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Abstract

In this work we present new results obtained from the application of the fast simulated algorithm (FSA) to the
surface structure determination of the Ag(110) and CdTe(1 10) systems. The influence of a control parameter, the
“initial temperature”, on the FSA search process was investigated. A scaling behaviour, that measures the efficiency of a
search method as a function of the number of parameters to be varied, was obtained for the FSA algorithm, and in-
dicated a favourable linear scaling (N'). © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The surface structure determination by low en-
ergy electron diffraction (LEED) is based on a
comparison between experimental and theoretical
intensity versus energy I(V) curves of the dif-
fracted beams. This comparison is performed with
the utilization of a reliability factor (R-factor) that
quantifies the experimental-theoretical agreement.
The minimization of this R-factor allows the de-
termination of the best structure among all pro-
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posed structural models. So, the surface deter-
mination by LEED consists on a search problem:
to locate the global R-factor minimum in the ex-
plored volume of the parameters space.

An exhaustive exploration (trial and error) was
first employed in the LEED search problem, where
all feasible combinations of structural parameters
are investigated on a grid that extends over a
representative part of the parameters space. But
the exhaustive search demands a lot of computa-
tional effort, which scales exponentially with the
number of varied parameters, and belongs to the
class of the NP-complete optimization problems
[1].

More recently local directed search meth-
ods have been employed in surface structure
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determination. These methods are based on de-
scent methods, converting the N-dimensional
search into a sequence of N one-dimensional
searches [2]. The first gradient method with fully
dynamical calculations was developed by Cowell
and de Carvalho [3]. After that several descent
methods have been employed by the Berkeley
group (Tensor-LEED approach) [4] and by the
Munich group (gradient expansion that goes be-
yond a simple descent method) [5,6]. Although the
directed search methods present a more favourable
scaling relation (approximately given by N?), they
have a serious limitation that consists on the in-
ability to distinguish between local and global
minima.

The problems associated with local search
methods motivated the interest in the possibility of
applying global search algorithms to the LEED
structural determination of surfaces. An adequate
search method for this purpose ought to be capa-
ble of identifying the global R-factor minimum
among all the local minima and to present a rea-
sonable scaling behaviour. Three recent works re-
lated to this subject have been published: Rous [7]
has proposed the utilization of the simulated an-
nealing algorithm. Doll and Van Hove [8] have
suggested the use of the genetic algorithm, while
Kottcke and Heinz [9] proposed a modified ran-
dom sampling algorithm.

In a previous work [10] we have presented pre-
liminary results obtained with the so-called fast
simulated annealing (FSA) [11] global search
method. These results indicated that the FSA
method seems to be a good scheme to be applied to
the surface structure determination by LEED. In
order to continue our investigation on the conve-
nience of using the FSA algorithm for LEED
studies, in the present work we present more re-
sults obtained with the application of this algo-
rithm to the surface structure determination of the
Ag(110) and CdTe(110) systems using experi-
mental data sets. The effects of the choice of the
“initial temperature” on the FSA search process
were also investigated. A scaling behaviour, nec-
essary to evaluate the efficiency of the FSA method
in comparison to other techniques, was also ob-
tained using the CdTe(110) system in a theory-
theory comparison.

2. The fast simulated annealing

The FSA [11,12] is, in fact, an improvement of
the very well known simulated annealing algo-
rithm that has been applied to solve different op-
timization problems in several branches of science
[2,13-15]. This improvement can be achieved by
using a Cauchy-Lorentz visiting distribution in-
stead of a Gaussian or uniform distribution, as is
commonly used for the choice of the random
moves [2,12,16].

At the heart of the simulated annealing algo-
rithm is the Metropolis criterion [16], which con-
trols the acceptance probability of every step of the
search process. Starting from an initial point A,
a random step OX is chosen, leading to a new
point B. The change of the cost function AC =
C(B) — C(A) is then evaluated. If the cost function
change is negative or zero (AC < 0), the move will
be accepted (a downhill move): if AC > 0 the up-
hill move will be accepted with a probability given
by the Boltzmann distribution P(AC) = e 2¢/T,
This probability is controlled by the dimensionless
parameter T (an artificial temperature), which is
gradually decreased during the search. The simu-
lated annealing algorithm is basically a search
based on randomly chosen steps, accepted or
rejected according to the Metropolis criterion, to-
gether with a gradual reduction of the “tempera-
ture” T.

In the case of the FSA the search distribution is
semi-local, i.e., the random moves are frequently
local, but occasionally long moves can be also
considered. With this scheme the cooling cycle can
be much faster when compared to the other im-
plementations, making the search quite more effi-
cient. In order to illustrate the visiting probability
of the FSA and of the commonly employed im-
plementations of the simulated annealing (Gauss-
ian and uniform distributions), one can use an
one-dimensional double-well cost function, as
presented in Fig. 1. The Cauchy-Lorentz and the
Gaussian distributions (which are “temperature”
dependent) and the uniform distribution (“‘tem-
perature” independent) are also plotted over the
shallower minimum (Fig. 1 — point A), represent-
ing a “trapping” in the local minimum. We can see
that while the “wing” of the Cauchy/Lorentzian
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Fig. 1. Comparison between the Cauchy-Lorentz, Gaussian
and uniform distribution sampling. The Cauchy-Lorentz and
Gaussian distributions are plotted at the same “temperature”.

distribution has reached the deeper minimum (Fig.
1 — point B), the normal (Gaussian) distribution
has a negligible value at the deeper minimum and
thus offers much less chance to escape from the
initial local minimum. The uniform distribution
will only be capable of escaping from the local
minima after several favourable steps and, there-
fore, also presenting a lower probability. In the
Cauchy-Lorentz scheme a higher “temperature”
implies a faster sampling in a much more coarse
grained fashion. As the “temperature” is gradually
reduced the search becomes more refined in its
sampling.

3. Experimental details

The Ag(110) data set was collected at the De-
partment of Physics of UFMG, Brazil using an
UHYV chamber equipped with a range of facilities
for sample preparation and surface characteriza-
tion. This system was also provided with a TV
camera system combined with a rear-view LEED
optics and the base pressure of the chamber was
typically 5 x 107!° Torr. The Ag single crystal was
supplied by Monocrystals Company (Richmond
Heights, OH), with a nominal purity of 99.995%
and previously oriented in the (110) direction
(£1°) and showing a mirrorlike (110) surface.

After insertion in the vacuum chamber, the sample
was cleaned using cycles of ion bombardment (Ar~
ions at 0.5 keV) and annealing (450°C for 20 min).
The temperature was monitored using a chromel-
alumel thermocouple in contact with the sample.
The cleaning cycles were repeated until no carbon,
oxygen or sulphur were detectable using Auger
electron spectroscopy, while LEED indicated a
sharp (1 x 1) pattern. The temperature of the
Ag(110) sample was fixed at 27°C and the dif-
fracted beam intensities of the LEED patterns
from 40 to 350 eV were digitized using an Omicron
LEEDStar video system at nominal normal inci-
dence. The (V) curves of a total of 17 diffracted
beams were obtained, normalized with respect to
the incident beam current, and smoothed using
a five-point least-square cubic polynomial algo-
rithm. The symmetrically equivalent beams were
averaged, leading to a total of seven independent
data sets.

The experimental details for the CdTe(110)
data set collection was described elsewhere [19].
Shortly, the I(¥V) curves for 10 diffracted beams
were obtained from the digitized LEED patterns,
normalized with respect to the incident beam
current and smoothed using a five-point least-
squared cubic polynomial algorithm. No average
of symmetrical beams was performed.

4. Theoretical details

The theoretical analysis was performed using
the muffin-tin model for the potential of the
Ag(110) and CdTe(110) systems. Muffin-tin radii
of 1.45 A for Ag atoms and 1.40 A for Cd and Te
atoms were assumed. Atomic wavefunctions were
used to calculate the scattering potential, and a
Slater parameter o =2/3 was assumed for the
local exchange approximation. The phase shifts
were evaluated by integration of the radial part
of the Schrodinger equation in the muffin-tin
spheres. The theoretical /(V) curves were calcu-
lated using the Van Hove-Tong conventional
LEED code [17] in the reverse forward scattering
approximation. The calculations were performed
on personal computers (AMD K6 11-500 MHz,
AMD K6 I1-300 MHz, Pentium II-500 MHz and
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Pentium II-700 MHz) running the Linux operating
system, on an Alpha-Dec workstation, and on an
IBM RS-6000 SP machine (CENAPAD MG/CO -
Brazil). Eight phase shifts were employed in the
calculations and inner potentials of Vo = (—10 +
5i) eV for Ag and Vo = (—1+ 5i) for the CdTe
were assumed, with their real parts being opti-
mized during each structural analysis. Debye
temperatures of 225, 140 and 140 K were assumed
for the Ag, Cd and Te atoms, respectively, and
these values were not optimized.

The simulated annealing algorithm was imple-
mented using a modified Van Hove-Tong con-
ventional LEED code according to the scheme
proposed by Rous [7] (Fig. 2), with the necessary
changes in the program being part of this work.

The necessary modifications for the FSA variation
were based on the original scheme proposed by
Szu and Hartley [11], that will be discussed in
Section 5.1, and on a recent study by Tsallis and
Stariolo [12].

5. Results and discussion

As our main goal in this work was a more de-
tailed investigation of the usefulness of the FSA to
the LEED problem, the FSA algorithm was ap-
plied to the LEED data sets collected for the
Ag(110) and CdTe(110) surfaces. Basically two
aspects have been explored: the ‘“‘temperature”
parameter and the scaling with respect to the
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Fig. 2. Flowchart of the FSA algorithm implementation for the LEED structure search [7,11]. In the FSA cooling scheme, at every
new structure (rejected or not by the Metropolis criterion) the “temperature” is reduced.
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number of surface structural parameters to be in-
vestigated.

5.1. The initial “temperature”

The FSA algorithm used is that defined by the
search scheme proposed by Szu and Hartley [11]:

e Random steps: chosen according to a Cauchy—
Lorentz distribution G(8X) ~ T,/(T? + 8X?),
allowing occasional long steps, where 7'(n) cor-
responds to the “temperature” in the nth cool-
ing cycle.

e Cooling scheme: a fast cooling scheme was
adopted so that at every new structure (rejected
or not) the “temperature” was decreased ac-
cording to T, = Ty /n.

The initial structure is arbitrarily chosen within
the parameters space explored.

One important search control parameter is the
initial “temperature”, 7. In order to investigate
the influence of this parameter in the FSA search
process we have carried out several structural
searches using a theory-theory comparison, for
the minimization of the Pendry R-factor [18],
where two structural parameters of the CdTe(110)
system were varied. The repeated structural sear-
ches were performed with initial “temperatures”
equal to 1, 5, 10, 50 and 90, and some typical re-
sults (7; = 1, 10 and 50) are presented in Fig. 3. As
can be secen in this figure for 7, =1 the FSA
method was able to quickly locate the global
minimum, but long range random steps (that
would permit the search to escape from local
minima, performing uphill moves) were not ob-
served. When an initial “temperature” equal to 10
was adopted the search method could not reach
the global minimum as quickly as before, but the
occurrence of long random steps was observed
(Fig. 3 — point A for example). Higher initial
“temperatures”, as Ty = 50 for example, have in-
creased the number of long steps without allowing
the search to reach the global minimum. The same
behaviour was observed for structural searches
associated with the optimization of a larger num-
ber of parameters. As the effectiveness of the FSA
method depends not only on a fast convergence,

but also on its ability to escape from local minima,
an optimum value for the initial “temperature” is
about 5 or 10. Based on this investigation, an
initial “temperature” of 10 was used in all struc-
tural investigations performed in this work.

5.2. Scaling behaviour

The most important feature of any search al-
gorithm applied to the LEED search problem is
how it scales with the total number of parameters
N that are sought, i.e, its efficiency as a function of
the number of parameters varied, the so-called
scaling behaviour. As previously pointed out, the
exhaustive search method (trial and error) scales
exponentially with N [1], while the directed-search
(descent) methods present a quadratic scaling (N?)
[4]. But, as mentioned before, the most important
problem presented by all descent methods is the
inability to distinguish between local and global
minima. This problem motivates the application of
global search methods to the LEED search prob-
lem. In a recent work Rous [7] has applied the
simulated annealing algorithm to the LEED
search problem, and the scaling behaviour of this
method was obtained (N%). More recently two
other works related to global search methods have
been published. Doll and Van Hove [8] have pro-
posed the application of the genetic algorithm,
which simulates the natural evolution of living
organisms to the LEED structural search problem.
Although the results obtained with the optimiza-
tion of three structural parameters indicated that
the genetic algorithm is able to find the final
structure 10 times faster than an exhaustive grid
search, a scaling behaviour was not obtained.
Another approach to the global optimization prob-
lem was proposed by Kottcke and Heinz [9].
A modified random sampling algorithm which
only allows downhill steps (in contrast to the
simulated annealing) was suggested, and the re-
sults obtained indicate a scaling relation given by
N%3. In our previous work [10] we have imple-
mented the simulated annealing algorithm as
well as the FSA variation and applied both to
the structural searches for the Ag(111) and
CdTe(110). Several tests have been performed,
and the preliminary results indicated that the FSA



20 V.B. Nascimento et al. | Surface Science 487 (2001) 15-27

Rp factor

i To=50
A
To=10
To=1
0 100 200 300 400 500

Number of accepted structures

Fig. 3. Typical FSA structural search results for initial “temperatures” 7; of 1, 10 and 50. The point A is an example of a long-range

step, related to an uphill move.

algorithm presents a faster convergence to the
global minimum than the original simulated an-
nealing scheme. The FSA algorithm have also
demonstrated an impressive ability to escape from
local R-factor minima. However, a scaling behavi-
our, that could measure the efficiency of the FSA
search method as a function of the number of
varied parameters could not be presented at that
time.

So, in order to investigate the scaling behaviour
for the FSA algorithm we have applied the algo-
rithm to the structural search for the CdTe(110).
This choice comes from the fact that this surface
exhibits a complex surface relaxation involving
several parameters (Fig. 7) and also that it has

been the subject of a recent structural investigation
carried out in our laboratory [19]. So, it is a good
reference system. Repeated FSA searches were
performed allowing the optimization of 2, 4, 6 and
8 parameters associated to the first and second
layers of Cd and Te atoms, in a theory-theory
comparison (Pendry R-factor minimization). An
initial “temperature” of 10, as previously discussed
in Section 5.1, was adopted for all the searches,
which have started from many different initial
positions. The first four structural parameters
(associated to the first layer) were varied in a range
of 1.0 A around their ‘bulk terminated’ values,
while for the other four parameters (second layer)
a range of 0.5 A was adopted. Typical results of
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Fig. 4. Typical FSA structural searches performed for the optimization of 2, 4, 6 and 8 parameters for the CdTe(1 10) system in a
theory-theory comparison, obtained from three different starting points.

these structural searches can be seen in Fig. 4.
Each panel on this figure presents plots of the Rp
as a function of the number of accepted structures
for three different structural searches, that have
started from distinct points, arbitrarily chosen
within the explored region of the parameter

space. The results obtained from the repeated FSA
searches have indicated probabilities of locating
the global Rp minimum equal to 99%, 90%, 80%
and 75% for 2, 4, 6 and 8 parameters, respectively.
The probabilities for 6 and 8 parameters searches
could not be improved by adjusting the search
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parameters (as initial “temperature” and parame-
ters space volume) and we believe that these lower
probabilities can be explained by the intrinsic
property of the FSA algorithm to perform long
steps even at low “temperatures’ and to the lower
sensitivity of the I(V) theoretical curves to the
structural parameters associated with the second
layer.

The mean number of accepted structures exa-
mined before convergence to the global minima for
2,4, 6 and 8 parameters were determined, and are
shown in a linear plot in the Fig. 5a. As can be
seen the good fit to a straight line (with a corre-
lation equal to 0.995) indicates that the scaling
relation is given by a first order polynomial in the
range of parameters investigated and is given by:
NACcepted = (17 + 1)nP + (20 + 7); where NAccepted
and np corresponds to the number of accepted
structures and number of parameters, respectively.

230 T T T T T T T T

180 b

130 b

80 b

Number of accepted structures

30 b

n 1 n 1 n 1 n 1 n
0 2 4 6 8 10
Number of parameters

However, in the simulated annealing algorithm
several structures are rejected by the Metropolis
criterion during the structural search, and do not
appear as part of the accepted structures. But, in
fact theoretical I(V') curves are also calculated for
these structures requiring some computational ef-
fort. So, we believe that a more realistic scaling
behaviour can be obtained if we use the total
number of trial structures examined before con-
vergence — that includes the accepted structures
(accepted by the Metropolis criterion) as well as
the rejected ones — and not only the number of
accepted structures. We have obtained the mean
number of trial structures as a function of the
number of structural parameters varied. The re-
sults are presented in Fig. 5b. Here again a good fit
to a straight line is observed (correlation equal to
0.993) indicating a scaling relation given by:
NTrial = (88 + 7)]’!p + (68 + 40), where NTrial and np

b)

630 b

Number of trial structures
&
o
T
1

n

W

o
T
1

0 2 4 6 8 10
Number of parameters

Fig. 5. Mean number of accepted (a) and trial structures (b) as a function of the number of varied structural parameters. The straight
lines in both graphs correspond to the results obtained with least-squares fittings. The errors were obtained from a standard mean

deviation from the mean values.
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corresponds to the number of trial structures and
number of parameters, respectively.

The results obtained for the CdTe(1 10) system
in the range of the number of structural parame-
ters investigated indicate that the FSA algorithm
scales as N!. This scaling behaviour is very fa-
vourable, especially when compared with the other
global search techniques previously discussed. So,
the FSA presents not only an impressive ability to
escape from local minima and locate the global
minimum but also a very satisfactory scaling be-
haviour. These two important features indicate
that the FSA method is an adequate method to be
applied to the search problem in the crystallogra-
phy of surfaces by LEED.

In the next section we will present the results
obtained with the application of the FSA algo-
rithm to actual structure determinations of the
Ag(110) and CdTe(1 10) systems, i.e. in a theory—
experiment comparison.

5.3. Application of the FSA: Ag(110) and
CdTe(110) systems

5.3.1. Ag(110)

The existence of an “oscillatory” relaxation of
the topmost three interlayer spacings of Ag(110)
(with a contraction, an expansion and a contrac-
tion in the first, second and third interlayer spac-
ings, respectively), is well stabilised by LEED
[20,21] and Rutherford backscattering spectro-
scopy (RBS) studies [22,23]. As the FSA algorithm
has been applied only to the Ag(11 1) system [10] it
was important to verify if reasonable results could
be obtained with another system, such as Ag(110)
(“oscillatory relaxation™), in order to gain confi-
dence in the method.

So, an Ag(110) LEED experimental data set
was used in order to test the performance of the
FSA algorithm, when the first three interlayer
spacings were allowed to vary 1n a parameter space
volume of 1.0 x 1.0 x 1.0 A’ using the bulk-
terminated surface structure as a reference. The
FSA algorithm was then run to search for the Rp
(Pendry R-factor) global minimum, launched from
many different starting structures.

A large number of structural searches was then
performed, starting from many different initial

Table 1

Percent variation of vertical spacings for the best Rp structural
model for the Ag(110) system, where dj,, dy; and d3; corre-
spond to the distances between the first and second, the second
and third and the third and fourth layers, respectively. The
structural results obtained with the FSA algorithm are com-
pared with a structural search performed for the same experi-
mental data set, using a directed search method (Powell directed
search) and with a previous work performed by Lindroos et al.
[20]. The + and — signs corresponds to an increase and a de-
crease in the vertical spacings (relative to bulk values), respec-
tively

Vertical This work This work Lindroos
spacing (FSA) (SATLEED) et al. [20]
Ad, (=7£2)% (=6 £2)% (=7£2)%
Ady; (+1£2)% (+0.7 £ 2)% (+1£2)%
Adsy (—1£3)% (=1£2)% (=2£2)%
Adys (0+£2)%
Final Rp  0.23 0.22 0.18*

#Different Debye temperatures were adopted for surface and
bulk layer atoms.

structures, with an initial ““temperature” equal to
10 and all of them have led to the same final
structure. The results of the structural analysis are
presented in Table 1 and, as can be seen, are in
good agreement with a previous published work
[20], and with an structural determination per-
formed using the SATLEED code [24] for the
same experimental data set, when a directed search
method (Powell directed search) was employed. A
comparison between experimental and theoretical
I(V) curves (obtained with SATLEED and FSA
codes) is presented in Fig. 6, for some typical
beams.

So the FSA algorithm was able to quickly locate
the global R-factor minimum, after a typical
number of 80 accepted structures, exploring the
parameters space volume investigated in a more
detailed way if compared with local search meth-
ods commonly employed.

5.3.2. CdTe(110)

In order to test the performance of the
FSA when a greater number of structural para-
meters ought to be optimized, we have applied the
algorithm to the CdTe(110) structural deter-
mination. This surface, as indicated by previous
works [3,19], presents a complex reconstruc-
tion (Fig. 7). The top layer is characterized by a
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Ag(110) - beam (0,1) Ag(110) - beam (0,2)

Exp
Exp

Satleed Satleed

Intensity (a.u.)
Intensity (a.u.)

FSA

Il Il
50 150 250 50 150 250
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Fig. 6. Comparison between typical experimental and theoretical /(7)) curves obtained with the SATLEED and FSA codes for the
Ag(110) system.

Fig. 7. Diagram showing the complex reconstruction presented by the CdTe(1 1 0) surface. The displacements of the Cd and Te atoms
of the first two layers are shown, and their optimum values are presented in Table 2 [19].
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bond-length-conserving rotation and a contraction
towards the substrate. Because of the complexity
of this reconstruction, the structure determina-
tion is quite complicated, with a large number of
structural parameters to be optimized: eight pa-
rameters if the first two layers were allowed to
vary.

For the CdTe(110) structural search the eight
parameters associated to the first and second layer
atoms were allowed to vary in a parameters
space hypervolumoegof (2.0 x 2.0 x 2.0 x 2.0 x 0.5%
0.5x%0.5x0.5) A, for the minimization of the
Pendry R-factor. Several structural searches were
then performed, following the scheme discussed in
the previous section and starting from many dif-
ferent initial points. All searches have indicated the
same final structure. But, because the number of
structural parameters investigated was relatively
large, and also of the fact that the theoretical I(V)
curves present a lower sensitivity to the structural
parameters associated with the second layer, we
have decided to refine the final structure obtained,
performing a fast grid search. Each of the eight
structural parameters were varied in a small range
(0.1 A, with constant steps of 0.01 A, and 0.001 A
near the lowest Rp value) around their optimal
values (obtained in the FSA searches). However,
the final structure obtained with this refinement
was basically the same one previously indicated by
the FSA method.

The final results obtained (Table 2) are in good
agreement with results obtained with a previous
structural study, performed by our group [19] and
using the LEEDFIT code [25-27] for the same
experimental data set. Typical theoretical and ex-
perimental /(V) curves are shown in Fig. 8.

As in the other system studied, the FSA algo-
rithm was able to quickly locate the global R-
factor minimum (after a typical number of 400
accepted structures), performing a more detailed
exploration of the parameters space volume in-
vestigated if compared with local search methods.

6. Conclusions

In this work we have presented some new results
obtained from the application of the FSA algo-

Table 2

Structural results obtained for the CdTe(l10) system. The
optimum structural values obtained with the FSA method are
compared with results obtained in a previous work [19] using
the LEEDIT code for the same experimental set. The up and
down arrows corresponds to outward and inward atomic dis-
placements (with respect to the bulk terminated values) per-
pendicular to the (110) surface. A definition of the atomic
displacements is presented in Fig. 7

Previous work This work
(LEEDFIT code)
[19]
First layer
Aere(é) 1(0.15 £ 0.05) 1(0.17 £ 0.05)
Azlcd(é) 1 (0.65 £+ 0.05) 1 (0.62 £+ 0.05)
AxlTe(A:) (—0.13 £0.06) (—0.11 £0.06)
AxCY(A) (—0.38 £ 0.06) (—0.39 £ 0.06)
(%) 30.3 30.9
Rumple (A) 0.80 0.79
6y (K) (141 +200) (140)
0, (K) (144 + 200) (140)
SeconDd layer
Azge(é) 1 (0.03 £+ 0.06) 1 (0.02 £+ 0.06)
AzZCd(/a%) 1 (0.04 £ 0.05) 1 (0.05 £ 0.06)
Ax?(ﬁ:) (0.06 +0.07) (0.05+0.07)
ASY(A) (0.02+0.07) (0.02+0.07)
(%) . 24 2.5
Rumple (A) 0.07 0.07
@;5 (K) (144 £ 250) (140)
05! (K) (142 + 250) (140)
Rp (0.48 +0.06)* (0.44 +0.08)

#The Debye temperatures of the first two layers atoms were
optimized.

rithm to the search problem in the crystallography
of surfaces by LEED.

Structural determinations were performed for
the Ag(110) and CdTe(110) systems employing
the FSA algorithm implemented with a modified
Van Hove-Tong conventional LEED code. The
final structures obtained were in good agreement
with previous structural studies performed for
these systems. In all cases the FSA algorithm was
able to quickly locate the global minimum, al-
though exploring the parameters space volume in a
more detailed way when compared with local
search methods.

An investigation of the initial “temperature”
influence on the FSA search process was carried
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CdTe(110) - beam (2,1)

T T T T T
Exp
3 Exp 3L B
8 s
> > LEEDFIT
D @
c C
2 2
= =
- LEEDFIT -
r FSA ]
FSA
1 1 1 1 1
0.0 50.0 100.0 150.0 200.0 0.0 50.0 100.0 150.0
Energy (eV) Energy (eV)

Fig. 8. Comparison between typical experimental and theoretical /(¥) curves obtained with the LEEDFIT and FSA codes for the

CdTe(110) system.

out using data obtained from the optimization of
two structural parameters of the CdTe(110) in a
theory—theory comparison. The results obtained
have indicated an optimum value of 10 for the
initial “temperature”.

The scaling behaviour presented by the FSA
method was investigated, by performing structural
searches for the optimization of 2, 4, 6 and 8 pa-
rameters in a theory-theory comparison for the
CdTe(110) system. For the determination of the
scaling relation we have used the mean number of
accepted structures and the mean number of trial
structures, and both results indicated an scaling
with N in the range of structural parameters in-
vestigated. This result indicate a very favourable
scaling behaviour (N'), especially when compared
with other local and global search methods. The
FSA method is able to quickly locate the global
R-factor minimum and can be easily associated
with a local search method (to be applied in the
final refinement of the structural parameters). Such
an implementation suggests the FSA as an effective

search method to be applied to the crystallography
of surfaces by LEED.
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