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ABSTRACT

We present a molecular dynamics study of the activation energy of a vacancy
in a monolayer of xenon with two and three degrees of freedom, in the latter

case in the presence of a Ag(111) substrate.

The large activation energy decreases with the third degree of freedom. The
1 inimum energy trajectory between two lattice positions is given. In the three

dimensional case the activated atom dips while the neighboring atoms rise.

With temperature the activation energy increases by about 10 percent from 5

to 65K in both the two dimensional and three dimensional cases.

The interaction between two vacancies has been investigated. This interac-
tion is attractive, long-range and strong, similar in depth to the interparticle

interaction.
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Chapter 1

INTRODUCTION:

The recent progress in Condensed-1natter physics has permitted the develop-
ment of materials, experimental and theoretical techniques for studying mono-
layer filins on uniform surfaces. This has attracted tlie interest of many theo-
rists and experinmenters throughout the world.

The first systems to show clear two-dimensional gas-like features were semi-
soluble oil-on-water films, in studies that {1] began in the 19th Century and
continued after that,

The simplicity of the rare gases has allowed straight-forward intuitive consid-
erations as well as explicit microscopic calculations. Many techniques have
heen applied to rare gas monolayers and bilayers so that a lot of detailed infor-
mation about the structure and the phases is available. The two-dimensional
rare gas solids have continued to be an active and productive area of research.
There have been many studies of adsorbed rare gases on substrates particu-
larly, graphite. The introduction of dynamical simulations (2,6,7] helped the

diseovery of many interesting properties of these systems.



Important questions remain unanswered after all these experiments.

In the study of atomic monolayer and in particulary rare-gases, one of the
important points is the presence of vacancies which are common in monolay-
ers, more so than in bulk solids because thermodynamic equilibrium in the
former involves exchange with the external environment as well as entropic
considerations. Vacancies are particularly abundant in physisorbed monolay-
ers, in which the concentration can be as high as 10 percent before the melting
point is reached [3].

The perception was that because it is a local defect its influence should be
small. The role of these vacancies until now has been ignored. But recently
it was shown that the presence of vacancies at concentrations of just a few
percent can have profond consequences on the structural properties of & mono-
layer below the melting point [4]. The interest of this, is that these vacancies
could play a part in phase transitions.

‘The important question which we ask is: With what facility does the va-
cancy move on the surface of the monolayer with and without a
substrate 7 Which is important in diffusion phenomena. A key parameter
in determining the diffusion rate is the "Vacancy migration energy” or ” Acti-
vation energy of a vacancy”. This is the subject of my research.

The vacancy migration energy was introduced by Johnson [5]. In his work he
simulates the positional interchange between a vacancy and onc of its nearest-
neighbor atoms. He also led the discussion on migration energy calculation
techniques.

We used the same procedure to study the minimumn energy trajectory of an
atom between two sites for the two cases:

First for a two dimensional ideal xenon mouolayer without a substrate. Sec-

oncly for a three dimensional xenon monolayer adsorbed on the surface { 111)

2



of silver.,

As well we describe the temperature dependence of these energies.

The calculations of the variables of interest were made by a molecular dynam-
ics simulation program.

The procedure to calculate this activation energy consist first in creating a
vacancy in our system and letting the system reach a thermal equilibrium in
presence of this defect. The second step is to move one of the nearest-neighbor
atoms towards the vacancy and obtaining an equilibrium state for different
displacements of the atom. This generates the minimum energy trajectory of
an atom from one site to the other. The maximum in this trajectory is the
activation energy of the vacancy. The details of this calculations as well as for
the vacancy energy are given in chapter 5.

The monolayers can appeuar in many forms with various interactions. We fo-
cus on monolayers formed of atoms interacting with spherical potentials of

Lennard-Jones form, specifiquely Aziz form, see chapter 2 for details.

The last part of our work considers the effects of the modification of the in-
teraction between a defect and its neighboring atoms due to the presence of
another defect, in our case the defect represent a vacancy. This was presented
by the interaction between two vacancies. An introduction and a historical
perspective of this problem is given in the introduction of chapter 7.

This interaction between two vacancies was described by the difference be-
tween the energy of two vacancies and two times the energy of one vacancy.

This problem was sreated only for a two dimensional xenon monolayer.

Chapter 2 @ Provides some knowledge of our system of interest and the in-

teraction potentials used to deseribe the interaction between xenon atoms and



the interaction of each xenon atom with the surface of the substrate which is

silver.

Chapter 3 : Presents a summary of the dynamics simulation methods for

different microcanonical and canonical ensembles.

Chapter 4 : Describes the model and the conditions used for our caleula-

tions. This chapter also provides the conditions for choosing the method of

simulation.

Chapter 5 : Describe the energy calculation methods for the different energies
( Vacancy energy, Activation energy of a vacancy) and gives an introduction

of the definition of the activation energy.

Chapter 6 : Result and discussion of the activation energy, vacancy encrgy

and the temperature dependence of these energies.

Chapter 7 : Presents an introducion and the definition to the interaction be-
tween two vacancies in a two dimensional Xe monolayer as well as the results

and a discussion.

Finally, we give a summary of the conclusions that can be drawn from our

calculations.



Chapter 2

SYSTEM OF INTEREST AND
INTERACTION POTENTIALS

2.1 Rare Gases :

Between 1894 and 1898 Lord Rayleigh, W. Ramsay and W. M. Travers (8]
discovered the elements helium (He), neon (Ne), argon (Ar), krypton (Kr) and
xenon (Xe) known as RARE GASES. .

The condensed rare gases have been extensively studied for the last half cen-
tury. The first application in the concept of binding, crystal structure and
lattice dynamics in most elementary texbooks of physics and chemistry are
made using condensed argon, krypton and xenon. This is because the inter-
actions are simple and well known. Only interactions between pairs of atoms

need to be considered, The interactions are spherically symmetric with a Van

der Waals interaction



2.2 Adsorbed Rare Gases:

2.2.1 Introduction:

The adsorbed gas systems depart from ideal two-dimensional systems in two
respects : They have important interactions with the substrates, and they
display phenomena associated with the formation of more than one layer of
adsorbate.

The adsorbed gases provide an almost inexhaustible number of possible com-

binations of substrate and adsorbate. There have been many studies of such

systems.

2.2.2 Experiments:

In the late 1960’s Thomy and Duval carried out accurate vapor pressure
isotherm measurements of krypton and xenon physisorbed onto the basal planes
of graphite. These measurements revealed that the rare gas atoms adsorb onto
the surface, atomic layer by atomic layer and the density on the surface may
be controlled in equilibrium .

Much of the recent experiments have dealt with adsorption on graphite. As
a result they found that in the graphite system the modulation of the ad-
sorbate atom potential by the discrete structure of the surface has important
consequences and leads to registry-disregistry transitions and rotational align-

ment. These effects have been observed and have been treated theoretically by

6



9,10,11,12,13,14).

When noble gases are adsorbed on a metal surface, the ordered phases may
be cither in or out of registry with the substrate structure depending on the
metal and its surface orientation.

Some of the experiments were done for the Xe incommmensurate triangular
lattice on the close packed (111) surface of silver . This interesting system
has shown that there are no effects of the lateral forces on the adsorbed atom
from the discrete substrate structure. It appears that the gas is adsorbed on a
smooth diclectric continuum. This then provides a simpler test of our under-
stancding of adatom-adatom interactions and the statistical mechanics of the
2D phases without the complications of the registry forces.

Chesters [15] first observed that Xe monolayer on Ag was a triangular lattice
incomnmensurate but aligned with the substrate.

_Cohen,, Unguris and Webb [16] studied this system with low energy electron
diffraction. They observed that the lattice compressed as the coverage ap-
proached one.

Recent synchrotron studies of xenon on the (111) face of silver [17] provide

further evidence that xenon melts into an intrinsic hexatic phase.

Several questions remain after all these experiments which indicated that fur-

ther experiments on the Xe-Ag(111) surface are worthwhile.

-1



2.3 Potentials of interaction :

We can represent the total potential energy U for a given configuration of N

Xenon atoms r;, (i=1,2,.......,N) above a substrate surface of Silver in the form

(18] :

N N
U= E q’.Ye—Xe(lri - rjl) + ;1 ‘II.Ye—-Ag(lll)(zi) (21)

1>]

Where the surface (111) of silver is represented in the plan (X, Y) and z; is the
positions of the xenon atoms along Z axis from the surface of the substrate.
Simple pair-wise additivity of the interatomic interactions is assumed for the
first term xenon-xenon interaction. In order to reduce computational time in
the evaluation of the potential energy, certain approximations and procedures
were implemented.

The second term of the equation (2.1) represents the interaction of each xenon
atom with the surface (111) of silver. We choose surface (111) of silver as
substrate because we know that the potential of absorption for silver is almost
flat, i.e. the potential of interaction of xenon atoms with the surface of silver

can be given as a function only of the separation of each atom of xenon with

the surface of the substrate.

The Hamiltonian describing an assembly of particles adsorbed on a surface
has two ingredients: the mutual interaction between adsorbed molecules of Xe
which represents the first term of the equ. (2.1) and the internction of each

particle with the surface of the substrate in our case Ag |

8




2.3.1 Adatom-adatom Potentials:

As first approximation, we could use the Lennard-Jones 6-12 pair potential:

Via(r) = e [(g)” - (%)6] (2.2)

where,

= represents an energy,

Qa ™
|

= represents the effective radium of the potential,

25 repulsive term,

4la 1Q
S S’

o~ —

= dipole-attraction, most important part of the potential

The parameters ¢ and o for the potential (2.2) are given for the interaction

Xe-Xe in table 2.1 {19)

We can obtain a potential of greater precision for our system Xe-Xe. The bare
pair potentials have been chosen to follow the Aziz form [20], which consists
of a short-range closed-shell repulsion derived from a self-consistant Hartree-

Fock ealeulations (Virial Coeficients), the potential will be represented by the

9



Table 2.1: Parameters for the Morse-Van der Waals model of the Tare-gos

Xe-Xe interaction

Parameters | e(R) | o(4)

expression:

V(ir)=¢

where,

Flz) = exp[-(2-1)?}) ifz <D
otherwise

and,

T =

L
L

ftm is the separation for the minimum in the two particle interaction potential,

6:Cs and C)o the dispersion cocfficients. Inu the case of the Xe-Xe inter-

10
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Table 2.2: Parameters for the interatomic potentials

cxenee T —
Parameters Xe-Xe
e/ kB(KT- 282
R.(A) 4.36
A 0.1215312 10®
a 16.496763
5 2.40
Ce 1.1561739
Cs 0.5414923
Cuo 0.2839735
D 1.28
]

action we used the Kr-Kr potential [20] scaled to an appropriate well depth
¢/ky = 282K and length parameter R, = 4.364 as in [21].

F and 27 explain the cuultribution of short-range and long-range interactions.
The resulting potential parameters are given in table (2.2) [22,23,24].

The potential used for the interaction Xe-Xe is given by figure (2.1).

The effective range of the full pair potential is 3a in our case, about 134
[25], which includes 36 neighbours in the perfect lattice. This is one of the
approximations and procedures used to reduce computational time.

lu the two-dimensional ideal monolayer, the potential U7 which is given by the

equation (2.1) will be represented by V() .

11
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2.3.2 Surface Adatom Potentials:

The interaction of a physisorbed atom with a surface is represented by the
potential V, which is given by the contribution of short-range repulsion, V, ,
and long-range attraction, Vo .

The pritential Vo is due to polarisation and is analogued to the Van der Waals
dispersion interaction:

Voal(r) — =C3/2° (2.6)

this potential is independant of the microscopic surface structure , C; depends
upon the macroscopic properties of the surface and the characteristics of the
adatom, In case of bilayers and trilayers which is not our case, the potential

Vyoi can be represented by:

- Cs Cs 9
Vool = T(z-AP  (z- AP (2.7)

In this case the origin of the 1/z% and 1/z° behaviour is the distance A,
where A = d(111)/2 =~ 1.184, the parameters C3 and Cs will be given in
table(2.3) for the system Xe-Ag(111) [26,27).

The procedure assumes that Y, which represents the short-range potential is
proportional to the surface charge density [28] and suggests that V, has the

foru;

V, = 4 exp(—n(z — 20} = D(z,y)) (2.8)

where D(z,y) contains the surface corrugation effects , in the case of Xe ph-
ysisorbed on the compact Ag(111) surface we ignore this factor.

We choose to fepresent V, + Voo by the Morse function:

Vin = €exp(-n(z — 2)) — 2 exp(~7 (2~ 2)/2)] (2.9)

13



Vi will be used in monolayer adatoms, while bilayers and trilayers are as-
sumed to interact with the surface via Y,y given by the equation (2.7).

The parameters of V,, are given in table(2.3). We note that ¢ is closely re-
lated to the latent heat of absorption, zg is the minimum in the adatom-surface
sepa.;-a.tion and 7 is determined by the Einstein-like photon frequency for the
monolayer {29]. V,, is shown in figure(2.2).

Adatom-surface potentials for the monolayers are represented by a Morse fune-
tion whose well depth and curvature are parametrized to produce the latent
heat of coudensation and the frequency of the dispersionless phonon branch
with atomic displacements perpendicular to the surface. The pariumneters of ¥

m

have been obtained in a self-consistent fashion using the measured properties

of the monolayer.

In the three-dimensional adsorbed monolayer, the potentinl I/ will be repre-

sented by V(r) + Va(r).

14
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Table 2.3: Parameters for the Morse-Van-der Waals model of the rare-gas

Ne-Ag(111) interaction ( 1MeV = 11.6 kg(K) ).

Parameters | Xe-Ag(111)

e(MeV) 159.6
n 0.92
Z0 3.53
Cs 3590
Cs 6390
A 1.20




Vz (K)

Potential for the inferaction of Xenon with (11M)Ag

~500

-1000+

=1500 -

-2000

QJ-d-cqqq—qqnc—-q\--q-—--—u-q—-uq-\—-.-.--q-.-—q---.-q-—------dq_T---

2 25 3 35 4 45 5 55 6 66 7T 7756 8 856 8 985 10

Z (Angstrom)

Figure 2.2: Morse-Van der Waals potential for the interaction of Xenon with

the (111) surface of silver.
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Chapter 3

MOLECULAR DYNAMICS
SIMULATIONS METHODS

3.1 Introduction :

In recent years it has become possible to solve Newton's equation of motion
for systems of several interacting particles and to investigate the dynamical
correlations in complete microscopic detail of the phase trajectory of the sys-
tem. This technique is usually referred to as Molecular Dynamics. The
first molecular dynamics caleulations were made by Alder and Wainwright [30]
using hard-sphere and square-well potentials.

We will treat some interesting methods which relate to the dynamics of atomic

systems,

17



3.2 Equations of motion for atomic systems:

In this chapter we try to define in brief the techniques of molecular dynamics
used to solve the classical equations of motion known as Newton equations for

a system of N atoms interacting via a potential U as in equation (2.1);

d (oL oL
@@ e

Known as the Lagrangian equation of motion.

The fundamental form is:

The Lagrangian £(q,q) is defined as :

.\ _ < P}
K(q,q) = gl 2 (3.3)

Where K(q,q) is the Kinetic energy and U{(q) is the potential energy given by
the equation (2.1). qy are the generalized coordinates, &y thejr time derivatives

and p the generalized momentum conjugate to q;. The momenta are defined

as :
oL
= — 3.4
P = 5e (3.4)
If we consider the Cartesian coordinates ry the equation (3.1) becornes:
F,L- =my 'l:;, (35)

Where m;. and F;. the mass and the force of the atom k. The force of the atom

1s defined as:
Fr=g—=—-2 (3.6)

The Hamiltonian in the coordinates (p, q) is given hy:

N
H(p,a) = Y_ qu pr — L(q,q) (3.7)

k=1

18



Finally the Hamiltonian equations of motion are :

_— = 3.8
dt Ops m (3.8)
dpe _ _OM _OU(r) (3.9)

dt ory Ork
All the algorithms start with the same equations of motion, Newton’s equa-

tions.

3.3 Molecular Dynamics methods:

The molecular dynamics methods operate most naturally in the microcanon-
ical ensemble (Rahman [31], Verlet [32] ). Extensions of these methods to
other ensembles have been introduced in recent years (Kushik and Berne [33],
Andersen [34]). The particle motions in molecular dynamics simulations are
determined by numerically integrating the equations of motion . The time
increments in the integration are called time steps and involve moving each
particle. The choice of the length of these steps must be made so that they
arc in the order of real microscopic time scales of the system. In our work we
ran the program for 5000-‘10000 integrations steps of length 2.0 10-'* seconds

in two dimensions, in three dimensions we used 2 length of 1.0 10~!* seconds

for more detail.

3.3.1 Molecular Dynamics Algorithm:

All the techniques have the sane procedure and can be described by the same

algorithm as followed :

19



Algorithm:

Step 1 :  Specify the initial positions ry(t) and
the initial velocities vy ()
[ SETIS, POTEM, DISVIT |.

Step 2 : Evaluate the force from the potential energy and
hence acceleration a; = f;/m;, from the

current positions [ FORCE, FZ ].

Step 3 :  Obtain new positions, velocities, accelerations
etc,,at time ¢ + At, using the current values

of these quantities. [ MOUVE2 or MOUVE3 ].

Step 4 : Calculate any variables of interest, such as the
Energy, Pressure, Lattice-parameter, cte. Prepare
the accumulation of time averages, before
returning for the next step At [ FORCE, FZ
, MOUVE2 ]. Return to "Step 2".

[SETIS, POTEM. DISVIT, FORCE, FZ, MOUVE2, ete.] see Appendix B.

20



3.3.2 Microcanonical (N,V,E) ensemble :(Verlet)

Ensemble of constant number of particles, N, constant volume, V, and constant
cnergy, E, the equations of motion were integrated using the "leapfrog” form

of the Verlet algorithm [32].

At At At
vi(t + —9—) = vt — -—2—-) + Fi(t) — (3.10)
At

ri(f + At) = rp(t) + +vi(t + T) At (3.11)

_ At (4 AL
vi(t) = 2 Q)ZVL(H 2), (3.12)

Where,

At ri(t) — ri(t — At

vi(t — =) = (t) A"E ) (3.13)

The modifications to the basic Verlet algorithm which is called half-step "leapfrog”
have been proposed for programming advantages. Numerical benefits derive
from the fact that at no stage do we take the difference of two large quantities

to obtain a small one; this minimizes loss of precision on a computer.

If we introduce (3.10) and (3.13) into (3.11) it becomes;

At?
ri(t + At) = 2r,(t) — re(t — AL) + Fi(t) ey (3.14)

With this algorithin the velocities are not required but they may be evaluated

by the central difference formula.
We keep repeating this procedure for NPAS steps until we reach the equilib-

vium. The energy E is the total energy (potential and kinetic).

21



3.3.3 Canonical (N,V,T) ensemble :(Rescaling of veloc-

ities)

The only modification is that velocities at the previous half-time step are

scaled;

vilt+ 3 = vilt - 2 B+ R 2, (3.15)

The equilibrium (thermal equilibrium) process is performed by integrating the

equation of motion for a certain number of MD steps, the integration process is

then stopped and energy removed or added by a readjustment of the velocitics

to maintain constant temperature, and the process continues. This is done by
scaling all the velocities with the parameter j;

2 3(N-1kgT/m

‘B = N 2(t — &t

L=t Vi( 7 )

for the positions ri(t + At) same as equation (3.11).

(3.16)

3.3.4 Canonical (N,V,T) ensemble :(Damped Force Method)

The Hamiltonian equations will be modified;

ey -a B (3.17)
% = {-’nﬁ (3.18)
@ 1s a constant , in th_is case we require for a constant temperature that;
% = (3.19)
since N
-3 E ’(7\; likIF;kI.:B’ (3.20)

22
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the derivative of T gives;

dT 2 TN 4. Pk

—_—= 3.21
dt ~ 3m(N-1)kg’ (3.21)
if we substitute (3.17) into (3.21);
dT Zf:[ (FL Pr— & 2,-,,-.k pk)‘ (322)
dat 3m(N-1)kg
and from the equation (3.19) and (3.22) we get;
N
= T T Tk P (3.23)
Zk=1 Pk Pk
The equation (3.10) now becomes;
At At
vi(t + —-) = vi(t - ?) + Fk(t) — —a V;.,(t) (3.24)

the projected velocity v’ ;. which is different from the constrained velocity v
is given by;

At At
Vi) = vt = ) + Fult) 5 (3.25)

if we substitute the equations (3.12),(3.15),(3.24) and (3.25) we can find a

relation between o and £;

1
= — 2
s l+aft (3.26)
the equation (3.24) hecomes;
At At At
Vit + ) = vi(t =5 ) (2 - 1) + A F(t) — (3.27)

in this situation we do not need to calculate . The parameter 8 for the

equation (3.27)is given by;

3(N-1)kgT./m
2?:] v/ ?c(t)

This method ensures that T(t) is constant at every time step.

32 = (3.28)
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3.3.5 Canonical (N,P,H) ensemble :(Andersen’s Method)

Andersen’s method [34] consists of maintaining the pressure for any given sys-

termn.

The Hamiltonian for the system is given in terms of scaled variables as new
coordinates:

23 N N N 1131_2
Y mpeprt 33 Mou V)5 MV () +PeV (1)

k=1 k=1 k>!
(3.29)

Where V is the volume of the system, M is a constant which behaves as an

H{ou} ) Vi V) = 2

2

inertial "mass” for the change in volume. Pg is the external pressure. The first
two terms of the Hamiltonian (3.29) are equivalent to the internal energy of
the particles of the system; The third term is a kinetic energy for the motion
of V, and the fourth represents a potential energy associated with V.,

A physical interpretation can be given to the Hamiltonian. If we suppose that
example our system is a fluid in a container of variable V. The fluid can be
compressed by a piston, PgV is the potential derived from an external pressure
Pg acting on the piston, and M is the mass of the piston. Our Hamiltonian
is a form of enthalpy. As it is known that the enthalpy is the appropriate
thermodynamic potential that needs to be minimized for a process done at

constant pressure.

The ensemble average (H(t)) differs from the enthalpy of the N-particule sys-

tem by % kg T which is the average kinetic energy associated with the volume
fluctuations i.e {1 M V(t)).

The scaled variables (p,, p,) can be expressed as:

Py = i (3.30)



dp, — Pk
dt m V1/3

Each component of p, is a dimensionless number between zero and one.

(3.31)

The equations of motion will now be coupled. In Newtonian formula they

are:
d%p, | 2dp, (dInV
— - 3.32
di* mV/3s 3 dt d /'’ (3.32)
&V P~ Pg
oy (3.33)
With P calculated fromn the virial theorem:;
1 N 1 N N
P=r—= | X —PePr+ ) ruFy (3.34)
3V \imm k=1 k>l

Where ryy = ri — r; and Fjy is the force on atom & due to atom 1.
P represents the calculated pressure in the system for each step of time. At
equiliblum the average (P(t)} is equal to Pg for constant pressure. (see Ap-

pendix A for calculation details.)

In equations (3.32) and (3.33) the volume plays the role of simply another
dynamic variable, while the volume fluctuations do not disturb the equilib-
rium of the system.

The molecular dynamics 1;1'ocedure in this case will be described in two steps:
first, is to solve the coupled equations of motion, Eqgs. (3.32) and (3.33), the
second step in the procedure is to transform the trajectory from the scaled
coordinates to the unscaled coordinates using Eqs. (3.30) and (3.31). .

We cannot integrate the equation (3.32) because of the term p,. However,

this difficulty can be overcome by transforming the equation into cartesian

coordinates,

[

1p,. .
dpy 1 (dn lr.dan) (3.35)



from the equation (3.31) we get;

pr  drg lrdan
dt

(3.36)

A similar problem exists in the integration of (3.33). The approximation used

is applying Verlet’s algorithm to momenta rather than positions and ignoring
the term in A#? . This gives us :
At?

V(t+ At =2V(t) = V(t - At) +(P(t) - Pp) 7, (3.37)

dV(t) _(V(t+ At) = V(i - At))
dt 2 At '

(3.38)

The "leapfrog” algorithm for updating the velocities becomes;

' 2
vk(t+%) = vi(t - At)+ (Fk(t) + ri(t) (dlnd‘;(t)) )

d?V (1)
2 3V(t) -
(3.39)

di?

At

[SCR ]

‘The other equations stay the same.

The value of M affects the fluctuations in the unscaled volume V, this value
will also effect the rate at which the system approaches equilibrium.
Andersen has suggested that it would be appropriate to choose M so that the
time-scale for the volume fluctuations is approximately equal to the time taken
for a sound wave to travel from one end of the sample to the other. His tech-
niques will, paradoxically, always lead to fluctuations in pressure greater than
those in a constant volume simulation. .

The results of Haile and Graben [35] indicate that static properties are rela-
tively insensitive to the change of the value of M . Choosing M to he too small

can lead to very rapid fluctuations in the volume.



3.3.6 Canonical (N,P,T) ensemble:(Combined Method)

This method is the combination of the two last methods (N,P,H) and (N,V,T).

The projected velocities are calculated using

2
y k(t)=v,,(t-%5)+ (F:r(:) L0 [dfv(t)_g (M) D %_t_

3V(t) | dt? dt

(3.40)

The updating velocities from “leapfrog” algorithm becomes;

At At 2 dl Vt

v+ 3 = wi-5hes-n+ (2ro 8278) a-p)
(1) | mult) EV(t) 2 (dinV ()
4 ( m T3V | a2 3\ & At.
(3.41)
Where the scaling factor, g will be;
S(N-1)kgT./m
# = (3.42)
TN (Exdye

The equation (3.36) is use to calculate the projected momenta at time t.

w1 dlV
W) =g =g

P
m

(3.43)

In this method the velocity of a particle is dependent upon its positions.

pk(t) 1 dlnV
e el v
m 3

dt

(3.44)

Therefore, both the position and velocity of a particle have to be altered if 2
boundary is crossed.

The value of the parameter M can be changed after a number of time steps by
a value smaller than the first one to reduce the fluctuations of our quantities

energy, lattice-parameter and energy as shown in figures 4.27 to 4.32 .

()
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Chapter 4

MODEL AND METHOD OF
SIMULATION CHOSEN

4.1 Introduction:

The éystem of interest to be simulated is rare-gas monolayer. The system con-
tain N atoms, with coordinates r,r,,...,ry in a triangular lattice as showed
in figure 4.1 above a substrate surface (111) of silver in the three dimensional
case which is represented in (X,Y) plan, with periodic boundary conditions.

"The system has been treated at constant temperature where the energy flue-

tuates,

" The constant pressure is obtained by iteration with respect to area change,

28
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Figure 1.1: Initial Position of the atoms of xenon in 2D

4.2 Dimensionality of adsorbed gases:

Although all real adsorption systems are three-dimensional, it is in multilayer
physisorption that this is most clearly evident. However, it is also true even
if no multilayers are formed, provided that the atoms of the adsorbed species
can be positioned at various distances from the adsorbing surface. The system
can utilize this extra distance parameter so as to minimize its energy.

For this reason, the initial configuration of xenon atoms along the vertical
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coordinate z is used as;

zi=20+Az(2R; - 1) (4.1)

where,

R: Ri€[0,1]

zo  : represents the position for the minimum of the energy of
interaction of the atoms of xenon with the surface
(111) of silver.

Az :is the radius of the potential wall for the potential
represented in figure (2.2) for given temperatures.

i : is the index of the atom

T  :is the temperature of the system

z; represents the vertical position of the atom i of xenon above the planc of
the substrate.

What we did, is that we created a disorder in our system around the position
of minimum of potential energy. In the upposite case we found that the ther-
malisation is too slow.

The choise of Az as function of temperature is given by:
1
V(z) = V(%) = > kg T (4.2)

Where V(z) represents the minimum potential energy and V(z) the potential
cnergy from figure 2.2 in chapter 2. for the interaction of xenon atoms with
the surface (111) of silver. T is the temperature.

The results of the use of this principal part is shown in figures 4.12, 4.13 and

30



4.14 in chapter 4.

4.3 Periodic boundary conditions:

To reduce the effect of the surface we impose periodic boundary conditions,
the basis cell is identically repeated an infinite number of times.

In using periodic boundary conditions, we imagine that if a particle k is at ry,
there is a set of image particles at positions ry +t.,,, where t,,, is a superlattice
Bravais vector, is equal to t,,, = ma+nb, where a and b are primitive vectors
of the ccll, 1n and n are integers. In the computational implementation, if a
particle crosses a surface of the basic cell it re-enters through the op.posite
wall with unchanged velocity as shown in figure(4.3). With these boundary
conditions we have eliminated the surface and created a quasi-infinite volume
to represent the macroscopic system more closely. _

In a three dimensional system, any molecule in the gas above the surface is
confined by reversing its velocity should it cross a plane at a height L. above
the surface. If L. is sufficiently large, this reflecting boundary will not influence
the behaviour of the adsorbed monolayer sec figure(4.2).

Periodie boundary conditions have the advantage of eliminating edge effects,

which can completely dominate the behavior of very small systems.
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Figure +.2: A three-dimensional periodic system. A side view of the box with

the reflecting boundary at a height L.

4.4 .Constant Temperature:

The simplest procedure for simulating constant termperature takes the instan-

taneous temperature T defined by ;

Lad tv

NkgT =Y 5;1. (4.3)
k=1~

to equal the desired temperature, the atomic velocities are renormalized at
every time step so that the instantaneous mean Kinetic energy corresponds to

the chosen temperature T.




Figure 4.3: A two-dimensional periodic system. Molecules can enter and leave

each cell across each of the four edyes,
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4.5 Iteration Constant Pressure:

The Xe floating monolayer was studied for a wide range of lattice parameters.
However, because of contributions from the core region and inclastic behavior
in general, the assémbly relaxed at constant area will have an internal pressure
P which is not equal to the external pressure Pg. To e'iminate this difference
in pressure, we introduce a Taylor expansion with respect to arca or parameter
change Aa in first order;

P~ P+ (a—P) Aa (4.4)
Ja FP=Pg

To achieve a constant-pressure we apply several iterations.

(%E) PP is given by the slope of the tangent at different parameters and
perfect systems at pressure Pg from figure 4.4 .

We had to draw a series of isotherms to be able to find the pressure that could
give us the right lattice-parameter at any temperature figure 4.4.

The pressure P will be given by ;

1 N 1 N N
P=ﬁ ZEPkPk‘*‘ZZrMFH (4.5)

k=1 k=1 k>!

In monolayer adatoms, the calculated pressure in the system will be repre-
sented by the surface pressure P. A represents the area for our system the Xe

monolayer. Some results of the fluctuations of P in time are given at the end

of this Chapter.

4.6 Method of Simulation Chosen:

The confignration energy for vacancy migration is obtained by holding an atom

fixed at the position desired and allowing all other atoms to relax to their equi-
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librium positions. The main concern was to maintain the atoms at the edge
of the system fixed. If the atoms on the edge were not held at a fixed posi-
tion, the system would return to its initial state. This procedure leads to a
constant-area simulation.

The first molecular dynamics method we used was the combined method as
described in section 3.3.6 of chapter 3. This method created an area fluctua-
tion which caused irregularity in our calculations. However, this difficuity can
be overcome by using the Damped force method as described in section 3.3.4
of chapter 3.

The next step was to maintain the same pressure for all the caleulations . The
iteration to reach constant pressure is described in section 4.4 of this chapter.
In the three dimensional adsorbed monolayer , the scaling factor § was calcu-
lated in two parts 3., and .,

g1o_ 2V =1)kp Te/m
TSl v R+ v )]

(4.6)

and
(N =-1)k T:/m
Ei'v:l v! E:(t)

ﬂ:2 = (4~7)

The reason was that there is a low dynamic coupling between the two-dimensional

direction and the third dimensional direction. The interparticle forces have
only a small vertical component. For the same scaling factor, the thermalisa-

tion is too slow. We inforce f3,, and f, to maintain the thermalisation .

For the interaction energy between two vacancies, we do not have any con-
ditions concerning the atoms at the edges of our system. In this case we used
the combined method as described in section 3.3.6 of chapter 3. [38}, where

constant temperature and constant pressure are provided by the algorithun it-

salf,

We introduced the change of the factor M given in equation (3.33) | to reduce

36



the fluctuations of our quantities after a number of time steps and to approach

faster the thermal equilibrium. See figures 4.27 to 4.32.

4.6.1 Some Results of Molecular Dynamics Simulation:

The values of the pressure have to be divided by 10*'€ k5 to get the unit K /;12,
this rearrangement will be taken in consideration when we do energy calcula-
tions.

The potential encrgies in figures showing the evolution of energy with time are
energies by atom. And the value used for calculations of these quantities are
average values,

I use the name "Activated atom” to designate the atom which makes the
positional interchange with the vacancy.

The average calculations of the variables of interest are done only after the

systems reach thermal equilibrium.

By NVT Molecular Dynamics Simulation:

Figure 4.5 : Presents the time-dependence of the pressure at temperature
equal to 5K for a two dimensional xenon monolayer. The fluctuations in pres-
sure are smaller than those given by a constant pressure simulation method.
We did not present the first 500 steps because the fuctuations are higher and
they present a nou-plysical state. We see from this figure that the fluctua-
tions in pressure change very quickly at a higher frequency than in the perfect
system, this is due to the maximum potential energy created by the position

of the activated atom.
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Figure 4.6 : Presents the evolution of the average pressure during NVT
molecular dynamics simulation for a two dimensional monolayer at temper-
ature of 5K. Each coordinates of the average pressure is given by the sum of
the precedent instantaneous pressures divided by the number of steps. From

this figure , we see that the average value of pressure between 3000 and 5000

steps is constant,

Figure 4.7 : Presents the evolution of the potential energy per atom during
NVT molecular dynamics simulations for a two dimensional xenon monolayer.
The fluctuations of the energy are similar to those for pressure (fig. 4.5). The
variation of the potential energy is equivaient to the variation of the second
term of the pressure see equation 4.5. The first term of the pressure (Equ.
4.5) is constant for a given temper.ature because the total kinetic energy of the

system is maintained constant.

Figure 4.8 : Presents the evolution of average encrgy during NVT molee-
ular dynamics simulation for a two dimensional monolayer, at temperature of

SI. Same procedure as average pressure (Fig. 4.6).

Figure 4.9 : Presents the positions of atoms in a final configuration for a
two dimensional xenon monolayer, for the case where the activated atom is at
the midpoint between the two sites for the positicnal interchange. And this

done at temperature of 5K after 5000 time steps.

Figure 4.10 : Presents the cvolution of the pressure during NVT molecu-
lar dynamies simulations for a perfect two dimensional xenon monolayer. The

amplitude of the fluctuations is greater than the ones in figure 4.5 due to the
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higher temperature, 50K. The other difference from fig 4.5 is that the pres-
sure at a lower frequency of oscillations than in the system where the activated

atom is held fixed.

Figure 4.11 : Presents the evolution of the potential energy per atom for
a two dimensional ideal monolayer, which is similar to figure 4.10 case, The
Auctuations of the energy are similar to those in fig. 4.10, the explanation is

the same as the one given for fig. 4.7. This is also done at a temperature of

50K,

Figure 4.12 : Presents the time-dependance of the part of the potential en-
crgy which represent the Xe-Xe interaction in a three dimensional adsorbed
monolayer for 1000 time steps. The thermal equilibrium is reached after 3000

time steps.

Figure 4,13 : Presents the time-dependence of the part of the potential energy
which represent the Xe-substrate interaction in a three dimensional adsorbed
monolayer for 1000 time steps. The energy fluctuations have been minimized,
by applying the principle explained in section 4.2 of chapter 4. This variation

look like a phenomenon of beats with decrease in amplitude.

Figure 4.14 : Presents the time-dependence of the total potential energy
which is the sum of the results given by figures 4.12 and 4.13 at a temperature

of SK. The thermal equilibrium is reached after 3000 time steps.

Figure 4.15 : Presents the evolution of the two dimensional pressure during
NVT molecular dynamics simulation for a three dimensional adsorbed mono-

layer. The Huctuations are similar to those for the potential energy given for
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the interaction Xe-Xe in fig. 4.12 because, in pressure calculations, we do not
introduce the part of the interaction of the monolayer with the substrate. The
pressure represents a surface pressure instead of volumic pressure for the ad-

sorbed monolayer of xenon atoms on silver(111).

Figure 4.18 : Represents the final configuration of the positions of the atoms
of xenon in the (X,Y’) plane for the three dimensional adsorbed monolayer at

temperature of 5K after 10000 time steps in the equilibrium state.

Figure 4.17 : Shows the variation of the vertical coordinate Z of the ac-
tivated atom which makes the positional interchange with the vacancy after a
displacement of —0.3a (@ : lattice parameter) along the X axis, the coordinate
along Y axis is kept the same. This shows that the activated atom fluctuate
along Z axis and settles into the equilibrium state after about 2500 time steps

which is about 2.5 10~!"! seconds.

Figure 4.18 : Similar to fig. 4.17 but for a different displacement which
is in this case —0.5a along X axis, in this case we see that the equilibrium

state is reached just after 1000 time steps.

Figure 4.19 : Evolution of the pressure for 3D adsorbed monolayer, for per-
fect system at temperature of 50K. The difference from fig 4.15 is that the

amplitude of fluctuations of the pressure is greater clue to the increase in tem-

perature,

Figure 4.20 : Similar to fig.. 4.14 but for a different temperature which
is in this case 50R". The difference is the same as the one mentioned for the

evolution of pressure in fig, 4.19 .
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By NPT combined Molecular Dynamics Simulation:

Figure 4.21 : The evolution of the pressure during NPT molecular dynamics
with M kept constant for the whole simulation. The choice of its value 10=%
is explained in section 3.3.5 of chapter 3. We chose this particular value of M
because the statistic fluctuations due to the volume are not visible, but the
thermic fluctuations are presented by a high frequency of oscillations. This is
done for two dimensional monolayer at temperature of 5K. The fluctuations
are greater compared to the case of constant volume. The other difference from
the fluctuations in constant volume is that the fluctuations are homogeneous

because there is no coupling to a third degree of freedom.

Figure 4.22 : Presents the evolution of average pressure for the pressure
given in fig. 4.21, the thermal equilibium is reached quickly, this is due to the
increase in frequency of oscillations, result of the choise of M value. The proce-

dure of average pressure canculations is the same as the one given for figure 4.6.

Figure 4.23 : Presents the evolution of the lattice-paramete for 5000 time
steps. The variation is similar to the evolution of pressure given in figure 4.21.

The amp'*ture of oscillations is small.

Figure 4.24 : Presents the evolution of the average of lattice-parameter for
the lattice parameter variation given in fig. 4.23. The equilibrium state is

renched quickly.
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Figure 4.25 : Presents the evolution of the potential energy per atom . Same

case as figure 4.21, similar result as the ones given in fig. 4.21 .

Figure 4.26 : Presents the evolution of the average of the potential energy

per atom . Same case as figure 4.21, and same result as given in fig. 4.22 .

figure 4.27 : Describes the evolution of pressure in time. For a two di-
mensional xenon monolayer at temperatureof 10K. The difference from figure
4.2] is that after a number of time steps when the equilibrium is reached, we
change the value of M to a value smaller from the first value. From 10-% to
10722, we see immediatly the effects of this change, a decrease in amplitude of
fluctuations and increase of their frequency. This method brings the system

very quickly to an equilibrium state with more precision in average calculations.

Figure 4.28 : Presents the variation of the average pressure after the change

of M is made. The effects of the change of M gives an average velue stable.

Figure 4.29 : Presents the evolution of the lattice parameter, same case
as figure 4.27. The results of fluctuations are similar as the casc of figure 4.27.
we see that after the value of M is changed, the variations in lattice parameter
are very small, where the fluctuations in volume have less effects to reach the

thermic equilibium.

Figure 4.30 : Describes the variation of the average lattice-parameter af-
ter the change of M is made. The effects of the change of M gives a very good

precision of the average value of a.



Figure 4.31 : Presents the evolution of the potential energy. Same case

as figure 4.27, the results of fluctuations are similar as the case of figure 4.27.

Figure 4.32 : Presents the evolution of the average energy. Same case as

figure 4.27, The results of fluctuations are similar as the case of figure 4.28.

Figure 4.33 : Final configuration of the position of the atoms at temper-

ature of 10 for a two dimensional xenon monolayer with two vacancies.
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Position of Afoms in 2D Ideal Monolayer
Temp. =5K, Displacement =0.5 a

Figure 4.9: The position of atoms in final configuration when the atom is

0.3a (a:Lattice-parameter) at t= 3K, after 5000 VD

activated, displacement

steps.
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Chapter 5

ENERGY CALCULATIONS:

5.1 Method of Energy Calculations:

The calculations are first performed at constant area, neglecting the activation
area of the defects. In these circumstances a constant-area defect energy U,

can be written as;

UA=

[T

;Z(U(m) —UG)) (5.1)
c !

Where,
40 Distance between atoms ¢ and 7 in a dislocated system.

riy: Distance between atoms 7 and j in a perfect system.

For constant pressure a correction to the constant-aren encrgy U, is neces-
sary, the assembly relaxed at constant area will have an internal pressure or
pressure of our system,

_OU(r)

P=-=32
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which is not, in general, equal to the initial external pressure Pg. A Taylor

expansion with respect to area change yields;
K 2
AU =—(P-Pg)AA+ A (AA) (5.3)

Where K is an "area” modulus, and AU is now the change in energy of the
total system.

This expression is easily minimized with respect to AA to determine the area
change necessary to convert to constant pressure condition, yielding;

.

AA= Iﬁ (P — Pg) (5.4)

It can be verified that the internal pressure after applying the correction given
"by the equation (5.4) equals the external pressure Pg. It is found that three,

four or more iterative applications are necessary to achieve a constant pressure

state see section 4.4 of chapter 4.

The correction (5.4) seems to have been suggested first by Hardy (1960) [39)]

for a three dimensional point deffects.

In constant pressure the pair energies are assummed to give an energy Up.

Finally, the external pressure term must be incorporated to give a true defect

internal energy;

AU =Up+Pg AA (5.5)

[n our ¢aleulations Up represents the energy difference between the perfect and
dislocated systems at the same pressure, and PpAA is the work done to put
the vaeancy in the system, which represents the work required to change the

area to return the system to pressure P,
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5.2 Vacancy Energy:

The vacancy formation energy, E/, is the difference between the potential en-
ergy E4, computed when the vacancy is present in the computational cell, and
the potential energy E,, computed when the computational cell is perfect. In

the finite system vacancy formation sequence, the number of atoms is conserved

in the calculations.

E E
fom | =4 T N — =
Ev 1Y - N (.l n,mc) (a.G)

Where 7,4, is the number of vacancies and IV the total number of atoms,
E{ will represent U, in the equation (58.5). The atom which was extracted to
give a vacant site at the center of the cell was replaced at the system surface

of the dislocated cell.

Ps AA = Py [(Ad D A,,) - ;4,,] (5.7)

Where Ay is the area of the cell when the vacancy is present and A, is the

area of the perfect cell.
The total vacancy energy is be given by:
By = Eu.{ + Pg AA ('3‘8)

in vacancy cnergy calculations n,,. is equal to one.

Eq4 and E, arc given for the same pressure.

In case of two vacancies ny,. is equal to two.
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5.3 Vacancy Migration or Activation Energy:

5.3.1 Introduction:

The work on migration energy calculations was introduced by Johnson [5] who
also led the discussion on migration energy calculation techniques.

Johnson restricted his discussion to migration energy calculations for vacancies
and interstitials, predominantly in the fcc crystal structure; he included ample
reference to the bee structure to give a complete exposition. Simulation of the
positional interchange between a vacancy and one of its nearest-neighbor atoms
provides an example in which the computational technique is staightforward.
Seveval dynamical methods simulation of defect migration were treated [40]
[41].

Wilson and Bisson [42] present the dynamical method simulation of helium
migration in bee iron.

Guinan {43] performed a fully dynamical simulation of self interstitial diffusion
in tungsten(m3). Same result was found by Johnson [5] for bec iron(m).

In our case we present the dynamical method simulation of xenon migration
in a triangular lattice of xenon atoms, two cases are treated: first the 2D ideal

Xe monolayer , second the 3D adsorbed Xe monolayer on silver{111).

5.3.2 Energy Calculations:

In triangular lattice, the activated atom or vacancy migration consists of a
positional exchange between an atom A at site P, and a vacancy at site Py,

which is a first neighbor of site Py as shown in fignre (5.1) .
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Figure 3.1: The transition motion corresponds to atom A moving along the
line L from P, to P,.

Simulation of the activated atom consists of finding the transition from the

site P; to the site P,. The activation energy for the transition is:
El (i) = Es(i) - Ey (5.9)

Where i indicates the transition between the site P, aund site Py, E, is the
potential energy computed when the atom at site P, is activated and Ey is the
potential energy computed when the vacancy is present. The number of atoms

is conserved. In this case the total activation energy will be given by:
Eaali) = E}\ (i) + Pg [Aa(i) - Ay (5.10)

Where A, is the area of the ccll when the atom at site P> is activated and
Az same as in equation(3.7).

The energics E, and E; are given for the same pressure.
a3 A d g
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The configuration energy Es.(i) is obtained by holding atom A fixed at po-
sition r4 + ia, where i represent deplacement vector given to the atom A (a:
lattice parameter) and allowing all other atoms to relax to statistic equilibrium

positions.

5.4 Errors:

Our results contain errors due to the method of calculation and it is different
for each simulation method used.

In NPT molecular dynamics simulation, we cannot fix the lattice-parameter at
a constant value, the parameter fluctuates in time see figure 8.19. For a small
error £10734 in lattice-parameter, the error found for the energies is about
+80R", which is due to the thermal fluctuation effects.

In case of NVT molecular dynamics simulation, the lattice parameter is kept
constant, but to get the constant pressure we used the iteration method which
is one reason for the errors. For an error of AP = £107%(10%!6 kg K /.712),
the error found for the enecrgy is about £28K, in two dimensions. In three
dimensions the encrgy error is about £10K.

The other errors are related to average calculations of our quantities as pres-
sure, lattice-parameter and energy, but they are not comparable to the errors

deseribed before.,



Chapter 6

ACTIVATION ENERGY
RESULTS AND DISCUSSION

6.1 Vacancy Energy:

6.1.1 Vacancy Energy Calculations:

All our energies are given in units of K and the energies used for the calcula-
tions are average values after a number of time steps. Our simulations were
performed using a tringular lattice of 51 atoms each side 2601 atoms in total.
The vacancy energies are obtained by the difference between the perfect and
dislocated systems at same pressure, plus the work done to put the vacancy
in the system. By NVT molecular dynamics method the constant pressure is
obtained by three or four iterations see chapter 4.4, However, by NPT molec-

ular dynamies method we insure that the pressure is kept constant whicl is
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Table 6.1: Vacancy energy given by different simulation methods.

i

Method of Simulation | Lattice-parameter (4) | T (K) | Vacancy Energy (X)

NVT Molecular Dynamics 4,26 5 K 1821

Method

NPT Molecular Dynamics 4.26 5 K 1884
Method

B. Jods and M.S. 4.26 0 1770

Duesbery Result

|

provided by the algorithm itself.

Energics of vacancies in Xe have been calculated by different simulation meth-
ods, the resnlts are given in table 6.1 for two dimensional Xe monolayer. The
difference in energies of vacancies is due to the method used and its precision.
Jods and Duesbery [36], results are for zero temperature.

The otimr two are done at 5K. Temperature fluctuations introduce errors in
both the NVT and NPT results. The NVT is however more precise than the
NPT because there are no fluctuations in the lattice constant in the NVT case.

In three dimensional adsorbed xenon on silver{111) the vacancy energy at tem-

perature & K is given in table 6.2,



Tabie 6.2: Vacancy energy in 3D adsorbed Xe on Ag(111).

e

—

Method of Simulation Lattice-parameter (1) | T (K) | Vacancy Energy ()

_-_—"—'-“_‘_—__—'—_-—_-—_._
NVT Molecular Dynamics 4.26 oK 1849
Method

6.1.2 Temperature Dependence:

The Debye temperature ; is equal to 66K [44] for the xenon monolayer in
two dimensions.

The vacancy energy is expected to rise linearly with temperature for tempera-
tures below 6p . But as for the calculation by Grossmann [37], we find & very
small increase whose rate is nearly masked by fluctuations. See figure 6.2.
The increase in energy is due to two effects, first to the actual thermal vibra-
tions, second to the area change to maintain constant pressure see figure 6.11
and 6.12.

From the equipartition theorem it follows that in the elastic regime the kinetie
energy and the potential energy vary lincarly with the temperature. It is the
difference in the cnergy of the perfect and defected lattice which is important
hence at these temperatures there will be little change in the potential energy
of the defect. However to maintain constant pressure an area change is done.

The related work contributes the largest part in the change of energy of the

defect,
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6.2 Activation Energy:

6.2.1 Activation Energy Calculations:

The activation energy calculations have been done using a NVT molecular
dynamics simulations, which directly simulates the dynamical behavior of Xe
atoms in a triangular system at finite temperature. The defect movement
arises naturally from fluctuations in the atom positions as a consequence of
the thermal vibrations. This movement constitutes a transition from an initial
equilibrium configuration where the vacancy is at site P, see figure 5.1, to a fi-
nal equilibrium state where the vacancy is at site Pa. According to the absolute
rate theory model, this transition can take place if the system can achieve an
intermediate unstable equilibrium configuration state called the saddle point
configuration from which the final equilibrium state is possible.

The simulation of vacancy migrution consists of finding the energy of configu-
rations at different points between the site P; and the site P,. These results
are indicated in table 6.3 for two dimensions and in table 6.4 for three dimen-
sions. The plot of { E4.{i) } versus displacement {ry +ia } on the L axis
see figure 5.1 (a is the lattice parameter and ¢ the vector displacement). The
plot is given by figure 6.3 for the 2D Xe ideal monolayer, and by figure 6.4 for
the 3D adsorbed Xe monolayer on the (111) face of silver.

DX and DY are the displacements of the activated atom, {Z) represents the
average Z coordinate of the activated atom. At the initial equilibrium config-
uration the vacancy is at DX =0 and DY = 0 in the triangular lattice.

The figures 6.3 and 6.4 indicate the maximum energy which represents the sad-
dle point energy E, for the activation energy. This saddle point occurs when

the activated atom is at midpoint between sites Py and Ps, which is typical of
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Table 6.3: Activation energy function of the displacement DR of the activated
atom in units of a (a:Lattice-parameter) from the site P, to the site Py, at T=

5K and at ‘constant pressure P = 73.86°/ .:lq, in 2D Xe ideal monolayer.

e —_—
Displacement DR | DX (units of a) | DY (units of a) | Activation Energy (K)
———————— e
0.1 -0.1 0 71.4358
0.2 -0.2 0 307.9401
0.3 -0.3 0 597.4698
0.4 -0.4 0 834.2668
0.5 -0.5 0 921.2230
0.6 -0.6 0 834.2668
0.7 -0.7 0 597.4698
0.8 -0.8 0 307.9401
0.9 -0.9 0 71.4358
1.0 0 0 1.5583

————————e e
RN ————————— ————

J!
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Table 6.4: Activation energy function of the displacement of the activated
atom from the site P, to the site P;, at T= 5K and at constant pressure

P=T234K/ .:‘lz, in 3D Xe adsorbed monolayer on silver(111).

DX (unit of a) | DY (unit of a) | {Z)(A) | Activation Energy (K)

-1.0 0 3.528 0.0

-0.1 0 3.477 61.4094

-0.3 0 3.336 | 548.1665

-0.5 0 3.299 768.9738

0.7 0 3.336 548.1665

-0.5? 0 3.477 61.4094

Rt 0 3.528 1.3455
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the activation energy in a first-neighbor interaction model.

The saddle point is a single maximum. There are cases where the plot of {
Eaa(i) } versus displacement { r4 +1ia } of the activated atom exhibits two
maximums which can be symmetrically or not located about the midpoint.
Beeler [41] found an asymmetry for two maxima about the midpoint in alloys.
The figure 6.5 gives a comparison of the activation energy configuration be-
tween two dimensions and three dimensions. The values of the activation
energy in three dimensions are smaller compared to those given in two dimen-
sions. The explanation to this result is due to the trajectory taken by the
activated atom, in the three dimensional case when the activated atom goes
from the site P; to the site Py see figure 5.1, it follows the trajectory given by
figure 6.6 in the plane L perpendicular to the system where the coordinates X
and Y of the activated atom are kept fixed, and its Z coordinate fluctuate as
shown in figure 4.17 and 4.18. As we can see in figure 6.6 the activated atom
Z coordinate gets smaller when we get clouser to the midpoint, while the Z
coordinates of neighboring atoms 1302 and 1351 with a separation of 3? a(a
is the lattice parameter) in figure 6.1 increase, this increase is the largest and
is about 1.174 from the initial state at the midpoint sec table 6.5.

For the second-neighbors with a separation of -‘;—? a the average of Z coordinate
decrease about 0.114 . The third-neighbors with a separation of 2 a the aver-
age of Z coordinate increasc about 0,044 from the initial state which represent
about 3.534 . The other atoms kept an average value of 3.53A4.

This show that the activation of the atom 1352 from the site P, to the midpoint
between the sites P, and P, changes the value of the average of Z coordinate
for the three first nearest-neighbor.

The trajectory followed by the activated atom keeps it at a larger distance
from its neighbors than in two dimensions. It is interesting to note that the

activated atom gets closer to the surface while its neighbors rise. It takes less
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energy to increase the Z coordinate by a given amount than to decrease it.

The neighbors being more numerous set the tone.

6.2.2 Temperature dependence of the activation energy:
Activation energy:

The activation energy increases by about 10 percent in the temperature range
5 to 65K. In the two dimensional case the activation energy increases from the
value of 921K to 993K in the range 5 to 65 K which represents a 7.8 percent in-
crease. For the three dimensional system the activation energy increases from
the value of 768K to 851K in tue temperature range 5 to 50 K which represents
a 10.8 percent increase.

This is an average activation energy. In the thermodynamic sense it is an av-
erage internal energy of activation not a free energy of activation. When the
temperature is raised, the instantaneous activation energy fluctuates in time
with larger and larger amplitudes, the minima getting deeper and the maxima
higher.

To get an activation energy which would reflect the increased probability of
hopping from one site to the next, the entropic contribution should be caleu-

lated. This negative contribution to the free energy increases with the fluctu-

ations.,

Comparison with other energies:

The rates of change of some relevant energies are given in table 6.6 together

with those of the activation encrgies in two and three dimensions.
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Table 6.5: Average Z coordinate for some nearest-neighbor of the activated

atom for perfect system, dislocated system, with a displacement of the acti-

vated atom of 0.3a and with a displacement of 0.5¢ from its initial position (

the displacement is done along X axis), see figure 6.1.

Number of atom { P. System | Disl. System | Displ.=0.3a | Displ.=0.5a
1300 3.5355 __3-.-5380 3.4288 3.4318
1302 3.5437 3.5318 4.3348 4.7108
1351 3.5283 3.5312 4.2988 4.6971
1352 3.5331 3.5282 3.3365 3.2998
1353 3.5453 3.5278 3.4441 3.4236
1402 3.5420 3.5387 3.4418 - 3.4339
1403 3.5273 3.5518 3.5579 3.5736
1404 3.5323 3.5270 3.5323 3.5350
| I I
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Table 6.6: The slope of the variation of different energies with the temperature.

Different Energies Slope

Energy per Atom in two dimensions | 0.66

Energy of Vacancy in two dimensions | 1.40

Activation Energy in two dimensions | 1.32

Energy per Atom in three dimensions | 1.5

Activation Energy in three dimensions | 2.0

The rate of change of the different energies, energy by atom in perfect sys-
tem, energy of vacancy and activation energy with the temperatute is given in

table 6.6 from the figures 6.2, 6.7, 6.8, 6.9 and 6.10.

The first result is that the rate of change of these energies with tempera-
ture is larger in three-dimensions, the second result is that the rate of change
of the activation energy with temperature is larger than the rate of change of

the energy by atom with temperature in both the two dimensional and three

dimensional cases.

In two dimensions the rate of change of the cnergy of the vacancy is larger

and closer to the rate of change of the activation cnergy.
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The lattice parameters used for the calculations of the energies at different
temperature for a constant pressure are given in 6.11 and 6.12. These figures
show that the lattice parameters increase more in the two dimensional case in

the range 5 to 65 K, than in three dimensional case.
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Chapter 7

INTERACTION BETWEEN
TWO VACANCIES IN XENON
2D MONOLAYER

7.1 Introduction:

The interaction between two vacancies in a crystal lattice has been investi-
gated by using the lattice static method [52], considering the effects of the
modifications of the forces between a defect and its neighbouring atoms due
to the presence of the other defect. This interaction is composed of two parts.
The first part is the electronic interaction which oceurs if the defects carry an
effective charge and is the Coulomb interaction hetween these effective charges;
in metals it is due to the conduction electrons [63]. This part is not always
present. The second part is the clastie interaction which takes place through

the displacement fields which the defects produce when the lattice is allowed
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to relax. This second interaction is always present.

The interaction energy between vacancies change as a function of the separa-
tion between these two vacancies.

Hardy and Siems [52] [54] show that in an elastically isotropic face-centred
cubic lattice, with only nearest neighbour interactions, the two vacancies do
have a non-zero interaction energy and this interaction varies as 1/r%, where
r, 1s the separation of the vacancies.

Siems and Teodosiu [54] [55] treated other cases of defects with lower symmetry
than cubic in an isotropic or anisotropic medium and found that the interac-
tion energy between the two vacancies change as 1/r3, 1/r!, corresponding to
dipole-multipole interactions.

Eshelby and Tewary (56] [57] treated the case when the elastic constants change
around the defects, the interaction energy varies as 1/rS.

Some of these results were reviewed in 1985 by Vargas [58].

In this work we study the interaction between two vacancies in two dimen-
sional xenon monolayer which can interact directly through a Leonnard Jones

potential. The pairwise interaction potentials are assumed to have central

symmetry.

7.2 Results and Discussion:

The interaction energy calculations have been done using a NPT molecular
dynamics simulation where constant pressure is provided by the algorithm it-
self, at a finite temperature 5K. The system used is limited to 2601 atoms, the

separation betwee two vacancies is expressed in lattice parameter units. The
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separation is limited to 23a (a: Lattice-parameter), to respect the periodic

boundary conditions.

The interaction energy between two vacancies is calculated as
Elnt(rS) = E?uuc(r.s) - 2 Eunc (7.1)

Where Ej,..(r,) is the two vacancies energy formation at different separation
of the two vacancies and E,,. the vacancy energy formation. Ej,..(r,) and
Eysc are calculated at constant pressure and constant temperature which is

provided by the algorithm itself. For the calculations of Egyae(rs) and E,,, sce

section 5.2 of chapter 5.

The figure 7.1 shows the variation of the interaction between two vacancies
in 2D xenon monolayer. This interaction energy is negative because of the dif-

inition of interaction energy given by equation 7.1, and this energy approaches

a2 minimum value.

The figure 7.2 gives the variation of the logarithmic of the interaction energy
and the separation, this rhows that there are two different regions of the varia-
tion of this interaction energy where the slope is constant. The rate of change
of the vacancy interaction energy is equal to ~0.56 for small separations and
equal to —0.01 for large separations. In view of the size of our system (51x51
atoms) and the expected long range of the vacancy interaction, only the first
region is meaningful. The second region reflects multiple interactions between
vacancies in the periodic structure.

The very small power observed reflects the long range of the vacancy-vacancy

interaction.
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The error found for this energy calculations was about +80 K which is larger
then the minimum interaction energy between two vacancies in magnitude, the

high values approaches zero.

Qur results can not be compared with the results cited in the introduction

of this chapter, and this is due to the limitation of the size of our system.
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Vacancy Interaction Energy (K)

Energy of Interaction between two Vacancies
at constant lemperaiure 5K, and al consiant pressure
in 2D Xenon Ideal Monolayer.
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Figure 7.1: Interaction energy between two vacancies in 2D Xe monolayer at

temperature of 5K and constant pressure of 74.6K / 4% and at lattice parameter

%
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Vacancy Interaction Energy (K)

Energy of Interaction belween two Vacancies
at constant temperature 5K, and at constant pressure
in 2D Xenon Ideal Monolayer.

Figure 7.2: Logarithmic variation of interaction energy between 2 vacancies

Separation (unit of q)

e of 3K and at constant

and the separation of these vacancies at temperatur

pressure,
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Chapter 8

CONCLUSION:

The principal objective of this work was the calculation of the activation en-
ergy of a vacancy with and without the substrate. We find that the presence

of the substrate decreases the activation energy.

The activation energy represents 50 percent of the vacancy energy in two di-
mensions and 41 percent of the vacancy energy in three dimensions at a finite

temperature of 5,

The motion of a vacancy is the result of thermal vibrations in the lattice.
'In two-dimensions each atom has 2 kg T of thermal energy while in three-
dimensions 3 kg T. The activation energy goes from 921K to 768K which is
a 20 percent drop, but compared to the thermal energy available at a given
temperature this is more like a 45 percent drop in activation energy.

At a temperature of 60 K in two dimensions, the thermal energy of eight atoms

is required to make the vacancy move. In three dimensions, it takes only the
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thermal energy of four atoms.

In summary it is interesting to note that the activation energy of a vacancy is
much smaller than the energy requested to promote the vacancy to the second

layer.

The trajectory followed by the activated atom and the rise of the distance
of the first nearest-neighbors from the surface of silver(111) in the three di-
mensional system decreases the activation energy compared to the value found

in a two dimensional system.

We observed a small linear increase of the activation energy with the tem-
perature in the range of § to 65K. This is an internal energy and not a free
cnergy.

The rate of change of the activation energy with the temperature is greater
than that of the energy per atom in two and three dimensions. And smaller

than that of the energy of the vacancy in two dimensions.

The last objective was the interaction between two vacancies in a two-dimensional
Xe monolayer.

The minimum interaction energy between two vacancies represents about 3
percent of the vacancy energy at a finite temperature of 5K, but is comparable

in strength to the interparticle interaction, however much longer ra.nged..

Vacancies are common in monolayers because thermodynamic equilibrium in-

volves also exchange with the environment which is not the case in bulk solids.
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Vacancies are therefore expected to play a significant role in phase changes.
The above information can help estimate in particular the importance of the

migration of vacancies in a monolayer.
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Appendix A

VIRIAL EXPRESSION FOR
PRESSURE

A quantity of particular interest is the pressure P, which is given by the ther-
modynamic expression:
04

Where A.is the Helmholtz free energy and is minimized at equilibriuin for con-
stant number of atoms N, temperature T and volume V.

The fundamental relationship between statistical mechanics and thermody-

namics is given by;
AN, V,T)=—kg T InQ(N,V,T) ’ (A.2)
Whellc Q(N,V,T) is called the partition function defined as:

Q(N,V,T) = zTrT'lha_N / j dr dp exp [-ﬁ H(r, p) (A.3)

Where h is Plancks constant, with generalized coordinates r = (rry., ry) in

volume element dr = dry...dry and conjugate momenta p = (py,...,px) in

i



volume element dp = dp,...dpy. H(r,p) is the Hamiltonian.

We can formally integrate out the momentum degrees of freedom, obtaining;
QN,V,T) = ——— (27 mk T)W]“” Z(N,V,T) (A.4)
VST NN LN B e -

Where,

Z(N,V,T) = [exp [‘I;_T (r)] dr (4.5)

Z(N,V,T) is named the configuration integral, U(r) is the potential energy
and m is the mass of ecach atom

From the equations (A.1), (A.2), (A.3), (A.4) and (A.5) we get:

dnQ ., . 9lnZ
o —rsT 5y

P=kgT (A.6)

The virial expression for pressure can be found using the method of Born and
Green (1947). For this we have to introduce the following change of variables

for the coordinates as:

r=V¥p (A7)

Each component of p is a dimensionless number between zero and one. This
is a very important scaling concept that is exploited in developing constant

pressure algorithms for computer simulations.

The equation (A.5) becames;
Z(N,V,T)=VV f l dp exp [-—l— U p)] (A.8)
> 0 kg T
Applying (A.7) to (A.5) and (A.6) yiclds
1
PV=NkyT-3 O VU (rs) (A.9)
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Finally;

1

P=3v

3N k‘B T — (Z ri.VgU(I‘g» (A.IO)

Where the first term 3 NV kg T represents two times the thermal energy of the
system with three degrees of freedom, which is equivalent to the total kinetic
energy of our system. The second term is equivalent to the second term of the

equation (3.34) of chapter 3.
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Appendix B

A PROGRAM OF
MOLECULAR DYNAMICS
FOR A MONOLAYER OF
RARE GAS

PROGRAMME DE DYNAMIQUE MOLECULAIRE
POUR UNE MONQCOUCHE DE GAS RARE

Le but da ¢ pregramme ast d'affectusr une simu'ation ckéissant aux regles de la dynamique
maoléculaira pour une monocouche de gas rare suns et avec substrat, '

Le programma contient quelques ccmmentaires d'axpilcations, et il est écrit en FORTRAN .

Uﬁe partle da ca programmae 3 8té écrita par B, Grossmann .

Liste des sous-programmes:

SzT1S : Construction du systéme et les conditions de Péricdicits.

POTEN  :Constantes Physiques.

DISVIT  : Distribution de vitasse ifitiale .

SIMTEM : Programme da Simulation Temperaile .

FCRCE  :Algorthme ' THE SHCRT -RANGE FORCE®

FZ : Introcuction du substrat 30 .

MQUVE2 : Canstante-NVT moldculaire dynamique (Méthods des forces amortles).
MOUVE3 : Constante-NPT moiéculaire dynamique (Méthode combinde d'Andersan).
RENEC  :Renormalisation de fénergie .

RECCM  : Programma de continuation dans le temps .

STOCKE : Initialisation des atomes de bord at de ['atome activé du centra .
RESET  :Sauve-gard des positions des atomes du bard ot de 'atome cantra ,

1



C DICTIONNAIRE DES VARIABLES :
c------ﬂﬂ..".l...“--
c

C Al=A2=paramétre da réseau de la cellule dans je systdme de coordonndes
c cristaliographiques

C X,Y = coordonndas (en Angstroms)

C CX,CY = coordonndes cristallographkysas

C VX,VY = vitasses des atomes

G AX,AY = accéliération des atomes

C DIS = coordonnées das dislocations

C CDIS = coordonnées cristallographiques des dislocations

C DUX.DUY = déplacements das atomes ,dus aux dislocations, d'apris !a
C théorie de I'élasticitd .

C PMU,PLAPMUO,PLAO = codfficlants d'élasticité da Lamé .

C GAMMA = angla de transiormation d'un systbme il'autre

C NMOLU = nbre de particules dans la cdliule unitalre

C LA,LB = nbra de celluies dans une rangée

C NMOL = nbie total d'atomes

C NMCL2 = nire d'aiomes en ne comptant pas les dislocations

C NMOL3 = nbre d'atomes en ne comptant ni les dislocations, ni les

G atomas situes sur les bords {conditions non-péricdiques)

C NDIS = nbre de dislocations

C A1B2,A2B2 = longueur des cités

€ CFDR = facteur de convarsion des degrés en radlans

C COXY = cos 60

C COYY = aln 60

€ OCXY = - cotg 60

COCYY =-1960

C TEMP « températre an dogréd K

C TEMFAC = coafficient sarvant & malntenir constante la température

C TK = cte de Boltzmann

C DELT = pas temporal utilisé dans 1a simulation

C AMASS = massa d'un atome

CVDEL-pummpurd comigé onfmcuondumithdammdmnéu
CDELT2 =

c ot tenant compts de la masse (calcul de ax.ay)

C U,V.W,DU,DV,DW = codificients servant & calculer l'énergie ot las

c forces dans notre systbme .

C Uo,v0,W0,DU0,0V0,0W0 wcodfficlants servant & calculer I' dnergle ot
c l2 force selon la trolsidmae dimension (z)

C DEPLCE= déplacamant dom a l'atoma centre .

c------------




©

9]

-

PROGRAMME PRINGIPAL

IMPLICIT REAL*&(A-H,0-2)
COMMON/DICHE E1,E2,SCAL3,SCALANFLAG
COMMON/DISL/DIS(3,50),CDIS(3,50),NDIS

GOMMONJTEMPEFVTEMFAG.TEMP.‘IKDELT.AMASS.VDELDELTZ.DELT3.NTEM.HTEM2,NTEM3

COMMON/ZUT/A$,SOM,SOU, TSOM, TSOU,GAMMA,LUT,LUT1 LUT2,LA,TEST,TTEST LB
COMMON/PAR/SCAL2,PRES1,PRES2,EK,FM,FM2,PRESS,PRES,ATOT,AREAZ, AREAO
1,AREAAREA1, AREAJ,AAREAP, AREAS,F,FM3

COMMON/ITER/NS NS1,NS2,NPAS,NTEST
COMMONRWIRUN
COMMON/PR/PRESO,BETA, TMX, TMY, TVX,TVY
COMMON/BOUCLE/ZI,ZMOY

COMMON/VAG/XINT(2601),YINT{2601),CXINT{2601),CYINT{2601),XVAC,
1YVAC,CXVAG,CYVAC,DEPLCE MVAC,LVAC

WRITE(Z,1)

FORMAT(20X,'DEPART FRAIS=0"/,20X, CONTINUATION=>Q'}

READ(3,")NDEP
READ(3,") MVAC
AEAD(3,") A1
READ(3,") 2
READ(3,) DZ
READ(3,") GAMMA
READ(3,") LUT
READ(3,") LA
AEAD(3,") LB
READ{(3,") NDIS
READ(3,") TEST
READ(3,") SOM
READ(3,") SOU
READ(3,") TTEST
READ{3," TSOM
READ(3,”) TSOU
READ{3,”) DELT
READ(3,") DELT3
READ(3,) NTEM
READ{(3,") NTEM2
READ(3,") NTEM3
READ(3,") FM
READ{(3,") FM2
READ(3,") PRESO
READ(3,") IRUN
READ(3,") TEMP
READ{3,") NPAS
NFLAGA1
IF{NDEP.EQ.0) THEN
CALL SETIS
ELSE
NFLAG=1

»



CALL RECOM

END IF

CALL SIMTEM
c WRITE (3,") ‘prindpal’
c

STOP

END
c--- L L7 1 1 11] mwEN
c-'.l..I.....I...i.....l.l...tt....i...'."l....l.'.l.....'l.ll.l.l.....l.l
c 1]
C SETIS: Sert a crde un systdme périodiqua . .
C Catte subroutine oet utillsable pour tout genre de ceilule & deux et trois dimensions . .
c .
c..t.‘l-l'......C-'..l.t.....'.....l....-.-'.l..'..'.!l....'!.l.'..'l.-'.Ol
c
c SETIS -
c

SUBROUTINE SETIS

IMPLICIT REAL8{A-H,0-Z)

DIMENSION DMOL(3),R{5000)

REAL LK

COMMON/TEMPER/TEMFAC, TEMP, TK,DELT,AMASS, VDEL, DELT2,DELT3,NTEM,NTEM2,NTEM3
COMMON/ITER/NS,NS1,NS2.NPAS NTEST
COMMON/COOR/X(2601),Y(2601),2(2601),CX(2601),CY(2601), PPX(2601),PP
1¥(2601),VX(2601),VY(2601),VZ(2601),AX(2601),AY(2601),AZ(2601),NMOL NMOL2,NMOL3
COMMON/ZUT/A1,S0M,SOU, TSOM, TSOU,GAMMA,LUT,LUT1,LUT2,LA,TEST,TTEST ,LB
COMMON/CELL/A1B2,A1B,A282,A28,COXY,COYY,0CXY,0CYY,ALPHA

GOMMONIPAFUSCALz.PFIEN.PHES2.EK.FM.FM&PHESS.PFIES.ATOT.AHEM. AREAQ
1.AREAAREA1,AREA3.A AREAP AREAS,F.FM3
COMMON/DISL/DIS(3,50),CD1S(3,50),NDIS
COMMON/DICH/E E1,E2,SCAL3,SCAL4,NFLAG
COMMON/PER/PMU,PLA,PMUO,PLAD,IDRA
€ COMMONBOUCLE/ZLZMOY
c .
Ei= 1D13
E2=-1D13
NTEST=0
FM3=FM
BOUCL=0.00
A2aA1
ALPHA=DFLOAT{LAYDFLOAT(LB)
c GAMMA=£0.00
€ nbve de particules par cellule
NMOLUw1
C nbre de cellules dans une rangee
LBslA
C nbre iotal de particules
NMOL=LA®LB*"NMOLU
C definition des constantes
CFDR=DATAN(1.D0)45.00
c
COXY=DCOS{GAMMACEDR)
COYY=DSIN(GAMMA'CFDR)
OCXY=-COXY/COYY

iv



OCYYu1.D0/COYY
C Ces constantes sont utilisées dans les
C  Construction du systeme
DSEED=1234587.00
NR=NMOL"3
CALL GGUBS{DSEEED,NR,R)
c
C Indice pour conditions péricdiques ou non

IDRA=1
> mise & Zér0 dee varlables de ransfernt
L=0
M=
N=0
K=1
c WRITE(3,") ZI1,ZMOY NMOLI NS, NFLAQ
NVACT=NMOL/2-{NVAC-1)*LA+1
NVAC2=NMOL/2+(NVAC-1)*LA+1
DO 18 KA=Q,LA-1
DMOL{1}=A1*DFLOAT(KA)
DO 17 KBal),LB-1
DMOL{2)mA2°DFLOAT(KB)
IF (NDIS.EQ.0) GOTO t
IF (NDIS.EQ.1}) GOTO 5
IF (NDIS.EQ.2) GOTO 9
C Introduction dee dislocations .
DO 18 O=NMOL/2-NDIS/2+1,NMOL/2+NDIS/2+1
iIF{O.EQ.M+1) THEN
WRITE(7,"} 'Cam’
CDIS{1,L+1)=DMOL{1)
CDIS{2,L+1)=DMOL(2)
CDIS(3,L+1)=DFLOAT(M+1)
CX(M+1)=0.00
CY(M+1)=0.00
c Z(M+1)=0.00

Ll +1
MaM+1
c WRITE{3,") M,CX(M),CY(M)
GOTO 17
ENDIF
18 CONTINUE
5 IF{NDIS.EQ.1.AND.M+1.EQ.NMOU2+1) THEN
COIS{1,L.+1)=DMOL{1)
COIS{2,L+1)=DMOLLZ)
COIS(3,L+1)=DFLOAT(M+1)
CX(M+1)=0.00
CY(M+1)=0.00
c 2(M+1)=0.00
M=M+1
Laul+1
GOTC 17
ENDIF
IFINDIS.EQ.2.AND.M+1.EQ.NVAC1) GOTOS
IFINDIS.EQ.2.AND.M+1.EQ.NVAC2) GOTO 6

changements d'un

repére

a

I'autre



GOTO 1

COIS{1,L+1)=DMOL(1)
CDIS(2.L+1)=DMOL2)
COIS(3,L+1)=DFLOAT(M+1)
CX({M-+1}=0.D0
CY({M+1)=0.00
c Z(M+1)=0.00
MaM+1
Lal+1
GOTO 17
1 CX{M+1)=DMOL{1)
CY(M+1)}=DMOL(2)
IF{NFLAG.EQ.0) THEN
c Z{M+1)=21+DZ*(2"R(K)-1)
K=K 41
ELSE
c Z(M+1}=ZMOY/DFLOAT(NMOL3YDFLOAT(NS)
ENDIF
M-M-ﬂ
NuN+1
17 CONTINUE
168  CONTINUE
NMOL2=N
NDIS=L
A1B2=DFLOAT(LA)*A1
A1B=A1B22.00
A2B2=DFLOAT(LB)"A2
A2B=A282/2.00
c .
C calcul des centres des dislocations
IF(NDIS.EQ.0) GOTO 2
CDIS(1,1)={CDIS({1,1}+CX{DINT{CDIS(3,1))-1}y2.00
CDIS(2,1)={CDIS{2,1)+CY(DINT{CDIS(3,1))-1 Wwz.00
CDIs{1 .NDIS)-(GDIS{1.NDIS)+OX(DINT(CDIS(3,NDIS))¢-1 Wa.p0
CDIS(Z.NDIS)-(GDIS(aNDIS)+CY(DINT(CDIS{3.NDIS))+1 Wa.Do
c
C on caicule le centre géometrique de la bolte
c
2 DO181Ja1,3
DMOL{J)=0.00
181 CONTINUE
DO 182 M=1,NMOL,
DMOL{1)}=DMOL{1)+CX{M)
DMOL{2)=DMOL{2)+CY(M)
182 CONTINUE
cC WRITE{9,"yNMOL2=" NMOL2
DMOL{1)=DMOL{1¥DFLOAT(NMOL2)
DMOL{2)=DMOL{2VDFLOAT(NMOL2)
C On déplace I'origine su centra de Ia bolte
0O 20 Ma1,NMOL
lF(CX(M).E0.0.DO.AND.GY(M).EQ.O.DO.AND.M.NE.1) GOTO 20
CX(M)=CX{M):-DMOL(1) :

CY{M)=CY{M)-DMOL{Z)
C transiormation du repére cristallographique au repére orthogonal

vi




X{M)=CX(M)+COXY CY(M)
Y(M)a COYY'CY(M)
20 CONTINUE
DO 31 bn1,NMOL
IF{NDIS.NE.O.AND.LEQ.NMOL/2+1) GOTO 31
WRITE(17, X{0,Y(}
31 CONTINUE
c
c
IF(NDIS.EQ.0) GOTO 3
DO 21 M=1,NDIS

COIS(1,M)=CDIS(1,M)-DMOL(1)
CDIS{(2,M)=CDIS{2,M)-OMOL(2)

C mama chasa pour les disiocations
DIS(1,M)=CDIS{1,M)+COXY*CDIS{2,M)
DIS{2,M)= COYY*'CDIS(2,M)
DIS(3,M)=CDIS(3.M)

1 CONTINUE

N2=NMOL-NMOL2

c.ll..l......'......."........'.......'..I.D..........l'..t..!'..'."

CPOTEN: .
C Introdruire les Constantas Physiques . *

c.l.l.'.I.'.......".'......Q.-....l....'.....'.'.'I.'....Q.'l..l.'...

c

Cau - POTEN
e =N !
c

SUBROUTINE POTEN

IMPLICIT REAL*B{A-H,0-2)
c
COMMON/TEMPER/TEMFAC, TEMP,TK,DELT, AMASS, VDEL,DELT2,DELT3,NTEM,NTEM2,NTEM3
COMMON/COOR/X(2601),Y(2601),2{2601),CX(2601),CY(2601),PPX{2601),PP
1¥(2601),VX{(2601),VY(2601),VZ(2601),AX{2601),AY(2601),AZ(2601), NMOL NMOL2,NMOL3
COMMON/ZUT/A1,S0M,S0U, TSOM, TSOU,GAMMA,LUT LUT1,LUT2,LA, TEST,TTEST LB

c
C constantes physiques



c

AVOGN=6.02204503
C AVOGN EST MUTIPLIE PAR 1.D201
TK=1.38066D-18
- G TK EN {ERG/KELVIN)!
AMASS=131.300
v
AMASS=AMASS/AVOGN

C Amass daoit etre multiplle par 1.D-204

C 2 dimensions=1.d0 3 dmensions=3,d0/2.d0
TEMFACa=1.D0"TEMP*(TK"1.020)

c WRITE(3," TEMFAC

C TEMFAC an erg E+201

C PAS TEMPOREL

VDEL=1.D8°DELT
DELT2=(DELT*1.D28YAMASS
c WRITE (3,") ‘poten’
C

RETURN
END

c-- T D S O O R

c
c

c.t................'.......'...'.......".l.....'..‘.......I.l....'..l.

C DISTRIBUTIONS DES VITESSES :
C Construction du systéme (CM/S) »,

cl..'l...."'.."tl.l...ll...ll'lll.......'..I.......l......l..l'l!...'

OQO0

SUBROUTINE DISVIT
IMPLICIT REAL"8{A-H,0-2)

Q

DIMENSION VB(3),A(5202)
COMMON/ITER/NS,NS1,NS2,NPAS, NTEST

DISTRIBUTION DES VITESSES

COMMON/ULIVPX(2601), VPY(2601),VPZ(2601),P1X(2601),P1Y(2601),P2X(26
101),P2Y(2601),PX(2601),PY(2601), TRX(2601), TRY(2601),XP(2601), YP(2601),P(100)
COMMON/COOR/X(2601),Y(2601),2(2601),CX{2601),CY(2601),PPX(2601), PP
1Y(2601),VX(2601),VY(2601),VZ(2601),AX(2601),AY{2601),AZ(2601), NMOL

1,NMOL2,NMOL3

COMMONTEMPER/T! EMFAC, TEMP, TK,DELT,AMASS,VDEL,DELT2,DELT3,NTEM,NTEM

12,NTEM3
COMMON/DISL/DIS(3,50),CDIS(3,50),NDIS
COMMON/PER/PMU,PLA,PMUG,PLAO,IDRA

COMMON/ZUT/A1,S0M,S0U,TSOM,TSOU, GAMMA,LUT,LUT1 [LUT2,LATEST,TTEST

1,L8

GOMMONIPAFUSGA&.PRES'I.PRES&'.EK.FM.FMZPHESS,PHES.ATOT,AHEAZ AREA0

1, AREA,AREA1,AREA3,A AREAP AREAS,F,FM3

c
EK=0.D0
DO 3 Jui,2
VB(J)=0.00

viii



3 CONTINUE
C Vectaurs vitosse en CM/S!

DSEED=1234578.00
NR=NMOL*3
CALL GGUBS(DSEED,NR,R)
Kui
DO 1 M1, NMOL.
IF(NDIS.NE.0) THEN
DO 2 N=1,NDIS
{F{DFLOAT{M}).EQ.DIS(3,N)) GOTO 1
2 CONTINUE
IF{IDRA.NE.O) GOTO 7
IF{M.LE.LA) GOTC 1
IF{M.GT.{NMOL-LA)) GOTO 1
IF{MOD{M,LA}.EQ.0) GOTO 1
IF{MOD(M,LAYL.EQ.1) GOTO 1
7 ENDIF
VB{1)=VB{1)+R(K)*'2.00-1.00
VB(2)=VB{2)+F{K+1)*2D0-1.D0
c VEB{3)»V8{3)+R{K+2)*2.D0-1.D0
TRX({M)=R{K)"2.D0-1.D0
TRY{M)=R{K+1)*2.00-1.D00
(o] VZ{M)=R(K+2)*2.D0-1.00
KuKet
1 CONTINUE
NMOL3uK-1
c
COn acustrait la vitessa da la botte .
c
C Ne pas oubllar vz
. DO 4 U=i,2
VB(J)=VB(JYDFLOAT(NMOLY)
4 CONTINUE
c
DO 5 M=1,NMOL
IF{NDIS.NE.O) THEN
DO 11 N=1,NDIS
IF{DFLOAT{M).EQ.DIS(3,N)) GOTO §
11 CONTINUE
IF{IDRA.NE.O} GOTO 8
IF(M.LELA) GOTOS
IF{M.GT.(NMOL-LA)) GOTO 5
IF{MOD(M,LA).EQ.0) GOTO 5
IF(MOD{M,LA).EQ.1) GOTO 5
8 ENDIF
TRX[M)=TRX{M)-VYB{1)
TRY(M)=TRY(M)-VE{2)
c VZ(M)=VZ(M)-VB{3)

C Doit-on tenir comp de vz dcns le caleul du lacteur de ponddration da ' énargla ?
EK=EK+TRX(M)* "2+ TRY{M)"*2
§  CONTINUE
EK=EK"AMASS/DFLOAT{NMOL3)".5D0

i X



C  WRITE{g,111) EX
111 FORMAT(1X.EK PAR ATOME~',1PE15.8)

IF(NS.EQ.1) THEN
WRITE(7,") EK
ENDIF
C EK EN (CWS)"2*GRAMS E+20-ERGS E+20!
SCALE=DSORT({TEMFAC/EK)
c WRITE{3,") SCALE
C SCALE est un nombre purl
DO 10 M1, NMOL
IF{NDIS.NE.0) THEN
DO 8 N=1,NDIS
IF{DFLOAT(M).EQ.DIS(3,N})) GOTC 10
6 CONTINUE
IF(IDRALNE.C) GOTO 9
IF{M.LE.LA) GOTO 10
IF{M.GT.{NMOL-LA)) GOTQ 10
IF(MOD{M,LA).EQ,0) GOTO 10
IF{MOD{M,LA}.EQ.1) GOTO 10
9 ENDIF
TRX(M)=TRX!A%°SCALE
TRY{M)=TRY{M)*SCALE
c VZ{M)=VZ(M)*SCALE
10 CONTINUS
C  WRITE (5,") 'disvir
RETURN
END
c---u----------I-
C
C
ct.t.o"oacoll.tt.nl..i..ot.t.nulloc.!clo.o.a..'-'.oolln.tultoi.tl----'
c :
C SIMULATION TEMPORELLE: Ca sous programme effectua la boucie sur
€ le tamps.
c
ctotauc.'.'ltooalt.l..l..'t.'olocll..i...t..nlo|..|....--.....|........
]
c SIMULATION TEMPORELLE
c
c
SUBROUTINE SIMTEM
IMPLICIT REAL*8({A-H,0-2) :

REAL"4 TEO,TE1,TE2,TE3,TE4,TES,TES,TE7,TES, TES, T1,T2,73,T4

INTEGER MO
LOGICAL*1 DAT(23)

COMMON/UL/VPX(2601),VPY(2601),YPZ(2601},/1X(2601),P1Y(2601),P2X(2

1601),P2Y(2601),PX(2601),PY(2601), TRX(2601), TRY(2601),XP(2601), YP(2601),P(100)

COMMON/ZUT/A1,S0OM,SOU,TSOM,TSOU,GEAMMA,LUT,LUT1,LUT2,LA, TEST,TTEST,LB

COMMON/ITR/NS NS1,NS2,NPAS,NTEST

COMMON/COQR/X(2601),Y(2601},Z(2601),CX(2601),CY{2601),PPX(2801),PP
1Y{2601),VX(2601),VY(2601),VZ(2601),AX{2601),AY(2601),AZ{2601), NMOL HMOL2, NMOL3

COMMON/APPI-OX/U(132),V(132),W(132),0U(132),DV(132),DW; . 32),U0(1

X



128),V0{128),W0{128),0U0(128),0V0(128),0W0{128)
COMMON/TEMPER/TEMFAC, TEMP, TK.DELT,AMASS, VOEL,DELT2,DELT3,NTEM NTEM2,NTEM3
COMMON/DISL/DIS(3,50),C0I5(3,50),NGIS .
COMMON/DICHE E1,E2,SCAL3, SCALANFLAG
COMMON/PAR/SCAL2,PRES1,PRES2,EK,FM,FM2,PRESS,PRES,ATOT,AREA2, AHEAO
1,ARE/ AREA1AREA3 A AREAP AREAS,F,FM3
COMMON/RU/IRUN
COMMON/DRAA
COMMON/PR/PRESO,BETA,TMX,TMY TYXTVY
¢ COMMON/BOUCLE/ZIZMOY
COMMON/VAC/XINT(2601),YINT(2601),CXINT(2601),CYINT(2601),XVAC,
1YVAC,CXVAC,CYVAC,DEPLCE MVAC,LVAC

MO=DINT(1.D-17/DELT/(DSQRT(3 TK TEMP/AMASS))
DELT={1.0-20{DSQRT(3" TK TEMP/AMASS))
WRITE(12,%) 'DELT="DELT
WRITE(12,%) 'MO=" MO
DELT3=DELT
VDEL=1.D8'DELT
DELT2={DELT*1.D28YAMASS

WRITE (3,) D! ¥
JIDRA=O
L=0
C  IF{NFLAG.EQ.1.AND.IRUN.EQ.0) GOTO 990
c
c
C Co sous programme effectua la boucie sur le emps.
c
WRITE(7.888) NPAS
888 FORAMAT(10X,'NOMBRE DE PASa',K)
c READ{3,"}NPAS
c
WRITE(7.777)
777  FORMAT{1X'NSAVEL=O "PAS DE MISE EN MEMOIRE"; »>1"MISE EN MEMOIR
1E DES POSITIONS FINALES.™)
OPEN (UNIT=4,FILE='XENANY)
READ{4,') U.V.W,DU,DV.DW
CLOSE (UNiT=4)
WRITE{11,") 'FM3a',FM3
WRITE(11,") 'MVAC=' MVAC
IF{MVAC.NE.O) THEN
CALL STOCKE
ENDIF

998  [DIM=23
T1=0.00
T2=0.D0
Ta=0.00
TEQ=0.00
TE1=0.00
TE2-0.D0
TE3=0.D0
TE4=0.00
TES=0.D0

X i



TES=0.D0
CALL DATETM{DAT.,IDIM,TE1,TE2,TEO)
0O 1000 NSa=1+1RUNNPAS+IRUN
WRITE(3,") 'NS=',NS 'FM3x"FM3
T1=0.00
T2=0.D0
T3=0.D0
TEC=0.D0
TE1=0.D00
TE2=0.00
TE3=0.00
TE4=0.D0
TES=0.D0
TE7=0.00
TEB=0.DO
TES=Q.D0

BETA=1.D0
CALL DATETM(DAT,IDIM,TE1,TE2,TE3)
IF{MOD{NS,LUT).EQ.0) CALL RENEC

CALL DATETM(DAT,|DIM,E1,TE2,TE4)
TtaT1+TE4-TE3

IF(TEST.EQ.1.00) THEN
IF(NS.GT.IRUN.AND.NS,LE.500+IRUN) THEN
PRESO=PRESO-SOU
ATOT=0,00
PRESS«0.D0

E1= 1D13
E2= -1D13
FM3=FM
F=0.D0
ENDIF
ENDIF
IF(TEST.EQ.0.D0) THEN

IF{NS.GT.IRUN.AND.NS.LE.500+RUN) THEN
PRESO=PRESQ+SOM
ATOT=0.D0
PRESS-D.00
A=0.D0
NTEST=0
NTEM3I=0
E1=« 1013
E2=-1D13
FM3=FM
F=0.00
ENDIF
ENDIF
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IF(TTEST.EQ.1.D0) THEN
IF{NS.GT JRUN.AND.NS.LE.200+/RUN) THEN
DELT={1.D-20/(DSQAT(3 TK"TEMP/AMASS)))
DELT3=DELT
VOEL=1.D8°DELT
DELT2~{DELT*1.028YAMASS
TEMP=TEMP-TSOU
ENDIF
ENDIF
IF(TTEST.EQ.0.00) THEN
IF{NS.GT.IRUN.AND.NS.LE.200+/RUN) THEN
DELTw{1.D-20/{DSQRT(3"TK*TEMP/AMASS)))
DELT3=DELT
VDEL1a1.D8°DELT
DELT2(DELT*1.D28YAMASS
TEMP=TEMP+TSOM
ENDIF
ENDIF

C
C Boucia Temporalle .
IF{MVAC NE.0) CALL RESET
CALL DATETM(DAT,IDIM,TE1,TE2,TES)
CALL FORCE
v CALL FZ

CALL DATETM{DAT,IDIM,TE1,TE2,TES)

T2=T2+TES-TES

c .

c
CALL DATETM(DAT,IDIM,TE1,TER,TE7}
CALL MOUVE2
CALL DATETM(DAT,IDIM,TE1,TE2,TES)
T3=TI+TES-TE7

c WRITE(3,) 'MVAC' MVAC

C

1000 CONTINUE

WRITE(11,") 'FM3a' FM3
WRITE(11,") 'MVAC='MYAC
C  T5«TE11-TEO
T4=TES-TEO
WRITE(7."}  temps renec =',T1
WRITE(7,") ' mmps force =", T2
WRITE(7.") temps mouve?2 »', T3
c WRITE(7.”) tompe resat «'.T4
WRITE(7,") temps total =", T4
OPEN (UNIT=10)
IF{MVAC.NE.0) CALL RESET
C Sauvegarder les coordonnds des bords ot de I’ atoma vacante,
DO 111 Mut NMOL,
IF{NDIS.NE.O.AND.M.EQ.NMOL/2+1) GOTO 111
WRITE(10,7880) X{M),Y (M)

7680 FORMAT(1X,016.8,2X,016.8)
i CONTINUE
CLOSE (UNIT=10)
NMOL2 =NMOL-NDIS
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7882

119

c120

c 1
7883
121

C ENDJF
c
STOP
END
Caw

OPEN(UNIT=30)
WRITE{30,"} MVAC
WRITE(30,") LA
WRITE(30,") LB
WRITE(30,) NMOL3
WRITE(30,%) NMOL2
WRITE(30,7) NDIS
WRITE{(30,7 A1
WRITE(30,") AREA
WRITE(30,) AREAT
WRITE(30,") AREA2
WRITE(30,") NTEM3
WRITE(30,") NTEST
WRITE(30,") F
WRITE(30,) ATOT
WRITE(30,") PRESS
WRITE(30,) A
WRITE(30,") E1
WRITE(30,") E2
WRITE(30,) TMX
WRITE(30,%) TMY
WRITE(30,") TVX
WRITZ(30,") TVY
DO 119 M=1,NMOL

WRITE(30,7882)P 1 X{M),P1Y{M),P2X{M),P2Y (M)
FORAMAT(1X,D15.8,1X,015.8,1X,015.8,1X,D15.8)

CONTINUE
DO 120 M= 1, NMOL

WRITE(30,7882) P2X(M),P2Y(M}
NUE

CONTINU
DO 121 Ma1 NMOL

WRITE(30,7883) TRX(M), TRY (M}, VX{M},VY(M)
WVZ{M)
FORMAT(1X,D15.8,1X,D15.8,1X,015.8,1X,D15.8)

CONTINUE
CLOSE(UNITA30)

c
c

TR IR T R A PV T i I T kR,

c..co-t.-c-c.--.'o.t-'..l..-'Ot.'onoicont.'llaoclo..lo.-nnaoion.t-.'.l.

CFORCE:

c CalwldollForcoonUﬂIlaamI'Algormzmmsmn-HangoFm‘.
C Les énergies Inherentas aus sysidme sont présentdes par des patentels 12 - 8

C Leonnard - Jones .

SUBROUTINE FORCE

Xiv



IMPLICIT REAL"8{A-H,0-2)
C Calcul de la force en utilisant 1*@aigorithme de THE SHORT-RANGE
C FOACE'

c
REAL*8 XX{200),YY(200),22(200),AXX{200),AYY(200),AZZ(200}
1,6XX(200),CYY{200) .
INTEGER HOC{50,50),NUM(50,50),LL(2601),C{4),8,0,0,Q,Y1
COMMON/COCR/X(2801),Y(2601),2(2801),CX(2601),CY(2601),PPX(2601),PP
1Y(2601),¥X{2601),VY(2601),VZ(2601),AX{2601),AY(2601),AZ(2601),NMOL.NMOL2,NMOL3
COMMON/TEMPER/TEMFAC, TEMP, TK.DELT AMASS, VDEL DELT2,DELT3,NTEM,NTEM2,NTEM3
COMMON/CELL/ATB2,A1B,A282 A28,COXY,COYY,0CKY,OCYY,ALPHA
COMMONDISL/DIS(3,50),CDIS{3,50),NDIS
COMMON/APPROX/U{132),V(132),W(132),0U(132),DV(132), DW(132),U0(1
128),V0{128),W0{128),DUC{128),DV0(128),DW{128)
COMMON/DICHE,E1,E2,8CAL3,SCALA,NFLAG
COMMON/PAR/SCAL2,PRES1,PRES2,EK,FM,FM2,PRESS PRES ATOT,AREAZ,AREAD
1,AREAAREA1,AFEAJ A AREAP AREAS,F,FM3
COMMON/ITER/NS NS1,NS2,NPAS NTEST
COMMON/RLRUN
COMMON/PER/PMU,PLA,PMUO,PLAO,IDRA
COMMON/ZUT/A1,50M,SOU, TSOM, TSOU,GAMMA,LUT LUT1,LUT2,LA, TEST,TTEST LB
c )
DATA RM/13.14DO/RG/13,1400/
c .
E=0.D0
IF{NS.EQ.1) F=0.D0
PRES20.00
DO 1111 Mal,NMOL

AX(M}=0.D0
AY(M)=0.00

c AZ{M)=0.00

1111 CONTINUE

NIBOIT=DINT(A1B2/RG)

NJBOIT=DINT(A2B2/RG)

HCX=A1B2/DFLOAT(NIBOI)

HCY=A2B2/DFLOAT(NJBOM)

DO 1 11, NIBOIT

DO 1 Ju1,NJBOIT

HOC{1,J)=0
NUM(l,J)=0

CONTINUE

-

DO 2 M=1,NMOL
DO 3 Ne1,NDIS
IF(DFLOAT(M}.EQ.DIS(3,N)) THEN
GOTO 2
ENDIF
3 CONTINUE
lwDINT{CX({M)+A1BYHCX}+1
J=DINT({CY(M)+AZBYHC Y}+1
LL{M)=HOC{\,J)
HOC(,J)=M
NUM({1LJ)=NUM(LJ)+1
2 CONTINUE

XV



DO 9 1=1,NIBOIT
DO 9 J=i NJBOIT
c lw1
c Jul
Pal
JP=J
Y1=HOC{IP.JP)
NEND=NUM{IP,JP)
NB=NEND
DO 25 IMOL=1NEND
SO IMOL ) X(Y1)
YY{IMOL)=Y{Y1)
c ZZ(IMOL)=2Z(Y1)
AXX(IMOL)=AX(Y1)
AYY{IMOL)=AY(Y1)
AZZ{IMOL)=AZ{Y1)
WRITE(3," Y1,IPJP
Y1«LL{Y1)
25 CONTINUE
IMOL=NEND
NSTART=IMOL+1
c NB=NSTART-1
cce JP=J FROM BEFORE
IF{l.GT.1) THEN
XSHIFT=0.0
IP=l-1
ELSE
XSHIFT=-A182
IP=NIBOIT

Qo0

ENDIF

Y1=HOC(IPJP)

NEND=NUM{IP,JP}+iMOL

DO 28 IMOL=NSTART,NEND
XA(IMOL)wX(Y1}+ XSHIFT
YY(IMOL)=Y(Y1)

c 2Z(IMOL)=2(Y1)
AXX(IMOL)=AX{Y1)
AYY(IMOL)«AY(Y1)

c AZZ(IMOL)=AZ(Y1)

c WRITE(3,) Y1,IPJP
Y1aLL{Y1)

28 CONTINUE

IMOL=NEND

NSTART=IMOL+1

cce IP=-1 OR NIBOIT AS SET BEFORE

F{J.GT.1) THEN
JPal-t
YSHIFT=0.0

ELSE

XSHIFTw-A2B2°COXY+XSHIFT
YSHIFT=-A282°COYY
JP=NJBOIT

ENDIF

xXVi



3

ccc

O

08; o0

Y1=HOG(IPJP)
NEND=NUM{IP JP)+IMOL
DO 31 IMOL=NSTART.NEND
XOYIMOL)=X(Y1}+ XSHIFT
YY{IMOL)=Y(Y1)+ YSHIFT
ZZ(IMOL)=Z(Y1)
AXCK(IMOL)=AX{Y1)
AYY(IMOL)=AY{Y1)
AZZ(IMOL)=AZ(Y1)
WRITE{3,") Y1,IPJP
YialliY1)
CONTINUE
IMOL=NEND
NSTART=IMOL+1
Pl
IF{L.EQ.1) THEN
XSHIFT=A1B2+XSHIFT
ENDIF
Y1=HOC(IP,JP)
NEND=NUM({P,JP}+IMOL
DO 34 IMOL=NSTART,NEND
XX(IMOL)wX(Y1)+ XSHIFT
YY(IMOL)=Y(Y1)}+YSHIFT
ZZ(IMOL)=Z(Y1)
AXX(IMOL)=AX{Y1)
AYY(IMOL)=AY(Y1)
AZZ(IMOL)=AZ{ Y1)
WRITE(3,") Y1,IPJP
Y1=LL(Y1)
CONTINUE
IMOL=NEND
NSTART=IMOL+1

JP=J-1 OR NJBOIT AS FROM BEFORE
IF(IL.LT.NIBOIT) THEN
IPui+1
ELSE
XSHIFT=A1B2+XSHIFT
IPut
ENDW
Y1=HOC(IP JP)
NEND=NUM{IP,JP})+IMOL
DO 36 IMOL=NSTART,NEND
XX{IMOL)=X(Y 1)+ XSHIFT
YY{IMOL)=Y{Y1)}+YSHIFT
ZZIMOLY=Z(Y1)
AX{{IMOL)=AX{Y1)
AYY{IMOL)=AY(Y1)
AZZ(IMOL)=AZ(Y1)
WRITE(3,") Y1,IPJP
Y1all{Y1)
CONTINUE
NENDwIMOL
DO 50 De1,NB
XK=XX{D)
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YK=YY{D)
¢ ZKuZZ(D)
AXK=AXX(D)
AYK=AYY(D)
c AZK=AZZ(D)
DO 40 B=D+1,NEND
CMPX=XK-XX(B)
CMPY=YK-YY(B)
c CMPZ-2K-Z2(B)
R2=CMPX™2+CMPY*2
c R3=CMPX™2+CMPY™2+CMPZ™2
IF{R2.LE.172.6566D0) THEN

R=DSCRT(R2)
DK=R*"10.0
K=DINT{DK)
E=E+U{K)+ V(K" R+W(K
1 y'R2
DE=DU{K}+DV{K)*'R+DW
1 (K)*R2
Vi=DE'TK
AXX(B)=AXX(B)-V1°CM
PX

AXK =AXK +V1°CM
1 PX
AYY(B)mAYY(B)-V3*CM
PY

AYK «AYK +VI°CM
1 PY
AZZ{B}=AZZ(B}-V1"CM
P2

AZK =AZK +VI'CM
1 PZ
: PRES2=PRES2+V1*R2"1

1 .Dig
30 CONTINUE
ENDIF
40 CONTINUE
AXX({D)=AXK
AYY(D)=AYK
¢ AZZ{D)=AZK
50 CONTINUE

1Pl

JPay)

Y1=HOG(IP JP)

NEND=NUM{IP JP)

DO 55 IMOL=1,NEND
AX(Y1)=mAXX{IMOL)
AY(Y1)=AYY({IMOL)

c AZ(Y1)=AZZ(IMOL)
Y1=lL{Y1)
55 CONTINUE

IMOL=NEND

NSTART=IMOL+1

Xviii



ccc

61

ccC

JP=J FROM BEFORE
IF(LGT.1) THEN
1Pulet
ELSE
IP=NIBOIT
ENDIF
Y1HOC{IP.JP)
NEND=NUM{IP . JP}+IMOL
DO 58 IMOL=NSTART,NEND
AX(Y 13mAX IMOL)
AY(Y1}=AYY({IMOL}
AZ{Y1)=AZZ(IMOL)
Y1alL(Y1)
CONTINUE
IMOL=NEND
NSTART=IMOL+1
IPal-1 OR NIBOIT AS SET BEFORE
IF{(J.GT.1} THEN
JP=)-1
ELSE
JP=N.BOIT
ENDIF
Y1<HOC(IP,JP)
NEND=NUM{IP JP)+IMOL
DO 61 IMOL-NSTART,NEND '
AX(Y1)mACK IMOL)
AY(Y1)=AYY(IMOL)
AZ{Y$)=AZZ{IMOL)
Y1all{Y1)
CONTINUE
IMOL=NEND
NSTART=IMOL+1
Pel
Y1=HOC(IP.JP)
NEND=NUM{IP.JP)+IMOL,
DO 64 IMOL=NSTART,NEND

AX(Y1)= A0 IMOL)
AY(Y1)=AYY({IMOL)
AZ(Y1)=AZZ(IMOL)
Y1alL{Y1)
CONTINUE
IMOL=NEND
NSTART=IMOL+1
JP=J-1 OF NJBOIT AS FROM BEFORE
IF{LLT.NIBOIT) THEN
IP-M‘
ELSE
IP=1
ENDIF
Y1=HOC{IP,JP),
NEND=NUM{IP,JR)+IMOL
DO 66 IMOL=NSTART,NEND
AXLY1)=AXX{IMOL)
AY(Y1)=AYY(IMOL)
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c AZ(Y1)uAZZ{IMOL)

Yi=ll{Y1)
66 CONTINUE
NEND=IMOL,
9 CONTINUE
IF(NTEST.EQ.1.AND.NDEP.EQ.0) THEN
FuF+E
WRITE (11,") N5,E/DFLOAT(NMOLI)
1 »F/OFLOAT(NMOLIVDFLOAT(NS-NTEMS3-1)
ELSE
WRITE(11,") NS,E/DFLOAT(NMOL3),0.0000
ENDIF
c
RETURN
END
Cumm [ - [T 1] n L LT
c
c
c"..I...l.....-.'..-'..‘.."..."'II.....".'...-.'..l...l..'.l...l..
CFORCEENZ: .
c -
C La troisidme dimension ast due & la présence du Substrat . .
c »
cll.......'......'......"..II....I......C..-..'.'.l...-'..'l...-....l‘
c
c FORCE EN Z
c . .
c
SUBROUTINE FZ
IMPLICIT REAL$(A-H,0-2)
c

COMMON/COOR/X(2601),Y(2601),2{2601),CX(2601),CY(2601),PPX(2601), PP
1Y(2601),VX{2€01),VY(2601),VZ(2601),AX(2601),AY{2601),AZ(2601),NMOL

1,NMOL2,NMOL3

COMMON/TEMPER/TEMFAC,TEMP, TK,DELT, AMASS,VDEL,DELT2,DELT3,NTEM,NTEM

12,NTEM3

COMMON/CELL/A1B2,A1B,A282,A2B,COXY,COYY,OCXY,0CYY.ALPHA

COMMON/DISUDIS(3,50),COIS{3,50),NDIS

COMMON/APPROX/U(132),¥(132),W(132),DU{132),0V(132),DW(132),U0{1

128),V0(128),WO{128),DU0{128), DV0{128),DW0{128)

COMMON/DICH/E E1,E2,SCAL3, SCALANFLAG
COMMON/PAR/SCAL2,PRES1,PRES2,EK,FM,FM2,PRESS,PRES.ATOT,AREA2, AREAD
1,AREAAREA1,AREA3,A AREAP, AREAS,F FM3

COMMON/ITER/NS NS1,NS2,NPAS,NTEST

COMMONRWIAUN

COMMON/PER/PMU,PLA,PMUO,PLAC,IDRA

COMMON/ZUT/A1,50M,S0U,TSOM,TSOU,GAMMA,LUT,LUT1,LUT2 LA, TEST, TTEST
1.LB

c
DATA RM/13.14DOVRG/13, 1400/
c
DO 1 Ma1 NMOL
DO 2 N=1,NDIS
IF(DFLOAT(M}.EQ.DIS{3,N}) THEN

XX



c WRITE (3,") 'DIS'M
ELSE .

GOTO 2
ENDIE
2 CONTINUE
DKuZ{M)*10.00
K=DINT{DK)
EmE » UO(K)+ VO(K) “Z(M)+ WO(K) (Z{M)**2)
DE=DUO(K)+DVO{K)*Z{M}+ DWO(K)*(Z(M)**2)

c WRITE({3,") DE
AZ(M}=AZ{M}+DE'TK
1 CONTINUE
WRITE(11,565) EZ

585 FORMAT{1X,/ENRGIE SELON Z',1PE15.8)
c
c WRITE (3,)

RETURN

END
c--- - Lt 1] ..--------------N-.--
Cc
c
c...'.l...l.l...l..I...-..I.l.tt..'....l.t...l.'..l.l...l.....'....‘.'
C MOUVEMENT A VOLLIME CONSTANT : *
C Dynamiqus moleculaire ensemble canonique (N,V,T) méthode
C des forces amorties. ‘
cl.....-‘I.....‘.l...‘....t."'.l....'.'.....I'...'...l."l..."....l.
c
c
c MOUVEMENT A VOLUME CONSTANT
c
c

SUBROUTINE MOUVE2

IMPLICIT REAL"8(A-H,0-2)

COMMON/ULVPX(2601),VPY(2601),VPZ(2601),P1X(2601),P1Y(2601},P2X(26
101),P2Y¥(2601),PX(2601),PY(2601), TRX(2601), TRY(2601),XP(2601).
1YP(2601),P(100)
c

COMMON/COOR/X(2601),Y(2601 )Z(2601),CX(2601),CY(2601),PPX(2601),PP
1Y(2601),VX(2601),VY{2601),VZ(2601),AX(2601 )AY(2501),AZ(2601),NMOL NMOL2,NMOL3
OOMMONfl‘EMPERITEMFAO.TENP.TK,DELT.AMASS.VDEL.DELTZDELTS,NTEM.NT EM2,NTEM3

COMMON/CELL/A1B2,A1B,A282,A2B,COXY,COYY,0CXY,OCYY,ALPHA
COMMON/DISUDIS(3,50),CDIS(3,50),NDIS
COMMON/PAR/SCAL2, PRES1,PRES2,EK,FM,FM2,PRESS,PRES,ATOT AREA2, AREAD
1,AREAAREAT,AREA3,A AREAP,AREAS, F,FM3
COMMON/ITER/NS,NS1,NS2, NPAS, NTEST
COMMON/DICH/E,E1,E2,5CAL3, SCALANFLAG
COMMON/PER/PMU,PLA,PMUD,PLAD,IDRA
COMMON/ZUT/A1, SOM,SQU, TSOM, TSOU,GAMMA,LUT,LUT1,LUT2,LA,TEST, TTEST LB
COMMON/PR/PRESO,BETA, TMX. TMY, TVX.TVY
COMMONRL/IRUN
COMMON/POSMOY/XMOY(2601), YMOY(2601)

C  COMMONBOUGCLEZI.ZMOY

c

C 2 dimensions=1.d0 3 dimensions=3.d0v2.d0
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QO0O0O00 4y

TEMFA1=TEMP*(TK*1.D20)
TEMFA2w500"TEMP*(TK*1.020)
R3=DSORT(3.00)
R0n1000.00
IF(NS.EQ.1) THEN
AREAQ={A1B2°A282)°*R3/2.00
A=0.D0
PRESS=0.D0
ATOT0.00
SCAL241.00
AREA-AREA0
ENDIF
IF{NS.EQ.NTEM.AND.DELT3.NE.DELT) THEN
CALL DISVIT
BETA=DELTA/DELT
PDELT=DELT
DELT=DELT3
VDEL«1.D8*DELT
DELT2={DELT"1.D28YAMASS
FM=FM'BETA
FM2=FM2*BETA
FM3=FM
ENDIF
PRES10.D0
PRES=0.D0
EMaFM3°AMASS*1.D-4/(3.92D0)**2
WRITE(12,) ‘EM='EM
ALPHA=1.D14

IF(NS.LE.(NTEM+1).AND.NS.GE.NTEM) THEN
GOTO 101
ENDIF

TMX=TMX/DFLOAT(NMOL3)
TMY=TMY/DFLOAT(NMOL3)
TVX=TVX/OFLOAT(NMOL3)
TVY=TVY/OFLOAT(NMOL3)
PXT=0.0
PYT»0.0
DO 100 Me1,NMOL

IF(NDIS.NE.0) THEN

DO 7 Na1,NDIS

IF(OFLOAT(M).EQ.DIS(3,N)) GOTO 100

CONTINUE

IFIDRA.NE.N) GOTO 3

IF(M.LE.LA) 3070 1

IF(M.GT.(NMOL-LA})) GOTO 1
IF(MOD{M,.A).EQ.0) GOTO 1
IF(MOD(M,LA).EQ.1) GOTO 1

ENDIF

P2X{M)=P X{M)

P1X(M)=(VX{M)-TVX+ TRX(M}-TMX}2.00
TRX{M)=VX({M)-TVX

P2Y{M)=P1Y(M)

XXii



P1Y(M)={VY{M)-TVYTRY(M}TMY)2.00
TRY(M)=VY(M)-TVY
PX{M)=2.00°P1X{M)-P2X{M)
PY(M}=2.D0°P1Y(M)-PZY (M)
PXT=PX{M)+PXT
PYT=PY(M)+PYT

100 CONTINUE

PXTwPXT/OFLOAT(NMOL3)

PYT=PYT/DFLOAT{NMOL3)

DO 199 M=1,NMOL

IF(NDIS.NE.0) THEN
DO 17 Nw1,NDIS
. IF(DFLOAT{M).EQ.DIS(3,N)) GOTO 199

7 CONTINUE
IF(IDRA.NE.0) GOTO 3
IF(MLE.LA) GOTO 1
IF(M.GT {NMOL-LA)) GOTO 1
IF{MOD{M,LA).EQ.0) GOTO 1
IF{MOD(M,LA}.EQ.1) GOTO 1

QoOoOOQO0 .

ENDIF
PX{M}=PXIM}-PXT
PY(M)~PY(M}-PYT
c TAX{M)=TRX(M)-TMX
c TRY(M)=TRY(M)-TMY
PRES1=PRES1+AMASS ((PX{M))**2+{PY(M))**2}"1.D+4
1068 CONTINUE
IF{NS.LE.2) THEN
PRES1«TEMFAC'2.D-4"DFLOAT(NMOL3)
ENDIF
101 PRES<({PRES1+PRES2V2.DO/AREA
C
TVXed.DO
TVY=0.00
TMX=0.D0
TMY=0.D0
c
C exacs de demo
IF{NTEST.EQ.0) THEN
cc {F{NS.GT.NTEM2) THEN
IF{NS.GT.NTEM2.AND.DABS(PRES-PRESO).LT..1D0) THEN
- FM3uFM2
NTESTa1
NTEM3.NS-1

ENDIF

ENDIF
IF {(NTEST.EQ.1) THEN
PRESS«PRESS+PRES
c ATOT=ATOT+AREA2
AsA+Al
WRITE(7,) NS,PRES,PRESS/OFLOAT(NS-NTEM3)
WRITE(4,"} NS A1 ADFLOATINS-NTEMI)
ELSE
WRITE(7.*) NS,PRES
WRITE{4,") NS,A1
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c

c

w0000y

(2]

-0

o O O

ENDIF
IF(NS.EQ.NPAS+IRUN) THEN
WRITE(7,") ‘presia',PRES1,PRES1/2.DOVAREA
WRITE(7,") ‘pres2«',PRES2,PRES2/2.D0/AREA
WRITE(7.) pres=',PRES
WRITE(7."} ‘pressiona',PRESS/DFLOAT(NS-NTEM3)
WRITE(7,") 'cot-="A1B2
WRITE{7,") 'parametra«~'A1B2DFLOAT(LA)
WRITE(7,") ‘paramatreme' A/DFLOAT(NS-NTEM3)
WRITE(7,?} 'suriC=' AREAD
WRITE(7,") ‘snema’,F/DFLOAT(NMOLIVOFLOAT(NS-NTEM3- 1)
WRITE(7,") ‘delit=",DELT
WRITE(7,") temp=', TEMP
MO=DINT(1.D-17/DELTADSCRT(3"TK"TEMP/AMASS)}}
WRITE(7,") 'mo2=" MO

ENDIF
EK=0.D0
DO 1 M=1,NMOL
IF{NDIS.NE.0) THEN
DO 2 Ne1,NDIS
IF{OFLOAT(M).EQ.DIS(3,N}) GOTO 1
CONTINUE
IF{IDRA.NE.O) GOTO 3
IF{M.LE.LA) GOTO 1
IF(M.GT.(NMOL-LA})} GOTO 1
IF(MOD(M,LA).EQ.0} GOTO 1
IF{MOD(M,LA).EC.1) GOTO 1
ENOIF
ENDIF

VPX({M)= TRX{M)+{AX{M)*1.D28/AMASS}"DELT/2.00
PPX{M)=VPX(M)
VPY(M)= TRY{M)+{AY(M)*1.D28/AMASS)*DELT/2.00
PPY(M)=VPY(M)
VPZ{M}=VZ(M}+AZ(M)*DELT2/2.00
EKaEK+PPX(M)*"2+PPY(M)*2
EK1=EK1+VPZ(M)*2
CONTINUE
FKaEK"AMASS/DFLOAT(NMOL3-1)".500
EK1=EK1*AMASS/DFLOAT(NMOL3)".500
SCAL2=DSCRT(TEMFAC/EK)
SCALS=DSQAT(TEMFAZ/EK1)
WRITE(S,") NS,SCAL2

DX=A182

DY=A2B2
A1B3-DSQRT(2.D0°AREA*(1.0-DFLOAT{NDISVOFLOAT(NMOL)V/R3}

A182=DSQRT(2.00*AREA*ALPHAVR3)

A2B22DSQAT(2.D0°AREA/ALPHA/R3)

A1=A1B2DFLOAT(LA)

A1B=A1B22.00

A2B=A2B2/2.D0
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DO 4 Me1,NMOL
IF{NDIS.NE.O) THEN
DO 5 Na1,NDIS :
IF(OFLOAT(M).EQ.DIS(3,N})) GOTO 4

CONTINUE
IF(IDRANE.0O) GOTO 6
IF(MLE.LA) GOTO 4
IF(M.GT{NMOL-LA}) GOTO 4
IF(MOD(M,LA).EQ.0) GOTO 4
IF{MOD{M,LA).EQ.1) GOTO 4

a OO0 ;,

ENDIF
VX({M)=TRX(M)*(2.00*SCAL2-1.D0)+SCAL2*(AX
1 (M)*$.D28/AMASS)°*DELT

XP{M)=X{M)

X(Mj=X(M)  +VDEL'VX(M)
VY(M)=TRY(M)"(2.D0°SCAL2-1.D0)+SCAL2"(AY
1 (M)1.D2B/AMASS)*DELT

YP(M)aY(M)

Y(M)=Y(M)  +VDEL'VY(M)

VZ{M)=VZ{M)*{2.D0"SCAL5-1.00)+ AZ{M)*DELT2*SCALS
Z(M)=Z(M}  +VDEL"VZ({M)

ZTOT=ZTOT+Z(M)

OG0 O000O00

Les coordonndos sont translormées au systéma crystaliographique

CX{M)=X{M)+OTXY*Y(M)
CY{=OCYY Y (M)
C Les conditions périodiguas sont wstdes .
C
IF(CX{M).GT.A1B) THEN
CX{M)=CX(M)-A182
X{M)=X({M}-A1B2
VX(M)=VX(M)
ELSE IF(CX{M).LE.-A1B) THEN
CX{M)=CX(M)+A1B2
X{(M)=X(M)}+A1B2
VX(M)=VX(M)
END IF

IF{CY{M).GT.A2B) THEN
CY{M)<CY{M)-A2B2
X(M)=X(M)-COXY*A2832
Y(M)=Y{M)-COYY*A2B2
VX(M)aVX{)
VY(M)=VY(M)

ELSE IF(CY(M).LE.-A2B) THEN

CY{M)=CY(M)+A2B2

X{M)=X(M)+COXY"A2B2
Y(M)=Y(M)+COYY*A2B2
VX{M)=VX(M)
VY{M)=VY(M)
END IF
c IF(Z{M).GT.9.00) THEN

XXV



c VZM)=-VZ(M)

c ENDIF
TMXaTMX+TRX(M)
TVX=TVX+VX(M)
TMY=TMY +TRY (M)
TVY=TVY+VY(M)
4 CONTINUE
C  ZMOY=ZMOY+ZTOT
c WRITE(9,") NS, ZTOT/DFLOAT{NMOL3),ZMOY/DFLOAT{NMOLIYDFLOAT(NS)
c ZTOT=0.00
IF{(NDEP.EQ.0.AND.NS.EQ.5) THEN
0O 23 M=1,NMOL
WRITE{15,") X(M),Y(M)
23 CONTINUE
ENDIF
c WRITE (3,") ‘'mouve2
RETURN
END
c-.-------------- L 1 ) ] mm-. - L L 11 1 1 ]]
c
]
c.l......'...l.l........‘.'.'.'...I.-.'-'.'l.'.-'l....l'I.ll-..l.-l..-.
C MCUVEMENT A PRESSION ET TEMPERATURE CONSTANTES ¢ .
C Introduction de la dynamicue moléculaire ,ensemble canonique (N,P.T) .
C méthode combinde ¢ Anderson , :
c.l-l.I'.-.I.-..'II...t......l'.l.....I..l.l.........l.l....lll....l-.-
c
c
Cosmnunenea MOUVEMENT A PRESSION ET TEMPERATURE CONSTANTE =
c
c
SUBROUTINE MOUVE3
IMPLICIT REAL"8{A-H,0-2)

COMMON/UL/VPX(2601),VPY(2601),VPZ(2601),P1X(2601),P1Y(2601),P2X(26
101),P2Y(2601),PX({2601),PY(2601), TRX(2601),TRY{2601),XP(2601},YP(2601),P(100)

COMMONTEMPER/TEMFAC,TEMP,TK,DELT, AMASS,VDEL,DELT2,DELT3,NTEM,NTEM2,NTEM3,
COMMON/CELL/A1B2,A1B,A282,A28,COXY,COYY,0CXY,OCYY, ALPHA
COMMON/DISUDIS(3,50),CDIS{3,50),NDIS
COMMON/PAR/SCAL2,PRES1,PRES2,EK,FM,FM2,PRESS,PRES ATOT AREA2,AREAD
1,AREAAREA1 AREA3,AAREAP,AREAS,F,FM3
COMMON/ITER/NS,NS1,NS2,NPAS,NTEST
COMMON/DICH/E E1,E2,SCAL3, SCALA,NFLAG
COMMON/PER/PMU,PLA,PMUO,PLAG,IDRA
COMMON/ZUT/A1,SOM,SOU, TSOM, TSOU,GAMMA,LUTLUT1,LUT2,LA,TEST, TTEST ,LB
COMMON/PR/PRES0,BETA, TMX, TMY, TVX,TVY
COMMONRU/IRUN
COMMON/POSMOY/XMOY(2601),YMOY(2601)
C COMMON/BOUCLEZIZMOY
c

C 2 dimensions=1.d0 3 dimensione=3.dv2.40
TEMFA1=TEMP*(TK"1.D20)
TEMFA2e.500*TEMP*(TK"1.020)
R3=DSQAT(3.00)
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0000y

RO«1000.00
IF(NS.EQ.1) THEN
AREAD={A1B2°A282)*R3/2.00
A=0.00
PRESS0.00
ATOT=0.00
SCAL2a1.D0
AREASAREAO
AREA1=AREAQ
AREA2=AREAQ
DO 10 M=1,NMOL
XMOY{M)a0.00
YMOY(M}=0.00
ENDIF
IF{NS.EQ.NTE"{.AND.DELT3.NE.DELT) THEN
CALL DISVIT
BETA=DELTADELT
PDELT-0ELT
DELT=DELT3
VDEL=1.08°DELT
DELT2={DELT*1.D25VAMASS
FM=FM'BETA
FM2=FM2'BETA
FM3=FM
AREA3~AREA
AREA2=AREA
AREA12AREA
ENDIF
PRES1<0.D0
PRES=0,00
EM=FM3*AMASS*1.D-4/(3.9200)"°2
WRITE(12,%) ‘EM="EM
ALPHA=1.D14
IF{NS.LE.(NTEM+1).AND.NS.GE.NTEM) THEN
GOTO 101
ENDIF
TMX=TMXDFLOAT{NMOL3)
TMY=TMY/DFLOAT(NMOLS)
TVXaTVX/DFLOAT(NMOLS)
TVY=TVY/DFLOAT(NMOL3)
PXTw0.0
PYT=0.0
WRITE(3,") ""DRA=",IDRA
DO 100 Mu1,NMOL —
IF(NDIS.NE.0) THEN
DO 7 Ne1,NDIS

IF(OFLOAT{M).EQ.DIS{3,N)} GOTO 100

CONTINUE
WF(iDRA.NE.0) GOTO 3
IF{M.LE.LA) GOTO 1
IF(M.GT.{NMOL-LA)} GOTO 1
IF(MOD{M,LA).EQ.0) GOTO 1

IF{MOD{M,LA).EQ.1) GOTO 1
ENDIF
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P2X(M)=P1X({M)
P X{M)={VX{M)- TV TRX{M)-TMX)'2.D0-
1 XP(M)*AREAP*1.D-&2.D0/AREA2
TRX({M)=VX(M)-TVX
P2Y(M}=P1Y(M)
P1Y(M)={VY(M)-TVYs TRY(M)- TMY)2.00-
1 YP(M)*AREAP*1.D-8/2.D0/AREA2
TRY(M=VY(M)-TVY
PX(M)=2.DG*P1 X{M)-P2X{M)
PY(M)=2.D0°P1Y(M)-P2Y(M)
PXTwPX{M)+PXT
PYT=PY(M)+PYT
100 CONTINUE
PXT=PXT/DFLOAT(NMOL3)
PYT=PYT/DFLOAT(NMOL3)
DO 199 Ma1,NMOL
IF{NDIS.NE.0) THEN
DO 17 N=1,NDIS
IFIDFLOAT(M).EQ.DIS{3,N)) GOTO 190
7 CONTINUE
IFIDRA.NE.0) GOTO 3
IF{M.LE.LA) GOTO 1
IF(M.GT.(NMOL-LA})) GOTO 1
IF{MOD{M,LA).EQ.0) GOTO 1
IF{MOD{M,LA).EQ.1) GOTO 1

OO0000 ..

ENDIF
PX{M)=PX{M}-PXT
PY(M)=PY(M)-PYT
PRES1=PRES1+AMASS ((PX{M))™*2+{PY(M))**2)"1.D4
199 CONTINUE
IF(NS.LE.2) THEN
PRES1aTEMFAC*2.D-4"DFLOAT(NMOL3) -
ENDIF .
101 PRE3=(PRES1+PRES2V2.D0AREA
AREAS=(PRES-PRESOVEM
AREA=2.D0*AREA1-AREA2+AREAS DELT*2
AREAP=(AREA-AREA2YDELT/2.00 .
AREA3=AREA2
AREA2=AREAI
AREA1=AREA

TVX=0.D0
TVY«0.D0
TMX=0.00
TMY=0.00
C oxecs de damo
IF{NTEST.EQ.0) THEN
cc IF(NS.GT.NTEM2) THEN
IF{NS.GT.N" -.-‘ua.Nq'D.DABS(PRES-PHESO).LT.J DO) THEN
FM3uFM2
NTEST=1
NTEM3aNS-1
ENDIF
ENDIF
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IF (NTEST.EQ.1) THEN

c

w0000 N

-0

a0

PRESS~PRESS+PRES
ATOT=ATOT+AREA2
AsAeAl
WRITE(7,") NS,PAES,PRESS/OFLOAT(NS-NTEM3)
WRITE{4,") NS ALNDFLOAT(NS-NTEM3)
ELSE
WRITE{7,*) NS,PRES
WRITE{4,") NS,A1
ENDIF
IF{NS.EQ.NPAS+IRUN) THEN
WRITE(7,") ‘pres1a" PRES1,PAES1/2.D0VAREA
WRITE(7.") 'pres2«',PRES2,PRES22.DO/AREA
WRITE{7,") ‘pres="PRES
WRITE(7,*) 'presslon=",PRESS/DFLOAT{NS-NTEM3)
WRITE(7.") "cot-=",A1B2
WRITE(7,) 'parametre=' A1B2/DFLOAT{LA)
WRITE(7,%) ‘parametrem=" AVDFLOAT{NS-NTEM3)
WRITE(7,") 'surfO=',AREAQ
WRITE(7,") 'surfe' AREA2
WRITE{7,") 'surfme’ ATOT/DFLOAT{NS-NTEM3)
WRITE(7,") ‘apri=" AREAP
WRITE(7,%) 'asec=’,AREAS
WRITE(7,") ‘enem=' F/DFLOAT(NMOL3VDFLOAT{NS-NTEM3- 1)
WRITE(7.") 'deite’ DELT
WRITE(7," ‘temp=",TEMP
MOwDINT(1.D-17/DELT/DSQRT(I"TK" TEMP/AMASS)))
WRITE(7,") 'mo2a=' MO
ENDIF
EK=0.D0

DO 1 Ma1,NMOL
IF(NDIS.NE.0) THEN
DO 2 N=1,NDIS
IF{DFLOAT(M).EQ.DIS(3,N)) GOTO 1
CONTINUE
IFIDRA.NE.0) GOTO 3
IF(M.LE.LA) GOTO 1
F(M.GT{NMOL-LA)) GOTO 1
IF(MOD{M,LA).EQ.0) GOTO 1
IF(MOD{M,LA).EQ.1) GOTO 1
ENDIF
VPX(M}= TRX(M)+{AX{M)*1.D28/AMASS + X{M}/2.D0r, RIEA2*(AREAS-AR
1 AP*272.DOAREA2)*1.0-8)'DELT/2.00
PPX{M)uVPX({M}-X(M)*AREAP*1.0-8/2. DWVAREAZ
VPY{M)= TRY(M)+(AY(M}*1.D28/AMASS +Y(M)/2.D0VAREA2*(AREAS-AR
1 AP*2/2.00/AREA2)*1.D-8)*DELT/2.D0
PPY(M)=VPY(M)-Y{M)*AREAP*1.0-8/2. DOVAREA2
VPZ(M)=VZ(M)+AZ{M}*DELT2/2.00
EK=EK+PPX(M)**2+PPY(M)"2
EK1=EK1+VPZ(M)*"2
CONTINUE
EK=EK*AMASS/DFLOAT(NMOL3-1)°.500
WRITE(3,"YEK",EX
EK1=EK1*AMASS/DFLOAT(NMOL3)*.500
SCAL2-DSQRT(TEMFAC/EK)
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c SCALS~DSCRT(TEMFAZEK1)
WRITE(S,*) N§,SCAL2

DX=A1B2
DY=A2B2
C  A1BI=DSQRT{2.00°AREA*({1.0-DFLOAT{NDISVDFLOAT(NMCL)VR3)
A182=DSQRT(2.D0°AREA°ALPHA/R3)
A2B2=DSQRT(200"ARENALPHA/RY)
A1=A1B2/DFLOAT{LA)
A1B=A1B2/2.00
A2B=A282/2.D0

DO 4 Ma1,NMOL
IF(NDIS.NE.0) THEN
DO 5 Na1,NDIS
IF{DFLOAT{M).EQ.DIS{3,N}) GOTO 4

CONTINUE

IF(IDRANE.0) GOTO 6

IF(M.LE.LA) GOTO 4
IF(M.GTINMOL-LA)) GOTO 4
IF(MOD(M,LA).EQ.0) GOTO 4
IF(MOD(M,LA).EC.1) GOTO 4

a0OOO00O g,

ENDIF
VX(M)=TRX{M)*(2.00°SCAL2-1.L:0)+X{M}"(1.D0-SCAL2)*AREAP*1.D-
1 8/AREA2+SCAL2*(AX
1 (M)*1.D28/AMASS+({X(M)/2.DO0/AREA2Z)*(AREAS-AREAP*"2/2.DOAREA
1 2)"1.D8y"DELT ' :
XP{M)=X{M)
X{M}=X(M) +VDEL"VX{M)
VY(M)=TRY(M)*(2.00°SCAL2-1.D0)+Y(M)*(1.D0-SCAL2)* AREAP*1.D-
1 B/AREAZ+SCAL2°(AY
1 (M)*1.D28/AMAS S+(Y(M)/2.DAREA2)*(AREAS-AREAP* /2, DOVAREA
1 2)"1.D8)'DELT
YP{M)=Y (M)
Y(M)=Y({M) +VDEL*VY{M)
VZ(M)=VZ{M)*(2.D0°SCALS-1.D0)+AZ{M)'DELT2*SCALS
Z{M)=Z{M) +VDEL"VZ(M)
ZTOT=ZTOT+Z(M}
Les coordonnées sont transformées au systéme crystallographiqua .

COOOO0

CX{M)=X{M)+OCXY*Y(M)
CY{M)=OCYY"Y(M)
C Les conditions périodiquas sont testées .
c
IF{CX{M}).GT.A1B) THEN
CXM)=CX(M)-A1B2
X(M)=X(M)-A1B2
VX M=VX(M)-A1B82° AREAP/2.DO0/AREA2°1.D-8
ELSE IF{CX{M).LE.-A1B) THEN

CX{M)aCX(M}+A1B2
X{M)uX(M)+A102
VX(M)=VX({M)+A1B2°AREAP/2.DIVAREAZ"1,
1 DB
END IF

XXX




IF(CY(M).GT.A2B) THEN
CY(M)CY(M)-AZB2

X{M)=X{M)-COXY*A282
Y(M)=Y{(M)-COYY"A282
VX{M)=VX(M}-A2B2°COXY"AREAP/2.DI/AREA2°1.D
1 ]
VY(M)=VY(M)-A2B2°COYY AREAP/2.DXVAREA2*1.D

4
ELSE IF(CY(M).LE.-A2B) THEN
CY(M)=CY(M)+AZB2
X{M)=X{M)+COXY*A2B2
Y(M)=Y(M)+COYY*A282
VX{M)aVX{M}+AZBZCOXY* AREAP/2.DOVARE
1 A2*1.D-8
VY(M}=VY(M)+A2B2*COYY*AREAP/2.DOVARE
1 AZ'1.D-8
END IF
IF{Z{M).GT.9.D0) THEN

VZINI-VZ(M)
ENDIF

TMXTMX+ TRX{M)
TMY=TMY+TRY(M)
TVY=TVY+VY(M)
CONTINUE
ZMOY=ZMOY+ZTOT
WRITE(S,") NS.ZTOT/DFLOAT(NMOL3).2MOY/DFLOAT(NMOL3VYDFLOAT(NS)
ZTOT=0.00
IF{NDEP.EQ.0.AND.NS.EQ.5) THEN
DO 23 Mwt NMOL
WRITE(15,) X{M),Y(M)
2 CONTINUE
ENDIF
C WRITE (3,*) ‘mouve?’
RETURN

OO0

QOO0

Cous mma .-

- RENORMALISATION DE L'ENERGIE

‘00000

SUBROUTINE RENEC -
IMPLIGTT REAL'B{A-H.0-2)

COMMON/UL/YPX(2601),VPY(2601),VPZ(2601),P1X(2601),P1Y(2601),P2X(26
101),P2Y(2601),PX(2601),PY(2601), TRX(2601), TRY(2601),XP(2601), YP(2601),P{100)

COMMON/COOR/X(2601),Y(2601),Z(2601),CX(2601),CY(2601),PPX(2601),PP
1Y(2601),VX(2601),VY(2601),VZ2(2601),AX(2601),AY(2601),AZ(2601),NMOL,NMOL2,NMOL3

COMMON/TEMPER/TEMFAC, TEMP, TK,DELT,AMASS, VOEL.DELT2,DELT3, NTEM.NTEMZ,NTEM3

COMMOCN/CELU/A182,A18,A282 A2B,COXY,COYY,OCXY,OCYY,ALPHA

COMMON/DISL/DIS(3,50),CDIS(3,50),NDIS

COMMON/PER/PMU,PLA PMUO,PLAG, IDRA

COMMON/ZUT/A1,50M,S0U, TSOM, TSOU,GAMMA,LUT,LUT1,LUT2,LA,TEST, TTEST,LB
c

XXXi



DIMENSION VB1(2),DMOL(2)

c
C Ne pas cublier vz
DO 3 J=1,2
c VB1{J)=0.D00
DMCL{J)=0.00
3 CONTINUE
c
DO 1 M=1,NMOL
IF{NDIS.NE.O} THEN
DO 2 N=1,NDIS
IF(DFLOAT(M).EQ.DIS(3,N)) GOTO 1
2 CONTINUE
IF(IDRALNE.0) GOTO 8
F(M.LE.LA) GOTO 1
IF{M.GT.(NMOL-LA)) GOTO 1
IF(MOD{M LA).EQ.0) GOTO 1
IF{MOD{M LA).EQ.1) GOTO 1
6 ENDIF
DMOL{1 }=DMOL{1}+CXIM)
DMOL{2)=DMOLI2)+CY(M)
1  CONTINUE
o]
C On soustrait la vectaur vitassa de la boite .
]
C Ne pas oubller vz
DO 4 Ja1,2
DMOL{J)=sDMOL{JVDFLOAT{NMOLI)
4 CONTINUE
[+
DO 5 M=t NMOL
IF{NDIS.NE.O) THEN
DO 7 N=1,NDIS
IF{DFLOAT(M).EQ.DIS(3,N)) GOTO §
7 CONTINUE
IF{IDRA.NE.O) GOTO 8
iF{M.LE.LA) GOTO 5
IF{M.GT.(NMOL-LA)) GOTO 5
IF{MOD(M,LA).EQ.0) GOTO 6
IF{MOD(M,LA).EQ.1) GOTO 5
8 ENDIF -
CXM)=CX{M)-DMOL{1}
CY{M)=CY(M})-DMOL{2)
X(M)=CX{M}+COXY*CY(M)
. Y(Mj«  COYY'CY(M)
5 CONTINUE

WRITE(3,") TEMP~", TEMP
C  WRITE(3,") enac

RETURN

END
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c---------- —————

c

c....'.I...llI.l-C...I-..-l.........'......'.."'..."..I".."...'I"

C RECOMMENCE : .
C Parmet de continuer la procedure sans recommencer du début ot suvegarder las données . .
c.!O-C.l...ll..l.l...l...l.-l.l..l..l.'llIIII.I.!-.-..-.t--l-ll--...'.
c
c.... CTTY ] HECOMMENCE
]
c

SUBROUTINE RECOM

IMPLICIT REAL"8{A-H,0-2)
c

DIMENSION DMOLI2

REAL I,K

. COMMON/UL/VPX(2601),VPY(2601),VPZ(2601),P1X(2601),P1Y(2601),P2X(26
101),P2Y(2601),PX(2601),PY(2601), TRX(2601), TRY(2601),XP(2601), YP(2601),P(100)
COMMON/COOR/X(2601),Y{2601),Z{2601),CX(2601),CY{2601),PPX(2601),PP
1Y(2601),VX({2601),VY(2601),VZ(2601),AX{2601),AY(2601),AZ(2601), NMOL,NMOL2,NMOL3
COMMON/CELL/A1B2,A18,A2B2,A28,COXY,COYY,OCXY,OCYY,ALPHA
COMMON/TEMPER/TEMFAC TEMP.TK.DELT.AMASS.VDEL.DELTZ.DELT3.NTEM.NTEM2 NTEM3
COMMON/DISL/DIS{3,50),COIS{3,50),NDIS
COMMON/DICHE,E1,E2,SCAL3,SCAL4,NFLAG
COMMON/ITER/NS,NS1,NS2,NPAS,NTEST
COMMON/ZUT/A1,SOM,SOU, TSOM, TSOU,GAMMA,LUT,LUT1,LUT2 LA, TEST, TTEST LB
COMMON/PAR/SCAL2,PRES1,PRES2,EK,FM,FM2,PRESS, PRES, ATOT AREA2 AREAQ
1,AREA,AREA1,AREA3 A AREAP AREAS,F,FM3
COMMON/RU/IRUN
COMMON/PER/PMU,PLA,PMUO,PLAD,IDRA
COMMON/PR/PRESO,BETA, TMX,TMY, TVX,TVY
COMMONBOUCLE/Z),ZMOY

c WRITE(3,") ‘MVACrecoms' MVAC
OPEN(UNIT=35)
AEAD{25,") MVAC
READI{35,") LA
READ(35,") L8
READ(35,") NMOL3
READ(35,") NMOL2
READ(35,") NDIS
READ(35,%) A1
AEAD(35,") AREA

C  READ{357 AREA1

C  READ{35,) AREA2
READ{35,") NTEM3
READ(35,') NTEST
READ(35,) F

C  READ{35°) ATOT

XXXiii



READ(35,") PRESS
READ{35,") A
READ(35,") E1
READ(25,") E2
READ{(35,") TMX
READ{36,") TMY
READ{3S,") TVX
READ(35,") TVY

IF(NTEST.EQ.1) THEN
FM3wFM2
ELSE
FM3=FM
ENDIF
ALPHA=DFLOAT{LAYOFLOAT(LB)
A2aAl
c Nombre de partcules dans la cellule unitalra .
NMOLUn1
Cc Nombre de celiules dans une rangée .
LB=LA
[» Nombre de particules ,
NMOL=LA‘LB"NMOLU
L=0
IF(NDIS.EQ.0) GOTO 111
. IF{NDIS.EQ.1) THEN
DiS(3,L+11=NMOL/2+1
CDIS(3,L+1)=aNMOL/2+1
ELSE
DC 18 NeNMOL/2-NDIS/2+ 1, NMOL2+NDIS/24+ 1
DIS(3,L+1}=DFLOAT(N)
CDIS{3,L+1)=0FLOAT(N)
Lal+1
18 CONTINUE
ENDIF :
111 DO 119 M=1 NMOL
READ(36,7888) P1X(M),P1Y(M),P2X(M),P2Y{M)
7888 FORMAT(1X,D156.8,1X,D15.8,1X,D15.8,1X,D15.8)
118  CONTINUE
DO 121 M=t NMOL
. READ(35,7886) TRX(M},TRY{M),VX{M),VY(M)
7888 FORMAT(1X,D15.8,1X,015.8,1X,D15.8,1X,D15.8)
121 CONTINUE
CLOSE{UNIT=35)
A1B2=DFLOAT(LA} A1
A1B=A1B22.D0
A2B2DFLOAT(LB)"A2
A2B=A282/2.D0
C Queiques constantes utiles .
CFOR=DATAN({1.D0y45.D0
]
COXY=DCOS(GAMMA'CFDR)
COYY«=DSIN(GAMMA*CFDR)
OCXYu-COXY/COYY
OCYY=1.D0/COYY
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c ~ WRITE(3,") TEST.TEST
IDRA=1
C Cas constantes somt utillsées pour changer du systéme crystallographique
C au systéma orthogonale et vice-versa.
OPEN {UNIT=40)
DO 88 M=1,NMOL.
READ(40,7880) X{M},Y(M)
CX{M)=X{M}+OCXY“Y(M)
CY{M}= OCYY*Y(M}
88 CONTINUE

7880 FORMAT(1X,D15.8,2X,D15.8)

CLOSE (UNIT=40)

CALL POTEN

RETURN

END
c.--------.-- kg g D el S D RO NG N N Y A A A 2 A A NN AR AN DR NN AR IR
c
c
c.".D...l...l.l.'.l.l..............'ll""l"l..l'b..ll.l.'l'...ll.'l
C STOCKE : : *
C Initialiser les coordonnées des atomes de bord @t de I'alome active du centre . . .
cI.l.....l.l.l...I..l..l...l...l....l...l..ll.I.'.".l'..l.l.lt.t.t.l-l
¢
c
c

SUBROUTINE STOCKE

IMPLICIT REAL*B(A-H,0-2)
c

COMMON/ZUT/A1,S0M,S0U, TSOM, TSOU,GAMMA LUT LUT1,LUT2, LA TEST, TTEST LB
COMMON/COOR/X{2601),Y(2601),2!2601),CX(2601),0Y{.501},PPX(2601),PP .
1Y(2601),VX{2601),VY(2601),VZ(2601},AX(2601),AY{2601),AZ(2601),NMOL,NMOL2,NMOL3

COMMON/VAC/XINT{2601), YINT{2601),CXINT(2601),CYINT{2601),XVAC,
1YVAC,CXVAC,CYVAC,DEPLCE MVAC,LVAC

COMMON/CELL/A1B2,A1B,A282,A2B,COXY,COYY,OCXY,OCYY ALPHA

c
C Stocker X et Y dans XINT et YINT
C Remettre & zéro lea vitessaes du Bord,

DO 20 M=1NMO.

IF{M.LE.LA) GGTO 21
IF(MOD{M,LA).EQ.1) THEN
GOTO 21

ELSE

GOTO 20
ENDIF

21 XINT(M)=X(M)
YINT(M)=Y(M)
CXINT{M}=CX(M)
CYINT(M}="Y (M)
VX{M}=0
VY{M)=0

20  CONTINUE
LVACaNMOL2+14LA
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C Introduction du déplacement de {'atome vacanta.
DEPLCE= (MVAC*ATIN
cc WRITE{3,"} 'DEPLCE='DEPLCE
CX(LVAC)=CX{LVAC)-DEPLCE
CY{LVAC)=CY(LVAC)
C Stocker les coordonndes de I'atome vacanta dans XVAC,YVAC .
CXVAC=CX(LVAC)
CYVACCY(LVAC)
XVAC=CXVAC+COXY'CYVAC
YVAC= COYY'CYVAC
VX(LVAC)=D
VY{LVAC)=D

WRITE(3,200) CXVAC,CYVAC,XVAC,YVAC

200 FORMAT{ '4{1PE15.3))

RETURN

END
c-‘-.----- L L1} NN EaN - 1 R OO e
c
c
c.l.l.....lt..l........'.Q.‘.'I!.Il!lll......'tt.'l...l.l..-l..l.l...i
C RESET : .
C Sauve- garder l9s coordonnées des bosds ot de Fatome vacants,,

c'..I........-.‘...l....-.‘.'"....'..I...-.-....'l.l.'.l.."'.l.tl.ll

----- : = RESET - —_—

o000

SUBROUTINE RESET
IMPLICIT REAL'8{A-H,0-2)

[¢]

COMMON/COQR/X(2601),Y(2601),Z(2601),CX{2601),CY(2601),PPX{2601},PP
1Y{2601),VX(2601),YY(2601),VZ(2601),AX(2601),AY(2601),A2(2601),NMOL NMOL2, SMOL3
COMMON/ZUT/A1,SOM,SQU, TSOM, TSOU,GAMMA,LUT,LUT1,LUT2,LA, TEST.YTEST LB
COMMON/VAC/XINT(2601),YINT(2801),CXINT(2601),CYINT(2801), XVAC,
1YVAC,CXVAC,CYVAC, DEPLCE , MVAC,LVAC
C Sauvegarder las coordonndes des bords et de 'atome vacants,
DO 200 Ma1,NMOL
IF(M.LE.LA) GOTO 201
IF{MOD{M,LA),EQ.1) THEN
GOTO 201
ELSE
GOTC 200
ENDIF
201 X{M)=XINT(M)
Y{M)=YINT(M)
CX{M)=CXINT(M)
CY(M)=CYINT(M)
VXIM)=0
VY{M)=0
200 CONTINUE
X{LVAC)aXVAC
Y{LVAC)=YVAC
CXILVAC)=CXVAC
CY(LVAC)=CYVAC
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VX(LVAC)= 0

VY(LVAC)= 0
RETURN
END

c----------.-------- - AR AR S RN EENE N EEEEREE NS NN N =t
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