAMMPS[15]
code, and the ab-initio simulation with pseudopotentials of N.
Trouiller and of J. L. Martins[16] through the SIESTA[17],[18]
code. This second code is more efficient and versatile compared
to the CPMD. The SIESTA possesses the Voronoi Deformation
Density (VDD) method[18],[19] for computing atomic charges,
for each of the atoms of the system. This method performs an
equipartition of the space (Voronoi polyhedron) where each of
the atoms that form the system are located. And, the analysis is
independent of the form of the base set used to expand the cor-
responding wave functions. This code will also permit us ana-
lyze the topological and bond defects between atom pairs for all
the system.

This article is divided in the following way. The section 2 ex-
presses the standard MD melt-quench technique; in the subsec-
tion 2.1, the procedure of melting the B-cristobalite to 3400 K; in
the subsection 2.2, the setup of the geometry (sandwich) and
equilibration of the silica liquid phase at this temperature (3400
K); and in the subsection 2.3, the quenching of the liquid phase
to 2200 K (using the combination of both methods, classical and
ab-initio, in a systematic and strategic way; the second method
to calculate the DOS, electronic charge distribution, topological
and bond defects, to different temperatures that the system
passes through while it tends to a T,). In the section 3, the de-
tails of the parameters of these two computer codes are de-
scribed. In the section 4, the results and discussion are present-
ed. At last, in the section 5, conclusions are enumerated.

2 THE STANDARD MOLECULAR DyNAMICS MALT-QUENCH
TECHNIQUE

21 Melting

The atoms are initially assigned random velocities through a
Maxwell-Boltzmann distribution associated to the temperature
of 3400 K and use an initial configuration to one of the crys-
talline structures of the silica (cristobalita beta with 192 atoms).
The simulation was performed in a microcanonical ensemble
(NVE, number of atoms, volume and energy are constants)
with periodic boundary conditions (PBC) in the three direc-
tions X, Y and Z, to avoid the effects of the internal surface, the
volume of the simulation cell of the MD simulation was cho-
sen in a way that the density adjusts the temperature in ques-
tion. It is important to mention that the volumetric dilatation
of the B-cristobalite is almost despicable in a great interval of
temperatures, this temperature is in this range[20]. The time
step of the simulation was of 0.001 ps (see section III). The ini-
tial configuration was melted at 3400 K by periodic velocity
scaling during the first 30,000 MD time steps. Therefore, when
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the melting of this configuration is obtained, the next stage
proceeds.

2.2 The Setup of the Geometry (Sandwich) and Equilibration

The way to minimize finite size effects and the superficial ef-
fects is using the PBC in the three directions. If one wishes to
analyze a free surface, the immediate idea is to use a film ge-
ometry, i.e. to have PBC in two directions and to have an infi-
nite free space above and below the system. Unfortunately,
from the computer point of view this arrangement is not good
for systems with Coulombic interactions (that is, like the one
that is being studied here) since it impedes the efficient use of
the Ewald summation method. Therefore, we have utilized the
following strategy, which is drawn in fig. 1 (a) (also see [6], [9],
and [21]):

Reference |
system L yy <+z=0
64 Si 1
128 O 1.07 A
2
z
Mobile T
atoms L
Xy
Immobile
atoms
; s e
6.0A 125A 4s5A (b)
(@)

Fig. 1. (@) Procedure to create the sandwich geometry used;
(b) A surface where the layers and their dimensions are de-
scribed and mobile and immobile atoms are shown.

The construction of the geometric arrangement denominat-
ed “sandwich” is done as Mischler[9] describes it, with some
small changes; like the hydrogen electronic charge, +1.0, and
the longitude of the simulation box in the z-direction, L,, 23 A.
This is due to the Feuston potential, described in detail in [5],
combines a weak three-body interaction with a modified Born-
Mayer-Huggins ionic pair interaction, and the electronic
charges used in this potential are +4 and -2 for a silicon and
oxygen atom, respectively; Mischler uses the BKS[7] potential,
where the effective charges of a silicon and oxygen atom are
+2.4 and -1.2, respectively. Besides, the three-body contribu-
tion lowers the total binding energy when the angle formed by
a central atom and two of its covalently bonded neighbors dif-
fers from the perfect tetrahedral angle.

Proceeding, will be used the classic system previously de-
scribed, which will be equilibrated through the contact with a
heat bath at 3400 K. The contact with heat bath is simulated
using the stochastic collision method[22] with an average of 1
collision/fs for the whole sample. This temperature is above
the experimental melting point of all the silica poliforms. The
total time of the simulation is one nanosecond. This time is
enough to equilibrate the system completely[23].

Carrying out a set of m-runs of this type of simulation, as a
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result, final statistically independent m-configurations will be
obtained, the value of m varies in some dozens (for example
m=>50). From this set of final classical configurations (surfaces),
we notice the same as Mischler[9], in each of these surfaces is
present one of the situations mentioned by them: systems with
no defects (i. e. all Si and O atoms are four- and two-coordinat-
ed, respectively), and systems with an under-coordinated
(over-coordinated) oxygen atom and an under-coordinated sili-
con (oxygen) atom.

2.3 Quenching

We will take 10 structural configurations, each one having the
characteristics mentioned above; with each one of the selected
will be implemented the systematic and strategic combination,
to carry out the cooling of the liquid phase of the silica by
means of the LAMMPS and SIESTA code, respectively. As will
be next described:

First, each system was cooled by periodic velocity scaling in
200 K (temperature interval) decrements from 3400 to 2200 K,
reaching internal equilibrium at each intermediate tempera-
ture. At every temperature, the atomic velocities were scaled
for the first 45.45 picoseconds (applying a lineal annealing
through LAMMPS, with a time step of 1 fs; the cooling rate
used is 4.4x10"°K/s). Subsequently, with the last resulting con-
figuration of the “actual” annealing a MD simulation is imple-
mented at constant energy (and at the “final” temperature of
this interval) using the LAMMPS code, the total simulation
time of MD will be the same as the structural relaxation time
(similar to the relaxation time of the coordination defects®) of
the surface at the corresponding temperature. At the end of
this annealing-relaxation cycle a final structure will be ob-
tained, which we will denote by "a;". This structure @; is used
in the following cycle. Performing all the prior in sequential
manner, a temperature of 2200 K will be reached and the final
configurations @; (i=1,...,6) will be obtained. It is important to
mention that in the succession of these cycles, in each one of
them, finalizing the annealing process the box dimensions are
adjusted in order to obtain the associated density to the tem-
perature in question; although the adjustments of the dimen-
sions are despicable due to the insignificant value of the volu-
metric dilatation of the S5iO,. Also, the same geometric strategy
is used as expressed in the subsection 2.2.

At last, having the system at a temperature of 2200 K (after
having applied a relaxation to this temperature), the SIESTA
code is proceeded to apply with a total time of simulation of
0.27 picoseconds and with a time step of 0.1 fs, to realize the
calculus of the electronic density of states, electronic charge
distribution, topological and bond defects, to each of the final
structure @; in each of the selected temperatures that the sys-
tem went through until reaching the glassy transition tempera-
ture (T,= 2200 K, theoretic value™ and for this cooling rate 4.4x
10” K/s). The results of these ab-initio calculations are pre-
sented in section 4.

3  LAMMPS AND SIESTA SIMULATION

3.1 LAMMPS Code: The Classical Molecular Dynamic Simulation (Classical
Simulation)

The Verlet[25] algorithm was used for integrating Newton's
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3N equations of motion (N is the number of particles). Howev-
er, because of the sharp curvature of the silicon-oxygen poten-
tial, it is necessary to perform a short time step of 1x10™ sec-
onds, which will be used to effectuate an exact numeric inte-
gration[26]. In this scheme, the expressions for the positions of
the atoms (and the velocities) are in function of the accelera-
tion, which is obtained through the gradient of the Feuston
potential[5]. It is important to mention that this simulation is
effectuated in a microcanonical ensemble (NVE constants).
This algorithm will be used in the melting and relaxation
process, with the condition of that each scaling was restricted
so that the velocities did not increase more than 10 % upon
heating or decrease more than 3 % upon cooling. In addition,
considering the external pressure, pex, equal to zero. On other
hand, in the lineal annealing a rescaling of the velocities will
be used in each time step, and adjusting them to the target
temperature, using the potential mentioned before.

3.2 SIESTA Code: The ab-initio Molecular Dynamic Simulation (ab-
initio simulation)

For the SIESTA, we used conventional pseudopotentials for sil-
icon, hydrogen and oxygen and the PBE and LYP ex-
change-correlation functionals[16],[27], respectively. The elec-
tronic wave functions were expanded in a plane wave basis set
with an energy cutoff of 160 Ry and the equation of motion
were integrated with a time step of 0.1 fs for 0.27 picoseconds.
It is relevant to mention that in this code it is enough to realize
a number of interactions from 8 to 12 (depending on the num-
ber of particles in the system) in the field of selfconsistency as-
sociated to the equations of Kohn-Sham and implementing the
pseudopotentials in the ab-initio calculus[17],[28]. This makes
that the calculations in the simulations of the ab-initio MD be
relatively quick and exact, because of how the SIESTA[17] was
constructed. It is important to mention that the calculation of
the electronic density of states, electronic charge distribution,
and topological and bond defects, all of them are calculated at
the end of the running (that is after the last iteration of the
self-consistent cycle and for the final geometry). In an analo-
gous way, as the classical molecular dynamic is considered
Pext= 0.

4 RESULTS AND DISCUSSION

To each and every one of the surfaces @;'s (obtained in the sec-
tion 2) are applied the SIESTA code within a microcanonical
ensemble, and at the end of each run the electronic and struc-
tural properties were calculated. Each of the a;'s have 103 mo-
bile atoms and 41 immobile in a simulation cell approximately
11.51x11.51x23 A® thick. The structure of each of these surfaces
was then studied in detail, with particular attention to the type
and number of defects, e.g. topological defects such as two-,
three-, and four-membered rings[29], and bond defects as de-
termined by the presence of under- or over-coordinated atoms.
Also, the electronic density of states and electronic charge dis-
tribution were analyzed. Two ratios of 2.0 and 2.5 A were used
as cutoffs, R.'s, for defining the nearest-neighbor shell about
each atom with the number of bonds corresponding to the
number of atoms within this shell. For the analysis and discus-
sion of the results, each surface was analyzed in rectangular
volume elements (layers) parallel to the surface. The topmost
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layer corresponds to the z boundary of the mobile atoms and
we put z= 0 A on the outermost atom (that in general is an
oxygen atom) while the subsurface layers are assigned nega-
tive z values. The defects were analyzed in terms of the indi-
vidual layers Ly, corresponding to the rectangular volume el-
ement whose lower and upper faces were located at —(m+1)
(1.07) and —(m) (1.07) A, respectively (with m=0,...,6, see fig. 1
(b)). The effect of the arbitrarily chosen layer thlckness (1.07 A)
on the results presented below have been minimized by aver-
aging over the 10 different surfaces corresponding to the re-
garding o;. We will denote this statistical process as "average
surface" A;. Next the results the bond defects will be presented
associated to each one of the A S (1— ., 6).

" oo Teonrd |
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- b W &

T

Luvu‘ L

Fig. 2. (&) The different coordinations of the surface A; as-
sociated to the R.= 2.0 A showed in the main figure, as well
as, the relative percentages in each of the layers (Li's); in the
inset for the associated to the R.= 2.5 A. In a successive man-
ner to figure (f).

In the A, and A, (fig. 2) is observed in the main figures that
in the layer 1, L, the influence of the nonbridging oxygen
(NBO)®, one-coordinated oxygen, in the following layers the
under-coordinated oxygen and silicon are present in notable
percentages. However, for R=2.5 A (inset) it can be noticed
that in the initial and intermediate layers the influence of the
over-coordinated oxygen and silicon (in less amount for this
last element) and also reasonable percentages of under-coordi-
nated silicon. Also, the percentage of two-coordinated oxygen
is more than the four-coordinated silicon. It can be observed
that the amount of oxygen atoms is higher than that of the sili-
con in each layer. For A;, again the predominance of the non-
bridging oxygen at the beginning, in the intermediate layers
the influence of the under-coordinated silicon can be noticed
the same as of the over-coordinated oxygen, it is again notori-
ous more percentage of two-coordinated oxygen than four-co-
ordinated silicon. Now for A, a presence of under- and over-
coordinated oxygen can be visualized at the beginning, in the
intermediate layers appreciable percentages of over-coordinat-
ed oxygen and under-coordinated silicon, but also percentages
of the nonbridging oxygen (in the different layers). Further-
more, the appearance of a relation of percentages between
two-coordinated oxygen regarding a four-coordinated silicon
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(approximately 2 to 1, respectively). For As is very similar to
A,. Finally, for A, in the layer L; the existence of nonbridging
oxygen, in the intermediate layers a greater percentage of un-
der- and over-coordinated oxygen regarding the under-coordi-
nated silicon. In some layers, the percentage of two-coordinat-
ed oxygen is the same as a four-coordinated silicon, but in the
L;, the relation 2 to 1 of the these previous coordinations is es-
tablished. In all A;'s the number of atoms of oxygen is greater
(or almost the same) than the ones of silicon for all the layers.

From the prior analysis of each of the layers for the A;'s and
of the experimental and theoretical[6] interest we will focus on
studying in the three first superior layers the electronic charge
distribution of each atom that conforms the bond defects rep-
resentative in each one of them. In the layer 1, the nonbridging
oxygen; in the L,, the three-coordinated silicon; and in the L,
the three-coordinated oxygen (see fig. 3). All in function of the
A/’s. Next these results are presented:

0, A0
d

\,,) Si, ASi
Oy, 80
diy, o

03, AO3

Si]_, ASi;
d3

0,, A0

Fig. 3. In the layer 1, L., the nonbridging oxygen is shown
gNBO), the atom of oxngn (O) more external and the silicon
Si) bounded to it. At the side of each symbol that represents
the atom, is the variation of the corresponding electronic
charge, A. The symbol d represents the longitude of the bond.
For the L, the three-coordinated silicon is indicated and the
same notation is used as in the L,, the w, represents the angle
between O,-Si-O,, in an analogue manner for w, and ws. In the
layer Ls, the three-coordinated oxygen is shown and the nota-
tion is the same that was previously used.

For L,, in the different Aj's are observed (see table 1), that
the charge variation for oxygen is an excess of electrons, if it is
compared with the other atoms of the other layers. However,
the deficiency in electrons for silicon is similar to the ones of
the other layers. (It should be mentioned that the variation of
the electronic charge is the total net charge, A, of the atom: the
variation from the neutral charge, in units of lel: positive
(negative) values indicate deficiency (excess) of electrons in
the atom). The shrinking of the Si-O interaction distance for
the different A, s is notorious (the bulk value is 1.62 A). For
the L,, we notice a slight elongation of the Si-O bond, indica-
tive of strain[6]. It can also be observed that the angles Wi, W,y
Ws are in the interval variation (expressed in [31], for the bulk
case). It is interesting to notice that starting from the A, the
angle W, tends to the two-membered ring (vitreous silica sur-
faces[6]) and angles W, and W; tend to the angles of the three-
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and four- membered rings, respectively (amorphous silica sur-
face[9]), in a similar way the magnitude of the Si-O bonds
tends to their corresponding in these rings[6],[9]. We can see
that the electronic charges AO; y AO, are almost identical start-
ing from A,. Finally, for the Ls;, we observe that the lengths of
the Si-O bond are in the range of the variation of the associat-
ed values to the bulk[31] case. It is also noticed that atoms that
are “further away" from the O (taken as a reference in this co-
ordination) possess greater negative charge, as it is for the O,,
or greater positive charge, as it is for Si;; unlike of the near
atoms to Oy, as it is for Si;. This makes us think that the further
away atoms interact with others, which permits them to in-
crease or diminish its charge, depending which is the corre-
sponding atom.

Table 1. The values associated to each one of the physical
guantities indicated in the fig. 3, in function to the average sur-
faces A's. The value of d is expressed in A, the variation of the
electronic charge, A, in units of |e] and w in grades, see text.

cycle A, Az A Ay Ag Ag

NBO d 166 157 151 158 1.6 |15
AO -023 -043 -047 048 04 | -0.43
ASi 055 05 052 051 0.55 0.57
3- d, 166 16 169 172 1.76 1.58
E&?crjlj:‘at“d & 176 169 169 175 |1.78 171
d; 184 169 172 183 1.79 1.98
loy 105 1051 1024 90.1 88.8 |96
lwp (117 [119.7 107 1176 114.6 |102.7
o; 1338 1344 1093 117.7 |117.4 131.3
AO; -023 -023 -022 -0.25 |-0.27 -0.29
A0, 034 -029 024 027 027 03
AO; 037 -037 032 03 -0.29 -0.34
[ASi (055 (06 (0.63 0.62 0.62 0.63
'3- d, 231 163 [155 1.68 |1.75 |1.58
g’x"i;d:l‘:md :d: :1.34 :1.75 :1.52 1.89 :1.78 :1.76
d; 16 |19 171 172 |1.81 1.97
(A0, 02 |-024 02 025 027 -301
[AO, 037 -031 024 03 -0.29 0.3
|ASi, 055 05 |0.58 0.51 0.55 |0.57
|ASi, 066 062 - 062 062 0.63

Now, we will analyze the topological defects according the
A's and we will focus on the two- and three-membered rings,
due to its experimental and theoretical importance. In the case
of the two-membered ring, there are two different structures
in the superior layers (see figure 4). At the top, the axis system,
the "real" position and the layers that comprise this ring are in-
dicated, likewise, the torsion of the structure (which is de-
scribed by plane Si;-O,-O,and being outside Si, of this one by a
torsion angle 8), showing that it is not coplanar. The left side,
show the rotated structure, the magnitude of the Si-O bonds
and the Si-O-Si interaction angles; the right side, indicate the
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variation of the electronic charges of each one of the atoms. It
is interesting to note that when the oxygen charges (in an anal-
ogous way for the silicons) are relatively identical the structure
is a "parallelogram”, fig 4 (a), and in a contrary case, the form
is "irregular” (see figure 4 (b)). Besides, these structures appear
until Ae, and that is because this structural configuration re-
quires a great of torsion energy for its creation, this energy is
supplied through the annealing-relaxation process; likewise,
the system in A, gets closer to the T;. For the case of the three-
membered ring can be correlated with the three-coordinated
oxygen, if one considers the O, of the figure 4 (c) as the refer-
ence atom and considering table 1, we can see that there is a
correlation between the electronic charges and the magnitudes
of the Si-O bonds of this coordination and the three-mem-
bered ring, respectively. This is according to results of the liter-

0.

7 y Si
1—> ’ BN
36.8° j

Ls

0,40, =0.276
N s1,a8, 0881

Si,A8,=0.583

0,,A0, =-0.212

Sl,,AS, =0.627

g/ Sl,,a8l, =0.508

0,40,=0.267 0,,40,=-0.269

Siy 0,40, =0.212
.”)Eil,asi] =0.627

sl SI, 881, =0.581
/50, =0.269

380, =-0.260

() " 81,481, =0.506

ature®. In addition, this ring began to appear from A,.

Fig. 4 (a) and (b) show the two-membered rings, and (c) the
three-membered ring. Also, the magnitudes of the Si-O bonds
(expressed in A) and the O-Si-O interaction angles (in grades).
Furthermore, the variation of the electronic charges of each of
the atoms and the torsion angle, 8, expressed in grades, see
text.

Now we will analyze the electronic density of states, see fig.
5, we notice that as the A;'s vary, the distributions only slightly
move to the left, even though its general form is almost identi-
cal and with a band gap of 2 eV approximately (from -16 to -14
eV). The common characteristics of the DOS in fig. 5 result
from the similar short-range order in the various forms of SiO,
(the states of these SiO, systems are explicitly described in [31]
and [32]). Besides, the band gap in SiO, systems is susceptible
to the aspects of structural disorder and thermal
vibrations[31], and as shown in this present work, also to the
structural configuration of the system.

5 CONCLUSIONS

This work shows the relation between the topological and
bond defects with electronic charge distribution of each the
atoms that constitute to them, as the temperature varies, per-
mitting a complete description of the system in function of the
temperature (each A is related with a specific (average) tem-
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perature). Both properties, structural and electronic, will per-
mit us establish the rising of a global structure, and also for
the association to the rings and the relation of these with the
respective coordination (for example, this happens in our work
starting from A,). All according to the system tends to T,.

.-10....0....10
Energy (eV)

PR
-20

Fig. 5. The density of the electronic states (DOS) for the differ-
ent ?i’s. (Calculated at the end of each run (after 0.27ps), see
text.

The dependency of the electronic density of states, in respect
to the temperature indicates a gap of approximately 2 eV as
the temperature varies. This is because a systematic relaxation
was permitted to the system, and the influence of the struc-
tural configuration of it.

Therefore, the vital importance of the interaction between
the structural and electronic properties is manifested, and the
manner in which the system was obtained (the systematic and
strategic way of applying fast cooling). All the previous can fa-
cilitate the predesign of the structural and electronic proper-
ties of the system for the specific objective. This last one is part
of our next work.
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