
 Eindhoven University of Technology

MASTER

Ion scattering simulations on Pt(111) and GaAs(110) surfaces

van Engelshoven, J.

Award date:
1987

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/d025bee3-c70e-47ad-998b-33c0f7da2632


Masters thesis 

Ion scattering simulations 
on Pt(lll) and GaAs(llO) 

surfaces 

by ].v. Engelshoven 

Eindhoven University of Technology 
Department of physics 
Solid State Division 

coached by H.H. Brongersma 
H. Ottevanger 

• 

April 1987 



Acknowledgments 

Although only one name is at the top of the previous 
page, many persons have contributed to this thesis. I 
would like to express my sineere grattitude to all. 
Special aknowlegments are directed to: 

H.H. Brongersma, for supervision. 
H. Ottevanger, for general support 
C.A. Severijns, for critical reading of this 

manuscript 
].P.M.]. jaspar, for assistence during software 

testing. 

I would also like to name: A.G. Roosenbrand, N. 
Kandelaars, j.vd. Bosch, P.A.]. Ackermans and C.G. v. 
Leerdam. 

• 



Abstract 

The surfaces of solids can be studied by means of Low 
Energy Ion Scattering (LEIS) spectroscopy. LEIS employs 
a beam of keV ions, directed towards the surface of a 
solid. The beam is scattered by the surface atoms. The 
reflected ions may be analysed, yielding information on 
surface composition and structure. 

In order to analyse the experimental data, a simu
lation package has been written. EARI(S) 4 (Energy and 
Angle Resolved Ion Scattering Spectroscopy Simulation 
Software) has been used for introductory simulations on 
several configurations. We also performed LEIS simu
lations on the Pt(lll) and GaAs(llO) surfaces. One of 
the conclusions is that the structure of the GaAs(llO) 
surface may be revealed directly, using LEIS . 
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Chapter 1 General Introduetion 

During the last decades the interest in the study of 
the outermost layer of solids has increased signifi
cantly [HEL 86]. The properties of surfaces can play an 
important role in applications such as corrosion, cata
lytic processes, crystal growth (MBE) and electrooie 
components production. Especially the last field has 
inspired scientists to study the surfaces of semicon
ductors such as Si, GaP and GaAs. 

At the Eindhoven University of Technology.(The 
Netherlands) the surface physics group studies these 
surfaces. Among other, electron based methods such as 
LEED [ROO 87], Auger spectroscopy and XPS, ion scatte
ring techniques are employed. At present two experi
mental LEIS (= Low Energy Ion Scattering) setups are 
available: the NODUS apparatus (NOn Destructive Ultra 
Sensitive) [ACK 86], which is operated at a routine 
basis, and the new EARISS (Energy and Angle Resolved Ion 
Scattering Spectrometer)[HEL 86] [SCH 86Ja. A unique 
feature of the EARISS is its ability to perferm simul
taneously angle and energy resolved measurements. The 
importance of this feature will be discussed below. 

In LEIS a beam of ions, with kinetic energies ranging 
from 0.5 to 5 keV is directed towards a solid. The 
incident ions are scattered by the atoms of the solid. 
The ions can collide (almost) head-on, resulting in 
backscattering into an analyser. The energies of the 
scattered ions are target mass dependent thus revealing 
the cellision partners. Double collisions may also 
occur, resulting in surface structure information, which 
can be measured by angle resolved measurements. 

In general LEIS uses noble gas ions. These ions 
readily neutralize on penetratien of the solid. These 
ions neutralize for more than 99% during a cellision 
with a first layer atom. Collision sequences with second 
and deeper layers result in 100% effective neutrali
zation. When we only detect charged particles in e.g. 
electrastatic analysers, we obtain information from 
particles which collided with the outermost layer of the 
solid. Noble gas ion LEIS spectroscopy, therefore, 
yields pure surface information. 

Now it is clear that when we operate the EARISS with 
noble gas ions, it will reveal both surface composition 
and surface structure. 

When we use hardly neutralizing ions such as alkali 
ions (Na+, K+), deeper layer information can be obtained 
as well. 

• 
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For the correct interpretation of the LEIS spectra, a 
good physical model is required. Unfortunately the 
interaction of an ion beam with a solid cannot bedes
cribed by a sufficient accurate theory. We are forced to 
use computer simulations, in which we compute many ion 
trajectories through a solid consisting of many par
ticles. 

In this report we describe a software package which 
can simulate LEIS experiments: EARI(S) 4 (= Energy and 
Angle Resolved Ion Scattering Spectroscopy Simulation 
Software). We discuss the LEIS physics, the data struc
ture of EARI(S) 4 and present some test results. Finally 
we describe several simulations on Pt(lll) and CaAs(llO) 
surfaces. 

• 

• 
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Chapter 2 The theory of ion scattering 

§ 2.1 Introduetion 

When a beam of 10 keV ions is directed towards the 
surface of a solid many processes occur whithin very 
small time scales and very short distances. The primary 
ions may be scattered at the surface (containing infor
mation on surface composition and structure) or they may 
penetrate the surface and move on into the solid. This 
will create defects in the solid, but it will also cause 
surface atoms to leave the solid (sputtering), providing 
additional surface information. In fig 1 some partiele 
trajectories are shown, illustrating these effects [VEE 
79]. 
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Figure 1: SeveraL ion and atom trajectories 
are pLotted here. We notice a doubLe caLLision at 
the surface (particLe #1). ALso deep buLk pene
trution and spputtering can be obserued. 

In this report we will describe a software package 
[EARI(S) 4

] and underlying physics, which can describe 
these ionscattering and sputtering processes. EARI(S) 4 

stands for Energy and Angle Resolved Ion Scattering 
Spectroscopy Simulation Software. 
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§ 2.2 General Theory 

Although the collislons should be treated in a quan
turn mechanica! manner, it has been shown [MAS 85] [JAS 
86], that for our case of large deflections of > 1 keV 
ions, a classica! approach suffices. We therefore, use 
Newtons force law to simulate the motions of the atoms 
and ions. The farces that enter the equations are deri
ved from interatomie potentials. 

Applying the laws of conservation of energy and 
momenturn to a binary callision yields the well known 
result, that the callision is independent of the poten
tlal (provided that mass, incoming and outgoing angles 
and energies are known). This can be formulated as [HEL 
86]. 

Ef { 1 ( - = -- cos 8 + 
Eo 1+A 

(2.2.1) 

where: Ef 
Eo 
A 

= Final energy (after collision) 
= Primary energy (before collision) 
= Massratio of ion (m 1 ) and target 

atom (mt): A= mt/ml 
= scattering angle in lab system 

The + sign must be used when A> 1. wheras the + 
signs bath apply when A~ 1, as lo~g as (A2 - sin2S) ~ 
0. The double sign case refers to two different colli
slons. One is an almast head-on callision anà the other 
is a large impact parameter collision. 

From (2.2.1) we note that in a LEIS (Low Energy Ion 
Scattering) energy spectrum the dominating (single 
collision) peak is potentlal independent. Therefore it 
is hard to obtain potentlal parameters from the main 
peak in a LEIS energy spectrum. The single callision 
peaks do provide the atomie constituents of the surface. 

We use Newtons law to compute the atomie trajectories 
under the influence of the interatomie farces. But in 
fact we only study the positions of the atomie nuclei 
under influence of electrostatical farces of other 
nuclei and electrons. The electrans do not enter the 
equations explicitely. However, they play an important 
role: they may acquire energy (ESCA, Auger) depriving 
the nucleus of kinetic energy (= inelastic effects), or 
they may neutralize the ion. 

One of the main goals of the EARISS apparatus is to 
obtain surface structure information. This can be obtai
ned from double callision sequences. One of the impor
tant aspects of the simulations is therefore, to prevent 
the bulk particles from rnaving away from their prede
fined positions, under influence of the interatomie 
potentials. This may cause severe problems, when we are 
using highly unsymmetrical bulk structures. 

In the following sections we will study these aspects 
in more detail. 
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§ 2.3 Interatomie potentials and the LEIS spectrum 

§ 2.3.1 Introductory remarks 

As we noted earlier the position of the binary col
lision peak in the LEIS energy spectrum is potential 
independent. The double collision peak is slightly 
potential dependent. In general: the ionic motion (and 
therefore the LEIS spectrum) is more influenced by the 
interatomie potentials, when more collisions occur 
before the ion leaves the surface. 

At any collision the ion loses energy while the 
surface atom gains energy. So the initia! energy de
creases aftereach collision. As a result the maximum 
kinetic energy in the ion-solid system shifts towards 
lower energies as the collision sequence progresses. The 
low energy part of the LEIS spectrum therefore contains 
potential and structural information [KAP 81]. 

In literature many potential models are known [TOR 
72]. We will discuss several of these and present new 
empirica! potentials. 

• 
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§ 2.3.2 The Thomas-Fermi potential 
and Moliere approximation 

When two atoms are less than 1 Ä apart they repel 
each other strongly. This is caused by the positively 
charged nuclei, that cause strong Coulomb forces. The 
electrans surrounding the nuclei provide some shielding. 
So the forces are less than the pure Coulomb forces, 
resulting in interatomie potentials which decrease 
faster with distance than the Coulomb potential: screen
ed Coulomb potentials. 

Based on these observations the quanturn mechanica! 
Thomas-Fermi model was developed [TOR 72]. This model 
gives the potential of an atom, consisting of a nucleus 
and a surrounding electron cloud. 

Unfortunately the Thomas-Fermi potential cannot be 
presented by a simple mathematica! function and has, 
therefore, been approximated by several authors. A very 
accurate formula is the one presented by Moliere [MOL 
47] [TOR 72] [SEV 87] [JAS 86]. For a two atom system 
the following formulas are used: 

where: 

= VC · 1 b ( r) X ( rIa tf ) , ou om 

r 
V 

Coulomb 

= internuclear separation 
= Coulomb potential 

{2.3.2.1) 

x = Moliere screening function 
a t f = Thomas-Fermi screening length. 

The function X(x) can be expressed as: 

X(x) = 0.35 exp(-0.3 x) 
+ 0.55 exp(-1.2 x) 
+ 0. 10 exp ( -6. 0 x) . 

The screening length a tf is given by: 

a tf 
= [ 9 71"2 ] 1 I 3 _a_o-:--:-::--

128 113 

Z eff 

where: ao = Bohr radius = 0.5292 Ä 
= (~1 + ~2) 2 • Z eff 

(2.3.2.2) 

(2.3.2.3) 

charges of the particles involved. 

The Moliere potential is very accurate at small 
internuclear separations but decreases far too quickly, 
in comparison to Thomas-Fermi, at larger distances [JAS 
86]. At distances of the order of interatomie crystal 
distances, the Moliere potential is less than 0.5 eV. 
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The Maliere potential is very popular in the scien
tific community for simulating hard (> 100 eV) atomie 
collisions. However, it can not be used at low energies, 
since it is purely repulsive. The long range attraction 
which binds solicis tagether is not accounted for. 

§ 2.3.3. Lennard-Jones and other • 
attractive potential 

The Lennard-jones potential is probably the best 
known function to describe interatomie potentials. 
Derived from viscosity coefficients for gases [TOR 72]. 
it has found widespread use in solid state physics. It 
has a negative part, which accounts for solid binding 
and also a sharply increasing part, conforming to the 
repulsive nuclear farces at short distances. However, it 
increases far too fast as compared to the screened 
Coulomb potential which actually occurs at energies 
larger than 100 eV. 

In literature [TOR 72]. many other potentials are 
known that account for attraction, e.g. Morse, Bucking
ham and composite polynomial potentials. These poten
tials are aften deduced from measurements at roomtem
perature (kT < 0.05 eV) or spectrographic data (energies 
< 5 eV). Therefore they cannot be expected to yield 
accurate results in atomie callision simulations, where 
10 keV particles are involved. 

§ 2.3.4 New emperical potentials. 

It is clear from the preceeding sections that no 
potential exists which is accurate for low and high 
energy collisions. It is the scope of this report to 
find a potential which yields accurate results for 
atomie callision sequences. We will also investigate the 
sensitivity for potential parameter changes in LEIS 
spectra. 

It has been found that the Maliere potential is a 
good approximation of the interatomie potential at short 
distances. It falls of rapidly at distances camparabie 
to crystal distances. Therefore. we will add an attrac
tive function to the repulsive Maliere potential in 
order to allow for crystal binding. So: 

V(r) = VMoliere(r) + Vattractive(r). (2.3.4.1) 

• 
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The 2 attractive functions that we introduce are: 

Vd. (r) = 
-Va r-ra 

) . cos(2 1r lp 
1+ {r-ra }n À 

La 

(2.3.4.2) 

Vcos(r) ={ -:; ( 1 + cos(2 r-r 
) ) . .". 

À 

for (r-ra) ~ À./2 

(2.3.4.3) 

where: Va = dip strength 
ra = (approximate) stabie distance 
La = decay distance 
n = even number (n=2,4,6, .. ) 
À = additional decay length. 

The number n has to be even since the potential 
diverges for (r-ra)/La = -1, when n is odd. 

In fig 2 and fig 3 the small range and lopg range 
behaviours of the 5 different potentials are visualised 
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figure 2 The smaLt range (= high energy) 
behaviour of the 5 different potentiaLs is pre
sented. Note that we onLy see 3 distinct Lines: 
CouLomb, Lennard-]ones and the 3 MaLiere poten
tiaLs. The potentiaL parameters that we appLied 
were: Zt = 2, Z2 = 29, Va = 2 eV. ra = 2.5 Ä, La 
= 2.5 Ä , À = 8 Ä and n = 6. 
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One scheme to determine the potentlal parameters is 
to combine information on crystal distance, binding 
energy and crystal vibrations. A value for n can follow 
from considerations of the type of the long range at
traction: ion-atom (n=4) or atom-atom (n=6). 

We have introduced À in order to force the functions 
to zero, for low values of r. 
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figure 3 The Long range (= Low energy) beha
viour of the 5 different potentials is presented. 
We only see 4 distinct Lines: Lennard-]ones, 
Moliere, Moliere+dip and Moliere+cosine. The 
Coulomb potential is stiLL toa Large to fit into 
the graph. We used the same potential parameters 
as we appplied in the preuious figure. 

§ 2.4 Inelastic energy losses 

Inelastic energy losses generally amount to less than 
2 % of the initia! kinetic energy [JAS 86]. Theories 
which describe inelastic processes are not yet fully 
developed. Therefore we neglected these effects in our 
computations, although they can be elegantly incorpo
rated as an additional force term. 

.~ .. 0 
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§ 2.5 Neutralization 

In LEIS experiments predominantly noble gas ions 
(He+, Ne+ and Ar+) are used as primary ions. These ions 
readily neutralize when they interact with the solid. 
Ions that penetrate deeper than 1 monolayer have a 
negligible chance of surviviing the callision with the 
solid as an ion. Only ions scattered from the outermost 
atomie layer remain ionized, for less than 1%, and may 
be energy analysed in an electrastatic analyser. This 
high neutralization probability assures the surface 
sensitivity of LEIS. However, it also creates the neces
sity of high primary ion doses in order to obtain accep
table detection rates. On the other hand these high 
doses cause severe surface damage. 

In recent years alkali ions (Na+, K+) have also been 
used in LEIS experiments [NIE 85]. These ions hardly 
neutralize thus permitting low primary doses. Of course, 
the pure surface sensitivity of noble gas ions is lost, 
but this is not necessarily a severe drawback since 
second and third layer information is obtained. This may 
yield important parameters e.g. "tilt angles" of the 
first layers of the GaAs(110) surface [TOE 86] [FRE 86]. 

In our simulations we assume no trajectory dependent 
neutralazition, which means that we neglect these 
effects. • 

§ 2.6 Initia! conditions 

We will now consider the motions of the bulk par
ticles under influence of the potentials present between 
all particles. When we start a simulation with all 
particles at rest, they will start moving around since 
it is hard to find spherical symmetrie potentials which 
will hold them in their predefined positions. Especially 
a in a highly unsymmetrical system such as the Pt(111) 
surface, with second and third layers, this may pose 
problems when we are simulating surface structure 
experiments like ICISS (Impact Collision Ion Scattering 
Spectroscopy [NIE 86], see § 4.9) or EARISS. 
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Chapter 3 Development and implementation 
of EARl (S) 4 

§ 3.1 Introduetion 

In order to simulate the ion scattering processes we 
have developed a molecular dynamics code, written in 
FORTRAN 77. 

In the next sections we will present some details of 
the code, including: dimensionless handling of Newton's 
equations, data flows and graphical presentation. 

For the actual integration of all partiele trajec
tories we used ODEPACK [EUT 86] and at the basis of the 
graphical software we used the international graphics 
standard GKS [BEC 86]. 

§ 3.2 Physical Formulas 

In this section we will study the dimensionless 
handling of Newton's equations. We will define sealing 
parameters, typical for all simulations. 

We start out with: 

d2~i N 
mi ~i = mi = 2 !: ij. (3.2.1) 

d t2 j = 1 

j;ti 

where .Ei j force excerted on partiele i. due to 
partiele j 

mi ma ss of partiele i 
~i acceleration of partiele i • 
~i position of partiele i 

t time. 

Since our numerical integrator can only handle first 
order differential equations, we rephrase (3.2.1) to 2 
first order differential equations, introducing velo
city: 

d ~i 
--= ~it (3.2.2) 
d t 

d ~i 
(3.2.3) 

where: ~i velocity of partiele i. 
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Now we introduce time, length and velocity sealing 
parameters: ta, xa and va. lnserting these into (3.2.2) 
and (3.2.3) yields: 

* d Xi 
xa - * - __ =va ~i· 
ta d t* 

* d V i N 
mi va 2: ~ij. = 

ta d * J = 1 t 
j#i 

where: ~ denote dimensionless quantities. 

We define va as: 
x a 

Vo =-
ta 

and introduce the initial kinetic 
ding ion (particle # 1) as: 

2 

energy 

Vkina = y; m1 'v o2 1_1 I = y; m1 va. 

Th en we find: 

d * 
~i * = !i, 

d * t 

d * 2 d * 
~i ~i 2 m1 y; m1 x a m1 x a = = ------ --2 

* 2 
* ta d t x a 

ta d t xa m1 

* N 
2 m1 Vk" 

d ~I 
__ 1na = L ~Ij. 
x a m1 d * j:1 t 

j#i 

of 

m1 

We finally write (3.2.8) and (3.2.9) as: 

* d ~i 
= 

d * t 

d * 
~I 

= 
d t * 

* ~I• 

y; x a 

Vkina 

N 
m1 L F1 J. 
mi J=l 

j#i 

(3.2.4) 

(3.2.5) 

I! 

(3.2.6) 

the colli-

(3.2.7) 

(3.2.8) 

2 * d ~I x a 
= 

2 
* ta d t 

(3.2.9) 

(3.2.10) 

(3.2.11) 

These are the equations that we used for our computer 
simulations. 

From (3.2.11) we can verify two intuitive physical 
results: 

1) The colliding ion (particle # 1) is less affected 
by a force f for higher kinetic energies. 

2) Heavy particles are less affected by a force f 
than light particles. 

I! 
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From (3.2.6) and (3.2.7) we can find the meaning of 
the timescale ta. It is the time required by the colli
ding ion to traverse the distance xa (in a force free 
space), for any initia! kinetic energy Vkina. From 
(3.2.11) we find that the sealing parameters to be used 
should be xa and Vkina, instead of xa and ta. 

We can determine the kinetic energy of any partiele as 
follows: 

Vkini ~ mi IV 12 ~ mi va 2 = l_f I = 
~~ 2 lv*l2 = mt va l_i I = 
mt 
mi Vk" 1 *12 = _ 1na 1.Yi 1 . 
mt 

As initia! conditions for (3.2.10) 
use for a LEIS simulation with a zero 

for (3.2.10): the atomie positions 

* for (3.2.11): .Yi = Q for i> 1 

lv*l2 
l_i I = 

• 

(3.2.12) 

and ( 3 . 2 . 11 ) we 
temperature bulk: 
in Angström, 

and from (3.2.12) we find: :y~: = 1 
The forces E result from interatomie potentials. It 

is convenient to express these in units of eV. Therefore 
E is expressed in eV/m or eV/Ä. Then we may also express 
Vkina in eV, and take X 0 to be 1 Ä, which are convenient 
units in LEIS. 

• 
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§ 3.3 Implementation of EARI(S) 4 

§ 3.3.1 Design criterea 

"EARI(S) 4 is to be a code, that can simulate molecu
lar dynamics, oriented towards LEIS. It should be a 
flexible code that can simulate several experiments and 
produces physical meaningful results such as spectra and 
angular distributions." 

This problem definition was the starting point of our 
work. Besides that, the FORTRAN 77 souree code of ODE
PACK [EUT 86] was supplied .. ODEPACK is a software pac
kage for the numerical integration of first order dif
ferentlal equations. It is based on the linear algebra 
packages LINPACK [DON 79] and BLAS (Basic Linear Algebra 
Subprograms). 

In the next paragraph we will present the design 
criteria that we applied for EARI(S) 4

, and g1ve some 
justification for them. 

The criteria were: 

1) Accuracy 
The essential new feature of EARISS (the apparatus) is 
its capability of obtaining both energy and angular 
resolved ion scattering spectra. This will yield accu
rate double collision data. Therefore, EARI(S) 4will have 
to be able to accurately simulate double collisions. 
Since any error suffered during the computation of the 
first collision, will strongly affect the results of the 
second collision, accuracy of computation must be at a 
high level. 

2) Efficiency. 
Any molecular dynamics program is extremely time consu
ming. Runtimes are expressed in terms of hours SHA 85]. 
Therefore we must pay special attention to efficiency. 
We must try to prevent unnecessary computations, such as 
the evaluation of the force between two particles that 
hardly interact. 

3) User friendly 
Every physicist should be able to use the programs. No 
detailed computer knowledge should be necessary. 

4) Flexibili ty 
EARI(S) 4 should be able to handle problems in 1,2 or 3 
space dimensions, using different interatomie poten
tials, storing different physical parameters. 
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5) Logging facilities. 
The user of EARI(S) 4 should have a possibility to ac
quire information about a run, during that run. The most 
important information is an estimate of the total run
time. This is very important, since it is possible that, 
because of an input error, the program will run for 
centuries. 

6) Maintainability 
Modularity has been a main issue during the development 
of EARI(S) 4

. EARIS(S) 4 should not be just one program, 
but a set of subroutines, that can be combined to create 
new programs. 

7) Graphical presentation of results (GKS) 
After one night of computing, more than 109 numbers have 
passed through the computer. These are condensed by more 
than a factor million by the storage subroutines men
tioned in 4). Still too many numbers remain fora simple 
analysis. A graph can present many numbers in a conve
nient way. Therefore, much work has been devoted to the 
development of graphical software. For portability 
reasons, the new international graphics standard GKS 
(Graphical Kernel System) [BEC 86] has been chosen as 
the base for the graphical subroutines. 

8) Portability 
EARI(S) 4 should run on every computer in the scientific 
community. 

§ 3.3.2 General structures 

• 
In this sectien we will present the (data)structures 

of an EARI(S) 4 program. In figure 4 the data structures 
outside the programs are presented. We have defined 
three distinct phases: input, computation and output. 
This structure enables the user to create input files on 
one computer and to perferm the simulation on another 
(faster) one. The log file mechanism permits checking of 
a run. Finally the output file can be analysed on 
another (or the same) computer. During the output phase 
graphical data presentation is essential. 
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• user 

1 

input software 

1 

input file 

------------------kermit 

input file 

1 

number cruncher = 
simulator ~~log file I~EJ 

1 

output file 

----------------- kermit 

output file 

1 

output software 

1 

output hardware 

1 

user 

• 
Figure 4. Generat structure of EARI(S) 4

. 

Arrows denote information streams. Note the 3 
distinct phases: input, computation, output. 
Kermit is a fiLe transport program, which is 
vitat if one is to perform the 3 phases on dif
ferent computers. The "number cruncher" is the 
computationat heart of the simutation software. 
Note that the computations are run whithout human 
interference. 



-20-

In the next section we will discuss some details of 
the number crunching software. This program performs the 
actual simulations. It consists of six subroutine calls 
and all variabie declarations. 

It creates the output file and fills it with the 
input file, before any computations have been performed. 
In this way one is always able to find the d~tails of 
the computation input, immediately next to the results. 
This saves input/output documentation and prevents 
input/output conflicts. 

After this initialisation the actual computations can 
commence. First the problem defining variables, such as 
impact parameters or energies, are set. Then the simu
lation is performed. During the simulation the output 
file is filled. After each simulation the log file is 
updated. 

This procedure (set variables, perform simulation and 
update log file) is repeated until all work, as defined 
by the input file, is completed. 

• 
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I input file I 
l 

ini tialise 
output file 

l 
I l 

set variables 

l 

perfarm 
1 simulation 

~------------------~ 

-+I output file 

l 

~-u-p_d_a_t_e __ l_o_g __ f_i_l_e __ ___.l-+ I 1 og file 1-+?-+EJ 
l 

All simulations ?? 
l 

end 

Figure 5. The work and data structure of an 
EARI(S) 4 program. Note that the variabLes are set 
in a separate subroutine. This method provides 
fLexibiLity. One is capabLe of using different 
variabLe defining subroutines for different 
simuLations. The question mark next to the Log 
fiLe indicates the fact that the program runs 
whithout human interference, so inspeetion of the 
Log fiLe is optionaL. 



-22-
• 

§ 3.3.3 Details of the simulator. 

The subroutine that actually perfarms the simulation 
is called E4CRUN, from EARI(S) 4 number CRUNcher). It is 
called in an extremely simple way: 

CALL E4CRUN(NIPM,INPR) 

where: NIPM = number of array elements of INPR 
INPR = array which contains all simulation 

input, such as partiele positions, masses and charges, 
initial kinetic energy, etc. 

The subroutine disassembles the input array and 
prepares the data for the integrator LSODE. This sub
routine requires another subroutine where the deriva
tives of position and velocity are computed (see farmu
las (3.2.2) and (3.2.3)). This is E4F. Finally the 
interpartiele forces, which are required by E4F, are 
computed in the subroutine E4FORC. In E4FORC 5 different 
potentials are available: Coulomb, Moliere, Maliere + 
Dip, Lennard-Jones and Maliere + Cosine dip. 

The goal of the simulations is to acquire physical 
data about the scattering processes. This means that we 
must be able to call output subroutines during or after 
the simulation. 

During our simulations we are in fact integrating 
over time. The LSODE integrator permits us to stop a 
simulation after a certain amount of time. At that point 
we can call the output routines. Finally we can increase 
the desired time at which we want to store output pa
ratmeters once more, and recommence the integrations 
(see fig 6). This procedure is repeated until the end 
time of the integration, as defined by the input array, 
is reached. 

We may take the timestep, at which we want output to 
be generated, to be any value we choose. E.g. we may 
define it to be the end time of the integration, when we 
are only interested in final parameters for spectrum 
generation. We may also choose the time step to be small 
as compared to the integration end time, in order to 
investigate details of partiele trajectories. 

During our work we have developed several output 
routines. These store properties such as positions or 
scattering angles in the output file. 

When all simulations have been performed the output 
file can be analysed with the output programs (see $ 
3.4). 
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lincrease output tirnel 

l 

Coulomb 
Maliere 
Maliere + dip 
Lennard-Jones 
Maliere + cos 

I 
LSODE ~ 

.__ ___ i_n_t_e_g_r_a_t_o_r __ ~~~~~ E4FORC 

L,..__o_u_t_p_u_t_r_o_u_t_i_n_e_s_---11-+ I output file 

end time ?? 

end 

Figure 6. The internat structure of E4CRUN. 
Note the fLexibiLity in the choice of potentLaL 
to be used and output subroutines. 

• 
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§ 3.4 Post-processing: 
experiences with CKS on a PC. 

After a complete simulation we are left with an 
output file with a typical size of 200 kbytes. Again the 
computer can help us in digesting this extreme amount of 
data. In a graph much information can be presented in a 
human accessible form. Therefore we need graphical 
software. 

For portability reasens we chose for the interna
tional graphics standard CKS (Craphical Kernel System) 
[BEC 86]. This system consistsof a set of subroutines, 
accessible through FORTRAN 77, that can produce graphi
cal images on any graphical device for which a device 
driver is available. A graphical program, based on CKS, 
should run on any computer supporting CKS. 

Since no other werking CKS implementation was avai
lable at the time being, we used an IBM-PC CKS (level 
2b) implementation. It is supported by IBM and Craphics 
Software Systems Incorporated. In the next paragraphs we 
will describe some properties of this CKS implementa
tion. 

We used a Philips PC 3102, equipped with a 10 Mbyte 
hard disk and a floating point co-processor. An IBM 
graphics printer was used as plotter. We found that a 
Mannesmann Tally printer, al though "IBM compatible", 
could not be used in combination with this CKS implemen
tation. 

The implementation is not completely consistent with 
the standard: metafile handling and bundie settings are 
not available. 

Craphical output is pixel oriented. This results in 
limited text rotations over only a few angles (0°, 90°, 
180° and 270°). Text height can only be set to several 
(device dependent) values. This causes severe conflicts 
between text appearance on a terminal and a plotter. 

Linking of a CKS program to the CKS libraries re
quires an excessive amount of time: about 7 minutes 
typically. 

Runtime measurements of CKS yield the following 
results. In order to draw a complete graph (=axes, 
numbers, texts and data), CKS requires about 10 seconds 
on a terminal and about 4 minutes on a plotter. Interac
tive input is very fast: whitin 0.5 seconds CKS enters 
the input mode. 

The sizes of executable programs typically amount to 
150 kbytes, thus permitting transport of executables on 
ordinary 360 kbytes floppies. 

Based on CKS we developed several graph oriented 
subroutines, including: total function plotting, zoo
ming, partiele trajectory plots, etc. 

Despite its limitations we are quite satisfied with 
this CKS implementation. • 
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Chapter 4: Results from EARI(S) 4 

§ 4.1 Introduetion 

In this chapter we will present the simulation re
sults as obtained with EARI(S) 4

. 

We will first present several accuracy tests. Then we 
will proceed to several simulations on elementary sys
tems such as: 2, 3 and 4 particles systems in 1 and 2 
dimensions. After these introductory simulations we will 
present simulation results of an experiment on the 
Pt(lll) surface, known from literature. Finally we will 
show simulation results from both reconstructed and 
unreconstructed GaAs(llO) surfaces. 

• 

§ 4.2 Accuracy test for EARI(S) 4
. 

EARI(S) 4 consists of a set of subroutines that simu
late ion scattering, based on a molecular dynamics 
approach. Among others, it requires accurate potential 
subroutines and an integrator. We paid special attention 
to testing these aspects. 

The integrator that we used was LSODE from the ODE
PACK subroutine package [TUE 86]. ODEPACK is basedon 
the linear algebra packages LINPACK [DON 79] and BLAS (= 
Basic Linear Algebra Subprograms). We preferred LSODE to 
other integrator subroutines of ODEPACK, because of low 
computer memory requirements. LSODE is a single preci
sion, general purpose integrator, which requires input 
parameters such as a derivative subroutine, desired 
accuracy, end time of integration, etc. 

In order to improve accuracy we adapted LSODE, and 
all the internally referenced subroutines from LINPACK 
and BLAS, to double precision. Since all machines which 
we used for our computations, are equipped with floating 
point processors, this hardly affects the computing 
time. 

We tested LSODE on the following set of simultaneous 
interdependent equations, 

d Xt 

d t 

d X2 

d t 

with starting conditions, 

Xt(t=0)= 1 

d X3 

d t 

X3(t=0)= 0. (4.2.2) 

Analytically the results of these equations can be 
expressed as, 

Xt(t) = exp(-t/10), 
x2(t) = cos(t), 
x3(t) = -sin(t). 

• 

(4.2.3) 
(4.2.4) 
(4.2.5) 
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We computed the results, using LSODE, startingat 
t=O, ending at TEND=20, withoutput every At=1 We tested 
as function of the absolute accuracy: 10- 7

, 10- 9
, 10- 11

. 

The results were satisfactory: LSODE approximated the 
analytical functions somewhat better than the desired 
absolute accuracy. 

Our potential subroutines were also thoroughly tes
ted. Based on the Coulomb potential, we tested the 
Moliere screening function explicitely, using appendix 1 
from [TOR 72]. 

The forces that actually enter the equations are the 
analytical derivatives of the potentials. We tested the 
force formulas by camparing their values with results 
from numerical differentlation of the potentials. This 
yielded total consistency, indicating correct analytica! 
differentiation. 

Based on correct force subroutines and an accurate 
integrator we proceeded with the simulation of two 
partiele (binary) collisions. In literature ~xpressions 
are known for Coulomb scattering integrals [MEI 70]. 
EARI(S) 4 reproduced these integrals with more than 6 
digits accuracy. We also investigated (pure) Moliere 
scattering. From literature [ROB 70] and recent work in 
our group [JAS 86], we were supplied with tables of 
Moliere scattering integrals. EARI(S) 4 reproduced these 
tables with 5 digits accuracy. 

A peculiar result was the fact that momenturn was 
always conserved during a simulation, no matter how 
inaccurate we performed the integrations. Energy on the 
other hand, was not conserved at reduced accuracy. 

In order to understand these effects we will inves
tigate the two partiele problem in more detail. The 
basic properties of this two partiele system also apply 
to a system consisting of more partieles, sinee the 
large system is treated as a sequenee of two partiele 
interaetions. Thus if energy and momenturn are eonserved 
for a two partiele problem they are also eonserved for a 
many partiele system. 

We will base our diseussion on the definitions of 
energy and momentum. 

Q;(t=tend) = Q;(t=O) + 1·~: dt 

tend 

Ei(t=tend) = E1(t=O) + J E1 d§.1 

where: Qi (t) = momenturn of partiele 
E 1 ( t) = energy of partiele i 

i on time 
on time t 

E1 = force exerted on partiele i 
§.I = position of partiele i 

(4.2.6) 

(4.2.7) 

t 
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• 

Consiclering a system of two particles i and j we 
define, 

Ptat(t) = P1(t) + P2(t), 
Etat(t) = E1(t) + E2(t). 

We also define the velocity of partiele i as, 

(4.2.8) 
(4.2.9) 

y;(t) = d~;/dt. (4.2.10) 

We may alter the integration variabie of (4.2.7) to 
time, resulting in, 

tend 

.Qtat(tend) = .Qtot(O) + I u~1 + f2) dt, (4.2.11) 

tend 

Etat(tend) = Etat(O) + I (f1Y1 + f2Y2) dt. (4.2.12) 

Here we introduce the physics of the two partiele 
interaction and note that, 

(4.2.13) 

Inserting this into the equations yields, 

tend 

.Qtat(tend) - .Qtat(O) = J (f1 - f1) dt = 

tend 

= IQ dt = Q. ( 4.2.14) 

tend 

Etat(tend) - Etat(O) =I f1(Y1 - Y2) dt. (4.2.15) 

Now it is clear that momenturn is conserved, indepen
dent of the integration time step that we us~ to eva
luate (4.2.14). In other words: momenturn conservation is 
guaranteed independent of the integration accuracy 
involved. 

Energy conservation is only guaranteed if accurate 
values of Y1 and Y2 are available for every value of t. 
(If (v1 - v2) is constant one arrives at the momenturn 
conservation condition, but this case simply means that 
no interaction has occured.) An accurate evaluation of 
(4.2.15), therefore, requires the use of small timesteps 
in the integration. Energy conservation is only guaran
teed by a high accuracy evaluation of the integrals. 
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After the tests, that we described above, we were 
convineed of the accuracy of EARI(S) 4

. We are now going 
to use EARI(S) 4 for actual simulations. 

A question to be answered in any simulation is: how 
much accuracy do we really need to make the Fesults 
physically meaningful? Since molecular dynamics simula
tions require much computing time, and high accuracy 
demands increase computing time even further, this 
question is vital for practical appliciations of 
EARI(S) 4

. We will deal with this aspect during the 
discussion of the ICISS simulations in § 4.9 . 

• 
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§ 4.3 Binary collisions: 
different potentials. 

We performed a simulation in which only two particles 
were involved: a primary helium ion and a capper target 
atom. The initia! kinetic energy of the helium ion was 
500 eV and we computed the scattering angle of helium as 
function of the impact parameter. We also computed the 
relative kinetic energy transfer factor, which we de
fined as: 

• 
RKET = (Vkino - Vkinac) I Vkino (4.3.1) 

where: Vkino = initia! kinetic energy of helium 
Vkinac = helium kinetic energy after callision 

We have used the five implemented potentials: Coulomb, 
Moliere, Maliere + dip, Lennard-Jones, Maliere + eosine. 
The results of the simulations are presented in figs 7 
and 8. 

16(1. 

12~3. 
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IMPACT PARAMETER CAngstrom) 

Figure 7. The scattering angte as function of 
the impact parameter for a 500 eV helium ion 
cottidng with a capper atom. Potentiat parameters 
are identicaL to those of fig 2. 

• 
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Figure 8. ReLative kinetic energy transfer 
factors as function of the impact parameter, for 
the heLium capper coLLision. 

As the impact parameter decreases, the scattering 
angle approaches 180°. This is the familiar head-on 
collision whose results is potentlal independent. On 
increasing impact parameter the scattering angle de
creases sharply, as a result of the decreasing poten
tial. 

We also note that although we used 5 different poten
tials, only 3 lines appear in the graph. Apparantly the 
different Moliere-based potentials yield essentially 
identical scattering angles. 

From a detailed study of figs 7 and 8 we can draw 
several conclusions: 

1) The Coulomb potentlal has an extreme long range. 
lt is not applicable to LEIS simulations. lt yields 
scattering angles which are physically unacceptable. 
Besides, the bulk would simply explode when we assume 
purely repulsive Coulomb potentials among the bulk 
particles. We used the Coulomb potentlal here merely as 
a reference. 

2) The Lennard-Jones potentlal yields scattering 
angles which deviate strongly from those computed with 
Moliere based potentials. In this simulation we find the 
scattering angle to be a nearly linear function of the 
impact parameter. This resembles the behaviour of a hard 
sphere collision, with a radius of about 1.9 Ä. In a 
hard sphere collision, when the mass of the target atom 

2.40 
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is much larger than the mass of the incident ion, the 
scattering angle can be expressedas (see fig 9), 

~ = 180° - 2 arcsin(b/R) for b < R, (4.3.2) scatter 

where: b = impact parameter 
R = radius of the hard sphere. 

Figure 9. Hard sphere scattering. When the 
target atom is much heavier than the incident 
ion, the target remains practicaLLy at rest. 

The Lennard-Jones potential, therefore, yields unac
ceptable results, since atoms do not behave as hard 
spheres of about 2 Ä. We will further demonstrate the 
unapplicability of the Lennard-Jones potential in § 4.6. 

3) As we noted in the initial discussion of figs 7 
and 8, the 3 Maliere based potentials yield almast 
identical scattering angles. For impact parameters less 
than 1 Ä, the scattering angles deviate by an amount of 
less than 0.1°. This is hardly surprising since at 
distances of 1 Ä the repulsive part of the potentials 
exceeds the different attractive parts by a factor 100 
or more. At large impact parameters (b > 2 Ä) the dif
ferences occur at scattering angles less than 0.2°, 
rendering them unimportant for LEIS. 

The attractive dips merely serve to keep the bulk 
together, during our simulations. As expected, they 
hardly influence the binary callision results. They do 
however play an important role in sputtering simula
tions [KAP 81]. 
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§ 4.4 Binary collisions: 
shadow cones 

A very instructive method of results presentation in 
two dimensional ion scattering simulation is partiele 
trajectory visualisation. In figs 10 and 11 we present 
40 partiele trajectories as they occur during a he
lium-copper collision. Copper is initially at rest at 
(0,0), while the helium ion starts at (-5,b). The impact 
parameter b is varied over a few Angström. We present 
partiele trajectories for two different initial ener
gies: 100 eV and 1000 eV. 

-1. ü 

-3. ~3 -1.5 1.5 

DISTANCES IN ANGSTRnM 
Figure 10. A "shadow cone" is formed around 

the capper atom due to a 100 eV heLium ion, 
coming from the Left of the graph. We note the 
Large intensity at the edgy of the shadow cone. 
We scaLed x- and y- coordinates in Angstöm. ALL 
partieLe trajectory graphs are scaLed in Ang
ström. 

-

-

-

4.5 
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Figure 11. The shadow cone around copper, due 
to a 1000 eV heLium ion. Note that the shadow 
cone has become much smaLLer as compared to fig 
10. 

4.5 

A very fundamental feature of LEIS now becomes ap
parant. Behind the copper atom a "cone" is created where 
no helium ions can penetrate: the shadow cone [CHA 86] 
[NIE 85]. At the edge of the shadow cone, the partiele 
intensity is very large. This is a kind of focussing 
effect. This sharp intensity increase at the.edge of the 
shadow cone has found an application in a special LEIS 
experimental setup: ICISS. This technique, which can be 
used for surface structure analysis, will be discussed 
in more detail in § 4.9. 
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§ 4.5 Double collisions 

In this section we will discuss a two dimensional 
simulation in which three particles are involved: a 
primary helium ion and two capper atoms, initially at 
rest. The capper atoms are positioned at (x,y) = 
(0,-1.45 Ä) and at (x,y) = (0,+1.45 Ä) 

We performed two simulations. The initia! kinetic 
energy of helium was either 100 eV or 1000 eV. 

Several helium partiele trajectories are shown in 
figs 13 and 14. Again we notice the shadow cone forma
tion, and single and double collisions. 
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Figure 12. SeveraL partieLe trajectories for 
the incidence of a 100 eV heLium ion at two 
Copper atoms. Note the doubLe coLLsions . 
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2.4 
I I 

<.> 

0.::::-

-(1. 8 

-1.6 I-" 

-2.0 -1.0 1.0 

DISTANCES IN ANGSTROM 

Figure 13. Here again we present the heLium 
trajectories as they occur in a two dimensionaL 
simuLation of scattering at two capper atoms. The 
heLium incident kinetic energy is 1000 eV.We note 
that doubLe coLLisions occur Less frequent than 
in the 100 ev case. 

-

-

Although partiele trajectory plots may yield much 
insight in callision details, they hardly provide infor
mation that can be compared with experiments. Therefore, 
we present other callision results which are more rela
ted to experiments: scattering angles and Relative 
Kinetic Energy Transfers (RKET). 

• 
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Figure 14. Scattering angLes for heLium scat
tering at a 2 capper atom system, for bath 100 eV 
and 1000 eV incident heLium energy. We note the 
heavy fLuctiations, due to doubLe coLLisions . 
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Figure 15. The RKET factors for the doubLe 
coLLisions for bath 100 eV and 1000 eV. We note 
the appearant difference in maximum vaLue between 
the 100 eV and 1000 eV simuLations. 
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For large (negative) values of the impact parameter, 
the scattering angle approaches 360° and RKET goes to 
zero. This simply means that only a very soft callision 
has occurred: helium missed copper. 

As b approaches -1.45 Ä, the scattering angle ap
proaches 180°: a head-on collision, for bath 100 eV and 
1000 eV. At b=-1.45 Ä RKET corresponds to its theore
tica! (single collision) value of RKET = 0.225 (see 
formula 2.2.1). 

We also note that the 100 eV curve deviates for 
larger (negative) b values more from 360° (= 0°) than 
the 1000 eV curve. This is due to the fact that a high 
energy partiele requires larger farces for substantial 
scattering than a low energy particle, see e.g. formula 
(3.2.11). The RKET picture demonstrates the effect 
clearly. 

For b values between -1.45 Ä, and about -1.0 Ä, we 
notice additional energy transfer and very fast fluc
tuating scattering angles. This is due to double colli
sions from helium on the two capper atoms. The 100 eV 
partiele trajectory plot (fig 12) also shows the occur
rence of double collisions. 

We also notice very large RKET values, exceeding that 
of twice the RKET value for a pure head-on collision. 
This means that helium has suffered multiple collisions 
from the two capper atoms. This is possible in the rare 
case of a repeated collision: helium bouncing between 
the two capper atoms. • 

In fig 15 it seems that the RKET value for the 100 eV 
collisions exceeds the maximum the 1000 eV RKET value. 
However, this is not the case. Multiple scattering 
occurs also for 1000 eV ions, only in an even narrower 
band of impact parameters. Since we have only been 
simulating for several discrete impact parameters, it is 
very well possible that we did not simulate with precise 
that impact parameter that causes multiple scattering to 
occur. A more detailed study of the RKET value for 100 
eV helium ions shows a maximum value for RKET = 0.89 for 
b = -1.008 Ä. The helium ion does not lose all its 
kinetic energy. The minimum kinetic energy which remains 
for helium, corrsponds to the velocity of the scattered 
capper atoms. Helium cannot collide with a capper atom 
which is rnaving faster away from helium than helium is 
rnaving itself. This limits the RKET value for two par
tiele callision toa value well below 1. 

The double callision regime for a 100 eV helium ion 
has been visualised in detail in a partiele trajectory 
plot in fig 16. It is instructive to see how a small 
increase in impact parameter can cause a large 
deviations in scattering results. For a 1000 eV helium 
ion this extreme sensitivity is even more pronounced,as 
can be observed in fig 17. 
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Figure 16 A visuaLisation by means of partieLe 
trajectories of the doubLe caLLision regime of a 
100 eV heLium atom scattering at two capper 
atoms. 

-2.0 -1.0 0.0 1.0 

Figure 17. The doubLe caLLision regime of a 
1000 eV heLium scattering from two capper atoms. 
Note the Limited range of impact paratmeters for 
which doubLe coLLisions actuaLLLy occur. 
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§ 4.6 Channeling 
and Lennard-Jones 

• 

In the previous paragraph we stuclied a heliurn-eopper 
system mainly using scattering angle graphs. We will now 
continue our studies of this system based on real space 
trajectory graphs. 

In figs 18 and 19 a beam of helium ions is directed 
towards the capper atoms. Instead of focussing our 
attention towards double collisions, as we did in fig 
12, we now notice another important feature of ion 
scattering: channeling. The ions can penetrate into the 
surface [NIE 85] [FRE 86]. 
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Figure 18. PartieLe trajectories of 100 eV 
heLium ions, directedat a capper surfac~. We 
note the surface pentration. We assumed the 
MaLiere + dip potentiaL between aLL the par
ticLes. For parameters, we refer to fig 2. 
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Figure 19. The same graph as the preuious one, 
onLy now the heLium ions have an initiaL kinetic 
energy of 1000 eV. 

-

In figs 20 and 21 we present the results of another 
channeling test. Here we replaced the two capper atoms 
by a chain of atoms. Now we notice another channeling 
effect: focussing. This permits ions to penetrate deeply 
into the solid. These channeling effects can be observed 
experimentally for incident energies of several keV (see 
e.g. § 4.9 [NIE 85]). 

• 

2.0 
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Figure 20 BuLk penetrution and focussing of 
100 eV heLium incident at a capper buLk. 
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Figure 21. BuLk penetration of 1000 eV heLium 
ions, directed at a capper buLk. 
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In the discussion of binary callision it was argued 
that the Lennard-jones potential resembied a hard sphere 
potential, and was therefore unapplicable for LEIS. Here 
we will demonstrate this more clearly, by means of 
channeling. 

In fig 22 we present once more the trajectories of a 
1000 eV helium ion when scattered by two capper atoms. 
Only now we replaced the familiar Moliere+dip potential 
by the Lennard-jones potential. 
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Figure 22. 1000 eV heLium ions are directedat 

2 copper atoms. We note the absence of surface 
pentration, due to the fact that we assumed 
Lennard-]ones potentiaLs among the particLes 
insteadof the famiLiar MaLiere +dip potentiaL. 
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-
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The important feature of fig 22 is the lack of chan
neling. In order to understand this, we can calculate 
the Lennard-Jones potential due to the two capper atoms, 
at half the interatomie distance. The potential amounts 
toabout 15 keV. This means that the Lennard-Jones 
potential does not allow channeling to occur for ener
gies below this energy. However, experiments [NIE 86], 
[CHA 86], show channeling to occur at energies of e.g. 
2000 eV. Therefore we conclude that the Lennard-jones 
potential is unapplicable in LEIS simulations. 

This also means that all LEIS simulations where the 
Lennard-jones potential is involved [SCH 84], should be 
regarcled with extreme care. 

• 
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§ 4.7 The binary callision approximation 
in 1 dimension 

It is common practice in ion scattering spectroscopy 
to treat the callision of a primary ion with the surface 
of a solid as a sequence of binary collisions. The 
influence of other particles in the vicinity is neglec
ted. In our group several computer codes based on the 
binary callision approximation have been developed 
recently [JAS 86] [SEV 87]. 
In order to test the approximation, we performed a one 
dimensional simulation, in continuation of earlier work 
in our group [SCH 84]. Weusedan oxygen covered tung
sten system, with helium as primary ions. The idea is 
that the oxygen-tungsten interaction will influence the 
helium oxygen collision. 

A measure for the influence of the tungsten atom is 
the ratio of final to initia! kinetic energy of the 
scattering helium ion. For a binary callision this ratio 
(Et/Eo) equals 0.36 for the helium oxygen callision when 
the (one dimensional) scattering angle amounts to 180°. 
Any deviation from this ratio must be due to the tung
sten atom. 

For large initia! energies we expect Ef/Eo = 0.36, 
since the helium-oxygen callision is finished befare a 
substantial oxygen-tungsten interaction can ~ccur. After 
the high energy helium-oxygen collision, the oxygen atom 
has obtained a large amount of energy and therefore it 
has to penetrate deeply into the tungsten atom in order 
to be scattered. At that moment the helium-oxygen calli
sion is already finished, which means that the tungsten 
atom has no influence on the helium-oxygen collision. 

lt is our goal to find the range of Eo values for 
which the binary callision approximation is applicable. 

In fig 23 the results of the simulations (for the 
input file, see Appendix A) are presented. 
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Figure 23. The ratio Ef/Eo as function of the 
incident heLium energy. We note the osciLation 
spread and the decrease of Ef/EO as the incident 
energy decreases. 

We find that the theoretica! binary callision value 
for Ef/Eo = 0.36 is approximated to better than 0.01 for 
Eo = 100 eV. Over the entire energy regime we find Ef to 
deviate less than 1 eV from its binary callision value. 
Our first conclusion is therefore that the binary calli
sion approximation is valid for primary energies above 
100 eV, and scattering angles of 180°. 

We also note a spread in Ef/Eo values. This spread is 
due to thermal effects. In our simulations we supplied 
the oxygen tungsten system with a potential energy of 
0.02 eV, resulting in an oscillatory motion camparabie 
to temperature effects. The helium ion beam collides 
with oscillatory rnaving oxygen atoms, resulting in the 
spread of fig 23. This temperature spread will increase 
the difficulties which will occur in an experiment that 
tries to measure the differences in Ef/Eo values. 

In fig 23 we also note that the value of Ef/Eo de
creases with decreasing incident energy, which counter
acts our expectations. We think that this is due to the 
attractive potentials that we assume among all par
ticles. We will now study the helium-oxygen-tungsten 
system during the callision sequence. 

100. 
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As helium approaches the oxygen-tungsten system it is 
attracted by bath particles and will gain kinetic ener
gy. Oxygen will move towards helium. It will move at a 
much faster rate than tungsten, since its mass is much 
lower and it is ciosest to helium. Therefore the oxy
gen-tungsten interatomie distance changes, and the 
"spring" which binds oxygen and tungsten tagether is 
stretched. This means that because of the attractive 
potential kinetic energy from helium is transferred to 
the oxygen-tungsten spring. 

After the callision helium loses the potential energy 
of its individual attractions with oxygen and tungsten. 
The energy that was transferred to the string is addi
tionally lost since after the callision the oxygen 
tungsten system is in a completely different situation 
than prior to the collision. This reduces the value of 
Ef/Eo from its theoretical binary callision value. 

For very low incident energies ( Eo < 10 eV) we find 
large oscillations in the values of Ef/Eo. We find 
helium binding to occur as well as helium returning 
withalmast all its initial energy. This is due to the 
fact that for these large values of Eo the helium calli
sion time is of the same order as the oxygen tungsten 
asciilation time. Now severe interference may occur 
between the helium-oxgen and the oxygen-tungsten collis
ions. This results in cases where helium bindng occurs. 
We also find cases where the helium ion regains almast 
all its initial kinetic energy. 

However, we do nat consider the results of these last 
simulations to be of much importance, since, for once, 
the potential model accuracy is limited for these extre
mely low energies. Besides, the low energy regime should 
be treated full quanturn mechan:cally. However, some 
authors apply classical mechanics to fields such as 
melting simulations [SCH 86Jb [TOR 72]. 

• 
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§ 4.8 The binary callision approximation 
in 2 dimensions 

After the one dimensional tests we now return to the 
familiar heliurn-eopper system. We will now test the 
binary callision approximation by adding particles to a 
1 partiele bulk system. In fig 24 the scattering confi
guration is presented. 
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Figure 24. The scattering geometry. We posi
tioned the 3 capper atom at stabLe positions, sa 
the differences in scattering angLes can nat be 
attributed to osciLations of the atoms. Note the 
atom numbering. The heLium ions start at (x,y) = 
(-10,b). 

We varied the configuration by changing the particles 
that entered the simulations: We used 4 different geo
metries: part #1 alone (= binary collision), part #1 + 
#2, part #1 + #3 and finally we tested the complete 
system withall 3 bulk particles. The helium incident 
energy was 1000 eV. In tables 4.1 and 4.2 several scat
tering angles and relative kinetic energy transfer 
factors are presented as function of the impact para
meter b. 

I IMPACT I 1+2+3 1+2 1+3 1 I I 

----------------------------------------------
-2.00 I -13.84 I -13.90 -13.90.: -13.95 I I 

-1.40 I 138.50 I 138.82 140.12 140.44 I I 

-1.32 :-146.04 :-151.72 90.05 90.29 
-0.50 I -29.22 3.81 -30.45 4.04 I 

0.00 I 180.00 0.00 146.56 0.98 I 

TabLe 4.1 The scattering angLes for the dif
ferent geometries. We note the Large differences 
between the cases 1+2+3 and 1+3 for b = 0 Ä . 

• 
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• 
----------------------------------------------
: IMPACT : 1+2+3 1+2 1+3 1 
----------------------------------------------

-2.00 
-1.40 
-1.32 
-0.50 
0.00 

0.0038 
0.2000 
0.2778 
0.0207 
0.2255 

0.0038 
0.2000 
0.2696 
0.0003 
0.0000 

0.0038 
0.2017 
0.1198 
0.0224 
0.2074 

0.0037 
0.2017 
0.1200 
0.0003 
0.0000 

----------------------------------------------

TabLe 4.2 The RKET vaLues for the different 
geometries. 

We note that single collisions (b = 1.4 Ä) as well as 
double surface layer callision (b = 1.32 Ä) are not very 
significantly influenced by the second layer particle. 

However the collsion sequences invalving the second 
layer (b = 0 Ä) are largely affected by the presence of 
partiele #2. 

We therefore conclude that the binary callision 
approximation is valid when we study the outermost 
surface layer. The approximation loses validity when we 
include the study of deeper layers (such as ICISS ex
periments, see § 4.9) 

• 
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4.9 ICISS simulations on 
Pt(111) and GaAs(110) 

§4.9.1 Introduetion to ICISS 

When a beam of light strikes a rough wall under a 
glancing angle the surface structure of the wall is 
revealed. In general when a beam (of ions, light, etc) 
is used for surface structure analysis, information is 
obtained about structures perpendicular to the beam 
direct ion. 

This opens two basic schemes for surface structure 
analysis by LEIS. We can use a beam direction perpen
dicular to the surface or we can choose glancing angles 
c~ 15°) with the surface. 

Using perpendicular incidence will yield the lateral 
surface structure by means of double collisions, which 
are sensitive to atomie positions. However LEIS will 
only reveal the structure directly when we perferm 
angule resolved experiments. This is the main feature of 
the EARISS apparatus [HEL 86]. 

LEIS at glancing angle incidence, can be used to 
determine the vertical positions of the atoms. This can 
be illustrated by means of the shadow cones. When a 
primary ion is scattered from a single surface atom at 
e.g. (x,y) = (0,-4.38 Ä) a shadow cone is formed behind 
the surface atom. lf another is present at e.g. (0,0 Ä) 
the shadow cone will be heavely distorted. If the secend 
atom is inside the shadow cone of the first, it will 
create its own shadow cone, which causes another deflec
tion of the primary ion trajectory. A third partiele at 
e.g. (0,4.38 Ä) will increase this deflection, until the 
primary atom leaves the surface under a glancing angle. 
In genera!: for small incident primary beam angles (= 
when the secend surface atom is inside the s~adow cone 
of the first), no backscattering of primary ionscan 
occur. 

However, when we increase the incident angle to a 
value so that the secend atom is just on the edge of the 
shadow cone of the first, head-on cellision occur and 
the primary ions are completely backscattered. Because 
of the shadow cone edge focussing effect, mentioned in § 
4.3, we expect to find a large intensity of backscat
tered ions. In ether words, changing the incident angle 
over a few degrees, drastically changes the amount of 
backscattered particles. Figures 25, 26 and 27 illu
strate this effect clearly. 
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Figure 25. Scattering of 2000 eV Na+ ions at a 
Pt surface. The incident angLe is 15°. The Na+ 
ions are coming from beLow. We note that na 
bacscattering occurs. 
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26. The same as the preuious graph, onLy 
changed the incident angLe by 2.5°, to 
StiLL na compLete backscattering occurs. 
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Figure 27. Once again the incdent angLe has 
been changed by 2.5° to 20°. We now notice the 
ICISS effect: the atom at (0,0) is positioned at 
the edge of the shadow cone due to the atom at 
(0.-4.38). The smaLt increase of the incident 
angLe has caused an Large increase in the inten
sity of compLeteLy backscatterd ions. 

When we measure the number of backscattered particles 
as function of the angle of incidence we will find the 
following graph. 

4.5 
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Figure 28. A simuLated ICISS spectrum, ob
tained from a fow of Pt atoms at which we direc
ted a beam of 2000 eV Na+ ions. 

• 
Thus at low values of ~in• no backscattering can 

occur and the ICISS spectrum yields no intensity. Around 
a specific vale of ~in (=~crit) the intensity rises 
abruptly. As ~in increases further, we find some single 
Collision background intensity. 

When we place the atom at (0,0 Ä) in a different 
position e.g. (-0.5,0 Ä) the shadow cone edge will pass 
through the atom fora different value of ~in· This 
technique, therefore, yields vertical surface structure 
information. It is more correctly to state that we can 
find the shadow cone edges at which bulk particles are 
posi tioned. 

The experimental technique which employs these ef
fects is ICISS (Impact Collision Ion Scattering Spec
troscopy). Several groups have used ICISS, since its 
first application in 1981 [AON 84] [NIE 85]. These 
groups placed an ion detector close to the ion beam 
source, so only particles that were backscattered over 
an angle close to 180° were detected. In order to vary 
the incident angle ~in• the sample was rotated over a 
fixed axis. 

A simplified drawing of an experimental ICISS setup 
can be found in fig 29. 
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Figure 29. A simpLified drawing of an ICISS 
experimentaL setup. Note the smaLL angLe l be
tween the incident beam direction and the detec
tor. 

Using EARI(S) 4
, we performed several ICISS simula

tions. We studied the Pt(111) and the GaAs(110) sur
faces. In the next paragraphs we will present results 
and discussions. 

Befare we actually started the simulations we inves
tigated the amount of computational accuracy that was 
required to perform the ICISS simulations me~ningfully. 
We ran several introductory simulations and varied the 
computational accuracy of the integrator. We.compared 
final energies and scattering angles of the primary ions 
for several angles of incidence. The differences among 
the computed results are presented in table 4.3. We also 
present the required computing times. 

abs tol 

10 E -8 
10 E -7 
10 E -6 
10 E -5 
10 E -4 

: max ó angle : max ó energy 
: (degrees) : (relative %) 

reference for others 
0.07 0.01 
0.09 0.04 
1.57 0.15 

11 1.7 

: computing time 
: (minutes) 

133 
97 
70 
49 
32 

TabLe 4.3: Accuracy tests for ICISS. We uaried 
the absoLute toLeranee (= accuracy) of the inte
grator and studied the resuLting uariations in 
scattering angLe and scattering energy. 

In all our ICISS simulations we used ABS TOL= 10-6
. 



-53-

§4.9.2 ICISS simulations on Pt(111) 

Niehus et al. [NIE 85] [NIE 86] have performed ICISS 
experiments on the Pt(111) surface, using 2000 eV Na• 
ions as primary ions. We have simulated their experi
ments with EARI(S) 4

. 

In order to save computing time we have limited 
ourselves to two dimensional simulations. Pt has a fee 
structure. Niehus et al. used the [11~] azimuth, in 
which the incident angle ~In was varied. In figure 30 
this configuration drawn. 
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Figure 30. Pt(lll) structure at which we 
performed our simuLations. The Na+ ions entered 
the modeL from beLow. The incident angLe varied 
from 10° to 90°. 

Second and third layers have entered the simulations 
because of the fact the the Na• ions hardly neutralize. 
They can therefore penetrate into the solid and still 
survive the callision sequence as a detectable ion. 

In fig 31 we present the experimental ICISS spectrum 
from Niehus et al. Their experiments were performed 
using 1=35°. We simulated these experiments. Our compu
ted ICISS spectrum is shown in fig 32. 

• 
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Figure 31. The experimentaL ICISS spectrum as 
obtained by Niehus et aL. 
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Figure 32. Our simuLated ICISS spectrum for 1 

= 35° This conditions corresponds to the expe
rimentaL set up of Niehus et aL. 

The two intensity peaks are due to ICISS collisions 
at the surface and at the first subsurface layer. This 
is demonstrated in figs 33 and 34. 

• 
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Figure 33. PartieLe trajeetories for ~In~ 
20°. 
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Figure 34. PartieLe trajeetories for ~in ~ 
65°. 

Camparing our simulations with the experimental 
graph, we find several differences. The value for ~crlt 
differs by 5°. The fact that ~crlt from our simulations 
is too large means that the shadow cones that we compute 
are too wide. Shadow cone creation is governed by the 
potential that we use. This implies that the Moliere+dip 
potential that we employ is not totally correct. This is 
not due to the low energy behaviour of the potential. We 
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used both the Moliere+dip and the Moliere+cos potentials 
without significant difference in several test ICISS 
spectra. Therefore the high energy behaviour of the 
potential causes the differences. We will pr~sent a more 
detailed discussion below. 

In § 2.3.2 we presented an incomplete discussion of 
the Moliere potential. In literature several formula's 
for Zeff are known [CHA 86]. Also correction factors for 
atf are common [HAR 80]. In order to increase the con
sistency of our simulation results with the experimental 
results from Niehus et al. we used a correction factor 
for atf· Insteadof the old formula for atf (2.3.2.3) we 
adopted, 

new o I d 

(4.9.2.1) 

where: Cmol = the correction factor. 

We used the Cmol parameter which reproduced the 
experimental ~crlt = 15°, insteadof ~crlt = 20°. In 
agreement with literature [CHA 86], we found Cmol = 
0.65. However it should be noted that Cmol is nota true 
constant but it is ion and energy dependent. 

Applying Cmol = 0.65 yields the following simulated 
ICISS spectrum. 
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Figure 35. The computed ICISS spectrum for 
Cmol = 0.65. We notice that also the second layer 
peak is positioned correctly as compared to 
Niehus et al. 
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The computed ICISS spectrum corresponds well to the 
experimental results (see fig 31). Since we performed 
our simulations on an unrelaxed Pt(111) surface, we find 
that the Pt(111) surface atoms are positioned according 
to their expected bulk values. 

We will end our discusslons of ICISS simulations on 
Pt(111) with a note on computing time requirements. 

Our ICISS spectra are the result of lengthy computa
tions. Some complete runs lasted about 170 hours on our 
Cadmus 9200 machine, which is about half as fast as a 
VAX 750. However we can only present poor statistics: 
251 simulations for 41 different values of ~in· This 
points our attention to a problem which persists in all 
molecular dynamics simulations: computer time. No simple 
solutions can be presented, although much effort has 
been devoted to this problem over the last 20 years [BOR 
86]. Another method of decreasing computing time is to 
use a binary collision method for these computations 
[SEV 87] [JAS 86]. This method is very attractive as far 
as computing speed is concerned. However the binary 
collision approximation may not be used for ~he study of 
deeper layers (see § 4.8). 

Finally we will comment § 2.6, were we expressed our 
concern about the influence of the spherical sym-metrie 
potentials on the bulk movements of a highly 
unsymmetrical bulk. 

In our Pt(111) simulations we were not bothered by 
large bulk displacements, prior to the "hard" ion col
lision. We performed our simulations with 2000 eV Na+ 
ions, which started about 15 Ä away from the surface. 
The bulk atoms started the simulation without kinetic 
energy. Their movements were fully governed by the 
interatomie potentials. The point is that the Na+ ion 
moves very fast and it has approached the surface atoms 
to less than 1 Ä, before the bulk atoms have obtained 
any significant displacement from their predefined (but 
unstable) positions. 

It shoulb be clear, that this reasoning only applies 
for fast incident ions. When incident energies drop to 
below about 20 eV, we may not neglect bulk movements, 
see § 4.7. 
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§ 4.9.3 ICISS simulation on GaAs(llO) 

GaAs is a semiconductor, which seems to be very 
attractive for electrooie components production. Its 
properties are stuclied intensively [REY 86] [TOE 86]. It 
is well known that the GaAs(llO) surface (see fig 36) is 
reconstructed. This means that the atomie positions at 
the surface differ from their expected positions based 
on extrapolations of the bulk configuration. 
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Figure 36 The structure of the unreconstructed 
GaAs(110) surface. It can be proven that the 
atoms 1 to 4 are positioned on one Line. 

Recently a new model has been proposed, which can 
describe this reconstruction [TOE 86]. It proposes a 
change in z-postision for the As atom by an amount of 
-0. 19 Ä and for Ga of + 0.45 Ä. 

Since ICISS is a surface structure sensitive tech
nique, we expect to find significant differences in 
ICISS spectra between unreconstructed and reconstructed 
GaAs(llO) surfaces. Therefore we performed an ICISS 

• 
0 

I( 

As 



simulation on each of these surfaces. 
As incident ion we used the noble gas ion of neon. 

This permits the neglection of deeper layers in our 
structure model, since the neutralization probability 
for a neon ion is very high. 

From a carefull analysis of the unreconstructed 
CaAs(llO) surface we find that the atoms 1, 2. 3 and 4 
are positioned in line. We have performed our ICISS 
simulations in the plane defined by this line and the 
z-axis. We varied our incident angle according fig 37. 

* 

* 
* 

* 

X BULK POSITIONS (Angstrom) 

Figure 37. The unreconstructed GaAs(llO) 
structure as we used it in our simuLations. The 
incident neon beam is coming from Left beLow. 

Although the reconstruction model also prediets 
y-direction translations of Ca and As atoms, we have 
neglected these translations, in order to save computing 
time. Including these additional displacements would 
have forced us to perfarm three dimensional simulations. 
The error in surface structure that we introduce is 
about 0.15 À in a direction perpendicular to the 0.65 À 
displacement of the GaAs(110) reconstruction~ 

In figure 38 the simulated ICISS spectrum for unre
constructed GaAs(110) is presented. We used 2000 eV neon 
ions, and adapted the Cmol factor from 1.0 to 0.8, in 
agreement with literature [CHA 86]. The scattering anBle 
that we applied was 145°, which corresponds to 0 = 35 . 
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Figure 38 The simuLated ICISS spectrum from 
the unreco~structed GaAs(llO) surface. The ICISS 
sha.dow co~es are i~ i t iaL Ly formed armmd the As 
atom. We ~ote the peak for ~in~ 10° due to the 
As atom at (x,y)= (0,0) ~ the o~e due to the Ga 
atom at (0,-7.35) for ~in~ 27° 

We notice one small peak for ~In~ 10° and one wide 
peak for ~in~ 27° together with some single collision 
background intensity. In figs 39 and 40 we show several 
partiele trajectories for these high intensity incident 
angles. 
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Figure 39. PartieLe trajectartes of the inci
dent neon atoms for ~in~ 10°. We note the doubLe 
scattering around the GaAs pair and the compLete 
shadow cone formation. Note the different space 
seaLing that we appLied for x- and y- coordi
nates. 
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Figure 40. PartieLe trajectories of the inci
dent neon atoms for tin~ 27°. We note the incom
pLete shadow cone formation around As. Notethe 
different space seaLing that we appLied for x
and y- coordinates. 

As expected we find that the peak at tin ~ 10° to 
result from ICISS collislons at a As, due to shadow cone 
formation around a GaAs pair. For tin~ 27° we find 
ICISS collislons at Ga due to shadow cone formation 
around As. For the reconstructed GaAs(110) surface we 
expect the ICISS critica! angle for these collislons to 
move towards higher values. Since the difference in 
z-coordinate between Ga and As amounts to 0.65 Ä and 
their binding distance remains 2.45 Ä (in our simula
tions), we expect the ICISS critica! angle to change by 
an amount of about: 

À tcrit = arctan(0.65/2.45) ~ 15°. (4.9.3.1) 

In fig 41 the simulated ICISS spectrum on the recon
structed GaAs(110) surface is presented. lndeed we find 
the second ICISS peak to be shifted towards higher angle 
values, by an amount of about 15°. The large difference 
between the two ICISS peaks should be traetabie to 
experimental observation. 
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Figure 41. The simulated ICISS spectrum for 

the reconstructed GaAs(110) surface. We note that 
the peak resulting from ICISS collisions at Ga 
has shifted by about 15° as compared to figure 38 
were we presented the computed ICISS spectrum of 
the unreconstructed GaAs(110) surface. 

However we also notice the smal! peak intensities. We 
believe that this is due to incomplete shadow cone 
formation around As (see fig 10). The focussing effect 
only occurs at large distances behind the bulk atom. 
Therefore we obtain a lower, but wider ICISS peak at ~In 
~ 42° as compared to the ICISS peak at ~In~ 10°. In 
figures 42 and 43 several neon trajectories are presen
ted for these two angles. 
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Figure 42. Severai particie trajectories for 
~in ~ 10°. As compared to fig 39, we note the 
absence of the doubie coiiisions, due to 
reiaxation of the Ga atom. 
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Figure 43. Severai particie trajecories for 
~tn ~ 42°. We note the incompiete shadow cone 
formation, which yieids reduced ICISS intensity 
for a wider range of angies. 
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Chapter 5 Conclusions and recommendations 

§ 5.1 Introduetion 

In this chapter we will review the results that we 
have obtained so far. We summarise the physical conclu
sions and camment the list of requirements that we set 
for EARI(S) 4

. 

Furthermore we will point to some possible improve
ments in bath physical model and computer code. 

§ 5.2 Physics results 

1) The Lennard-Jones potential cannot be used in LEIS 
simulations. It ascends far too quickly, resembling to a 
hard sphere potential. (§ 2.3.4, § 4.3, § 4.6) 

2) The low energy part of the Maliere potentials 
hardly influences the binary callision results (§ 4.3). 

3) Channeling may occur for incident energies as low 
as 1000 eV. (§ 4.6) 

4) The binary callision approximation is permitted 
for perpendicular incidence of ions with a kinetic 
energy over 1000 eV. This holds true when only surface 
atoms are involved in the scattering sequence. (§ 4.8) 

5) In order to reproduce experimental ICISS spectra, 
the Thomas-Fermi screening length for 2000 eV Na+ ions, 
needs multiplication with the factor 0.65. (§ 4.9.2) 

6) The Pt(111) surface is not relaxed. (§ 4.9.2) 
7) ICISS experiments will reveal the reconstruction 

of the GaAs(llO) surface in a very direct way. (§ 4.9.3) 

• 
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§ 5.3 Software results 

In this sectien we will discuss the list of require
ments that we set for EARI(S) 4

. We will present a brief 
review as well as a sectien refence for more details. We 
will first discuss the general data structurê as presen
ted in fig 4. 

Since the input file is FORMATTED. the input hard
and software can be general purpose editors implemented 
on any computer. 

The output part of fig 4 is based on GKS as software. 
Since each implementation of GKS recognizes only a 
limited number of output devices, the output hardware is 
determined by the particular GKS implementation that is 
used. We used a simple Philips-Pe 3102 terminal screen 
and an IBM graphics printer. 

Now we will discuss the list of EARI(S) 4 require
ments. 

Accuracy: The ODEPACK and scattering angle tests 
showed that EARI(S) 4 is an accurate code. (§ 4.2) 

Efficiency: Runtimes of a week do nat indicate effi
ciency ~ § 4.9.2). We therefore have to conlude that 
EARI(S) has not met its requirements as far as effi
ciency is concerned. 

User friendly: Although no other user has worked with 
EARI(S) 4 as of yet. we strongly believe that user 
friendliness is guaranteed because of the clear input 
file structure. (appendix A) 

Flexibility: EARI(S) 4 has computed a variety of 
problems ranging from shadow cones to ICISS spectra. It 
has been able to handle problems in all three space 
dimensions, for different numbers of particles. All 
problem defining parameters are entered as variables, 
which assures flexibility. (appendix A) 

Logging facilities: The log file mechanism has proven 
to be a very effective and important tool. Unimportant 
but timeconsuming simulations could be stopped in time 
and panic about a program that ran for more than 150 
hours has never occured. since the log file indicated 
the normal continuatien of the program. (Appendix A) 

Maintainability: Over the last few months, saveral 
additions have been made to EARI(S) 4

. They all fitted in 
without great difficulty. 

Graphical presentation of results (GKS): The graphl
cal software that we developed (appendix 8) has worked 
satisfactory. GKS has proven to be a solid base for 
graphical software. • 



-67-

Portabilibity: Since ODEPACK, LINPACK and BLAS were 
available in FORTRAN 77, we chose this computer language 
for our werk. FORTRAN 77 is available on almest any 
scientific computer. EARI(S) 4 has run on several dis
tinet machines such as a Philips-Pe 3102, PCS 9200 and a 
VAX-Ultrix. The only non-portable part of EARI(S) 4 is a 
time surboutine, used in combination with the logging 
facilities. Only this time subroutine neecis adaption 
when EARI(S) 4 is transferred from one computer to an
other. 

In general we can conclude that, besides efficiency, 
EARI(S) 4 has met its goals. 

• 

• 
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§ 5.4 Recommendations 

In this section we will mention some ideas that we 
came across during our work with EARI(S) 4

. 

The interatomie potentials are the base of all our 
simulatons. More accurate potentials will yield more 
consistency with experiments. We have seen that the 
Maliere potential does not produce completely satis
factory ICISS spectra for Pt(lll). We needed a rather 
arbitray parameter to increase consistency between 
simulation and experiment. We also noted that, although 
the low energy part of the potentials hardly affects the 
"hard" collisions directly, it may have a strong in
fluence on deeper layer collisions. It is cl~ar that 
more detailed studies into interatomie potentials are 

• justified. 

In general EARI(S) 4 has met lts goals. Only effi
ciency requirements were not met. Two main ideas have 
come up to tackle this problem. These will be discussed 
in the next paragraphs. 

During a callision sequence, two completely different 
time scales can be defined. One is the atomie vibration 
time and the other is the callision time. The latter is 
much smaller than the first, indicating that this pro
blem is a so called "stiff" problem for numerical inte
grators [EUT 86]. Efficient methods are nowadays aval
labie to solve stiff problems. From ODEPACK the subrou
tine LSODA can be used instead of LSODE. However this 
subroutine requires additional computer memory. In fact 
LSODA requires about N2 variables. N can be expressed 
as, 

N = Npart * Ndlm * 2, 

where: Npart = number of particles in the 
simulation, 

Nd1m = number of space dimensions. 

(5. 1) 

The factor 2 is due to the fact that both position and 
velocity are required (see formulas (3.2.10) and 
(3.2.11) ). Note that we use (4 byte) DOUBLE PRECISION 
variables in our computations. 

As long as no more than 20 particles enter the simu
lations, no memory problems wil! occur. 

The aceurenee of two different timescales as mentio
ned above, can also be used to speed up the simulations 
in another way. 

In the previous paragraph we distinguished between 
smal! and large timescales. In fact we deal with many 
slow and a few fast varying farces. Computing time is 
determined for more than 60 % by evaluations of all 
forces among all particles. We may set the slow varying 

• 
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forces to be constant, during a certain amount of time. 
We can confine ourselves to the evaluation of the few 
strong varying forces, which are present among those 
particles that actually collide. This will require 
additional computer memory and profound testing for 
accuracy. lt is likely that this method can be combined 
with the LSODA subroutine, thus yielding additional 
speed up. 

From these two code improvements we expect a noti
cabie speed up of the programs. For systems, consisting 
of more than ten praticles a speed up factor ten may be 
achievable. 

Other points of impravement are the storage subrou
tines. For some complete ICISS runs output files of over 
700 kbytes were generated. This is upractically large. 
With several minor efforts. this problem may be solved, 
by adapting both output generating subroutines as well 
as the output presentation subroutines. 

In this report we have focussed our attention on the 
scattering particle: the incident ion. Howev~r. during a 
simulation we may also save properties of the bulk 
particles. For detailed studies of e.g. sputtering [HAR 
84] [VEE 79], EARI(S) 4 can be used effectively. 
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Appendix A: Input and log file 

In this appendix we wil! show the input file which 
created the output file for the helium-oxygen-tungsten 
graph from § 4.7. lt is worthwile to study its struc
ture, the NOT USED and the variabie defining parts. Note 
that it is a simple textfile which can be changed by 
general purpose editors. 

1 
2 DEFAULT INPUT 
3 
4 3 PARTICLES 
5 1 OlMENSION 
6 
7 HE 0 W 
8 
9 

10 
11 YEAR : 1987 
12 MONTH: 4 
13 DAY 1 
14 HOUR 17 
15 MIN 45 
16 SEC 41 
17 ISEC 50 
18 VARIABLE #1: # 
19 FROM 
20 TO 
21 # OF SIMULATIONS 
22 VARIABLE #2: # 
23 FROM 
24 TO 
25 # OF SIMULATIONS 
26 NOT USED E4 2.01 
27 NOT USED E4 2.01 
28 NOT USED E4 2.01 
29 NOT USED E4 2.01 
30 VKINO 
31 POTENTlAL # 
32 # OF STORAGE SUBROU. 
33 ABSOLUTE TOLERANCE 
34 RELATIVE TOLERANCE 
35 T END 
36 T STEP (FOR OUTPUT) 
37 DT MAX INTERNAL 
38 MAX # FUNCT I ON EVAL. 
39 NOT USED E4 2.01 
40 NOT USED E4 2.01 
41 NOT USED E4 2.01 
42 NOT USED E4 2.01 
43 NOT USED E4 2.01 
44 NOT USED E4 2.01 
45 NOT USED E4 2.01 
46 NOT USED E4 2.01 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

.300000e+02 

.300000e+02 

. 1 00000e+03 

. 140000e+02 

.670000e+02 
-. 1 00000e+03 
-.200000e+02 

. 400000e+02 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. 1 00000e+04 

.300000e+01 

.600000e+Ol 

.100000e-06 

. OOOOOOe+OO 

.200000e+03 

.200000e+03 

.250000e+01 

.500000e+05 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

. OOOOOOe+OO 

• 
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47 C MOLIERE FACTOR . 1 OOOOOe+O 1 
48 V BINDING .200000e+01 
49 R STABLE (RO) .200000e+01 
50 L DECAY (LO) .250000e+01 
51 LA BDA . 120000e+02 
52 NDIP .400000e+01 
53 NOT USED E4 2.01 . OOOOOOe+OO 
54 NOT USED E4 2.01 . OOOOOOe+OO 
55 NOT USED E4 2.01 . OOOOOOe+OO 
56 NOT USED E4 2.01 . OOOOOOe+OO 
57 NOT USED E4 2.01 . OOOOOOe+OO 
58 NOT USED E4 2.01 . OOOOOOe+OO 
59 NOT USED E4 2.01 . OOOOOOe+OO 
60 NOT USED E4 2.01 . OOOOOOe+OO 
61 NOT USED E4 2.01 . OOOOOOe+OO 
62 NOT USED E4 2.01 . OOOOOOe+OO 
63 # OF PARTICLES .300000e+01 
64 # OF OlMENSlONS . 1 00000e+01 
65 MASS OF PART 1 .400000e+01 
66 Z OF PART 1 .200000e+01 
67 POS # 1, PART 1 -.400000e+01 
68 VEL# 1, PART 1 . 1 OOOOOe+O 1 
69 MASS OF PART 2 . 160000e+02 
70 I Z OF PART 2 .800000e+01 
71 POS # 1, PART 2 . OOOOOOe+OO 
72 VEL # 1, PART 2 . OOOOOOe+OO 
73 MASS OF PART 3 . 184000e+03 
74 Z OF PART 3 .740000e+02 
75 POS # 1, PART 3 .290000e+01 
76 VEL # 1, PART 3 . OOOOOOe+OO 

The input file consists of texts and next to these 
texts the values that enter EARI(S) 4 . The first 10 lines 
are comment. The next 7 lines contain the date and time 
of the start of the simulation. The next 8 lines contain 
the variabie definitions. In this example we vary the 
initia! energy (# 30) and the initia! position of helium 
(# 67). The next lines contain integration and potential 
information. Finally the particles that actually par-
ticipate in the simuiatien are defined. • 

When we want to use a different number of particles 
or dimensions we simply change the values in # 63 and # 
64. After that we can add additional information at the 
end of the file. 

Note that not all lines are used. This is done to 
ensure flexibility: later EARI(S) 4 programs may use 
these NOT USED lines for parameter storage. 
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We wil! now present a log file as it is generated 
during an EARI(S) 4 run. (In this case the log file was 
created by the ICISS simulation of unreconsttucted 
GaAs( 110).) 

EARI(S)4 IN PROGRESS 

PROGRESS REPORT 
============================================ 

DATE & TIME OF START = DATE & TIME PRESENT 

YEAR 
MONTH 
DAY 
HOUR 
MIN 
SEC 
I SEC 

1987 
4 
6 

13 
47 
40 
50 

= YEAR 
= MONTH 
= DAY 
= HOUR 
= MIN 
= SEC 
= ISEC 

1987 
4 
7 
8 

22 
30 
50 

============================================ 
PERCENT OF WORK DONE NOW: 36.510 

From the information in the log file the user can 
compute an estimate of the end time of the complete 
simulation. 

• 
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Appendix B: Developed software 

In this appendix we present a list of developed 
software. We present narnes and describe the functions of 
the subroutines. Since a lengthy discussion of this 
software could last for several pages. Therefore, we 
have chosen to be as brief as possible. 

We have made a division into two groups: 
I) E4 computing subroutines 
2) GK : graphical software 

We will start our alphabetical lists with the E4 
subroutines: 

E4COSF 
E4COSV 
E4COUF 
E4COUV 
E4CRUN 
E4DATPC: 
E4DIPF 
E4DIPV 
E4F 
E4FORC 
E4INDE 
E4JAC 
E4LENF 
E4LENV 
E4LOGF 
E4LOGI 
E4LOGS 
E4MOLF 
E4MOLV 
E4REOO 
E4SICI 
E4STOO 
E4ST01 
E4ST02 
E4ST03 
E4ST04 
E4ST05 
E4ST06 
E4ST07 
E4STOP 
E4SVAR 

eosine dip force function (§ 2.3.4)• 
eosine dip potentlal function (§ 2.3.4) 
Coulomb force function 
Coulomb potentlal function 
the number cruncher (§ 3.3.3) 
date subroutine for the PC 
Moliere + dip force function (§ 2.3.4) 
Moliere + dip potentlal function (§ 2.3.4) 
derivative subroutine for LSODE (§ 3.3.3) 
force evaluation subroutine for E4F (§ 3.3.3) 
default input file generator 
dummy subroutine required by LSODE 
Lennard-jones force function 
Lennard-jones potentlal function 
log file generator (§ 3.3.3 and appendix A) 
log data initialisation (start date & time) 
log file data on screen (for PC only) 
Moliere force funtion (§ 2.3.2) 
Maliere potentlal function (2.3.2) 
retrieve input file from top of output file 
set varibles for ICISS simulations 
store input file at begin of output file 
store positions and veloeities of all particles 
store energy and scattering angle of partiele 
store energy and angle for Coulomb scattering 
store energy and scattering angle 
store positions of partiele 1 for trajectories 
store relative final energy in 1 dimension 
store energy and angle for ICISS applications 
emergency stop due to a LSODE error 
set variables for default purposes 

• 
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Now we list the graphical subroutines: 

GKASPR 
GKAXIC 
GKBEL2 

GKBELA 
GKBELL 
GKCLl 
GKCL2 
GKEXTA 
GKEXTM 
GKMARl 
GKMARK 
GKML 
GKMPIZ 
GKMPOL 
GKMZM 
GKOPl 
GKOP2 
GKPOLl 
GKPOLY 
GKREAL 
GKZOMM 
GKZOOM 

compute aspect ratio of output device 
draw a complete axis = box + numbers + texts 
compute "beautiful" numbers based on 2,4,8,etc, 
to generate the numbers around the axex 
compute "beautiful" numbers for angles 
general purpose "beautiful" numbers generator 
finish GKS session with only one terminal 
finish GKS session with terminal and plotter 
compute extrema! values of an array 
compute extrema! values of a matrix 
draw markers in correct coordinate system 
draw complete graph with markers 
draw sevral zoomed trajectories in one graph 
draw several functions and interactive zoom 
draw several functions 
draw zoomed marker graph 
open GKS for one terminal only • open GKS for terminal and plotter 
draw one function in correct coordinate system 
draw complete graph with polylines 
draw a real number 
draw a zoomed marker graph 
draw a zoomed line graph 
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Appendix C: Programming conventions 
and limits 

It is of course impossible to develop and maintain a 
rather large software package without conventions on 
usage of file UNITS, coordinate system numbers, input 
file build up, etc. In this appendix we will list some 
of the conventlans that we used. 

1) EARI(S) 4 file usage: We have defined the following 
file/UNIT connections: 

UNIT 

10 
11 
12 
13 

file name 

E4INPUT.DAT 
E40UTPUT.DAT 

E4TIME. TMP 
E4LOG.TMP 

file purpose 

input file 
output file 
storage of start time 
log file 

All files are FORMATTED. thus allowing file usage on 
different computers, fast inspeetion and sim~le editing. 

The top of the output file is the input f1le. There
fore it is possible to use the output file, after some 
slight modifications, as the input file for a new run. 

2) GKS coordinate system usage: One of the GKS con
cepts are numbered normalisation transformations, or 
user friendly coordinate systems. We have defined nor
malisation number 1 to use the entire surface of the 
terminal ranging from coordinates (0,0) to (100,100), 
for the extreme left lower and right upper corners of 
the terminal. For internal usage in our GK subroutines 
we also use transformation number 7. 

3) Input file construction: The first 10 lines are 
used for comment, the next 7 lines for the time of the 
start of a run. The next 8 lines define the variables. 
After 4 empty lines (which are left open for future 
standardization), 15 integration defining variables 
appear. These are foliowed by 15 potentlal defining 
parameters. Finally the partiele parameters are pre
sented. 

For standardization purposes it is suggested to use 
the parameters with numbers from 30 up til! 52 for 
EARI(S) 4 purposes, and to use the parameter numbers from 
53 up til! 62 for special purpose applications, such as 
ICISS additional variables. 
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4) Subroutine names: All EARI(S) 4 related subroutines 
have narnes starting with E4. All graphical subroutine 
and starage file narnes commence with GK. The subroutines 
are stared in files with filenarnes which are identical 
to the subroutine names. 

5) Limits: FORTRAN 77 requires exact array dimension 
declarations. Therefore we were forced to use limits on 
the amount of particles that we allowed in a simulation. 
Since computing time becomes prohibitively long for many 
particles, these limits did nat pose any problems in 
practice. 

We limited the maximum number of particles (= NPARM) 
in our simulation to 40. We also limited the number of 
space dimensions to 3. 

• 


