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We present a fo~~ism for the calculation of rn~iurn~ner~ ion scattering yields from crystal surfaces that are simulated using 

the Monte Carlo or molecular-dynamics method. Input in the calculations is the interatomic potential of the atoms in the crystal and 

the ion-atom interaction potential. We have applied the formaliim to calculate scattering yields from AhIll) and Al(110) surfaces. 

In these simulations the effective-medium theory is used to describe the interactions between the Al atoms. The results of the 

calculation are compared with experimental scattering yields. Excellent agreement is obtained at low temperatures, where both 

surfaces are ordered, as well as at temperatures close to the bulk melting point, where the Al(110) surface exhibits surface melting. 

1. Introduction 

Computer simulations of crystal surfaces em- 
ploying the molecular-dynamics (MD) and Monte 
Carlo (MC} methods have developed into an im- 
portant tool for studying the structure, dynamics 
and phase transitions of surfaces. The computing 
power presently available allows for simulations of 
surfaces based on complicated and supposedly 
“realistic” Hamiltonians, as has been demon- 
strated for, e.g., Si, Ge, Cu, Au, Al and Ni [l-13]. 
How realistic the description of the interactions 
actually is can be judged only from detailed com- 
parisons with experimental observations on the 
corresponding real systems. Ideally, one would 
Iike to simulate the outcome of specific surface 

experiments, integrated over a large number of 
MD time steps, or, alternatively, averaged over a 
large number of independent MC atomic config- 
urations. For surfaces a quantitative direct com- 
parison is only rarely made because of the com- 
plexity of a sufficiently sophisticated simulation of 
most relevant surface-sensitive experimental tech- 
niques. 

In this paper we show how to calculate 
medium-energy ion scattering yields from simu- 
lated crystal surfaces. Medium-energy ion scatter- 
ing (MEIS) is a sensitive tool for the determina- 
tion of the structure, morphology and composition 
of clean and adsorbate- or overlayer-covered 
surfaces [14]. MEIS is also used to study melting 
and nonmelting of crystal surfaces [U-17]. Calcu- 
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lational methods for the simulation of ion scatter- 
ing experiments have been developed before [lg- 
211, but the applications have been limited to 
ordered surfaces in which the atoms occupy well- 
defined positions and are assumed to vibrate 
according to simple (usually Gaussian) probability 
distributions. 

The scheme we present here is designed to 
compute scattering yields from crystal surfaces 
that are simulated by the MC method. We use the 
MC technique to generate “snapshots” of the 
atomic configuration in a unit cell of the crystal 
according to a particular many-body Hamiltonian. 
Subsequently, ion scattering yields are calculated 
for each snapshot and averaged over all snapshots. 
In this method, correlations of the atomic vibra- 
tions, non-Gaussi~ displacement dist~butions, 
and possible disorder in the surface region are 
taken into account in a natural way, as they are 
determined completely by the interatomic poten- 
tial used in the MC simulations. The ion-atom 
scattering potentials are known rather accurately 
and have been tested extensively for well-ordered 
surfaces. Consequently, the scattering yields re- 
sulting from our MC simulations can be compared 
quantitatively, on an absolute scale, with the ex- 
perimental yields from real crystal surfaces. This 
provides us with a sensitive test of the adequacy of 
the Hamiltonian in the simulations. 

In section 2 we present the general formalism 
for the calculation of ion scattering yields, and 
discuss in detail where the new approach differs 
from the conventional methods. We have applied 
our new method to Al(111) and Al(110) surfaces. 
In these simulations we employ the effective- 
medium theory (EMT) to describe the interactions 
between the Al atoms [22]. The EMT is discussed 
briefly in section 3 and all equations needed to 
evaluate the total energy of a system of Al atoms 
are given explicitly. Details of the configurations 
used in the MC simulations and the ion scattering 
calculations are also described in section 3. The 
results are presented in section 4 and compared 
with experimental scattering yields. Further analy- 
sis of the simulation results in section 5 reveals a 
shortcoming of the periodic boundary conditions 
that are generally used in MC and MD simula- 
tions. Finally, we show that the onset of surface 

melting of AlfllO), as seen with ion scattering, is 
accompanied by the creation of adatoms and 
vacancies. 

2. Theory 

Consider an ion beam impinging on a canoni- 
cal ensemble of N atoms with the coordinates of 
atom i given by xi. Let X denote a specific 
combination { nj; i = 1, N}. The total normalized 
scattering yield from the system is the scattering 
probability per atom q(e’, e2) summed over all 
atoms i. Y,(e’, e2) is defined as the average prob- 
ability for ions impinging along direction e’ to 
reflect from atom i and to be detected in the 
direction e2, and is normalized such that it equals 
unity in the absence of shadowing and blocking 
effects [23]: 

y = z-r 
I 

E;‘(e’, X)&2(& x) 
o 

X exp[ - H( X)/k,T] d3X. (1) 

Here, 6’ is the normalized flux of impinging ions 
at position x,, e2 is the normalized flux of ions 
able to reach the detector from xi. E;’ and Fi2 are 

dimensionless scalars, normalized such that they 
equal unity in the absence of shadowing and 
blocking effects. N(X) is the Hamiltonian of the 
N-atom system and Z denotes the corresponding 
partition function 

Z= 
I 

exp[-H(X)/kJ’] d3X. (2) 
B 

Since the ions travel much faster than the atoms 
in the system, <r and c2 are independent of the 
atomic momenta; the ions “see” instantaneous 
snapshots of the ensemble. For this reason the 
kinetic energy contribution to the total energy can 
be omitted from both H and Z, and H just 
represents the potential energy of the system. The 
integration is thus restricted to the integration 
volume Q of all the spatial atom coordinates X, as 
was already done in eqs. (1) and (2). In eq. (1) the 
scattering yield is calculated as a weighted average 
over all possible configurations X with a weight 
factor given by exp[ - H(X)/k,T]. In conven- 
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tional simulations of MEIS experiments the prob- 
ability dis~bution of atoms to occupy positions 
xi is modelled by a simple function of xi. For 
example, in the majority of simulations the atoms 
are assumed to form a harmonic lattice, and to 
vibrate according to Gaussian dist~butions centred 
around the equilibrium lattice sites. In that case, 
the weight factor exp[ -N(X)/k,T] reduces to 
the probability density 

IFI G;(xi>l 
i==l 

where Gi is the Gaussian probability density for 
atom i to occupy position xi, which is normalized 
such that 2 = 1. (The functions G, may also be 
conditional probability distributions in order to 
model correlated vibrations [21,24).) We then re- 
cover eq. (2.1) of ref. [21]. Here, we concentrate on 
the general case where the position distributions 
of the atoms are not known a priori, but where the 
potential energy of the system is a known function 
of the atomic coordinates. This approach allows 
us to go beyond the case of simple harmonic 
crystals and to treat disordered systems as well. 

Let us assume that H is a known function of 
the atomic coordinates xi only. In section 3.1 we 
discuss in detail the H for a system of Al atoms. 
Using the Metropolis scheme we perform a MC 
simulation of the system and generate a total of N 
configurations, where each configuration has 
probability exp[ - H( X)/k,T] /Z to be generated 
1251. The seattering probability of atom i is ap- 
proximated by 1251: 

The summation j runs over the h4 snapshots Xi 
generated by the Metropolis algorithm. The prob- 
lem of calculating the scattering yields is now 
reduced to evaluating the fluxes _Ft(e’, Xi) and 
r;I*(e’, X,) for each generated Xj. Time reversibil:,, 
ity of the ion trajectories makes the flux Fj2(ki, 
XJ) equivalent to E;‘( -e2, X,), which further re- 
duces the problem to the calculation of incident 
ion fluxes only [21]. 

The flux E;’ is determined by numerical in- 
tegration, i.e., by tracking a finite number of L’ 

ions through the particular snapshot, each ion 
irnp~~~g at a different position xQ in the surface 
plane. The tracking of ions through the snapshots 
follows the method described in ref. [21]. Briefly, 
the Moliere potential [26] is used to calculate the 
deflection of an ion each time it passes an atom. 
To allow for an efficient search for possible colli- 
sion partners of ions, the atoms in the snapshot 
are assigned to points of a virtual lattice [21]. In 
our simulations of ordered and melting Al surfaces 
we have simply taken a rectangular lattice which 
contains the extrapolated bulk Al lattice sites. 
Each atom is linked to the closest site on this 
lattice. In practice it never occurred that more 
than one atom was assigned to the same lattice 
point in this way. In the Al simulations, this 
method of searching for collision partners by use 
of the auxiliary lattice implies that all atoms within 
the distance of 0.7 A from the ion track are 
recognised as possible collision partners. The 
atoms that are not considered deflect the ions less 
than 0.03*. 

In order to efficiently calculate the flux I;;’ we 
determine its average value over a microscopic 
voiume around atom i. To this end we “‘blur” the 
instantaneous position x, of the atom into a 
Gaussian distribution 

G(r, xi) = 
’ 

(4) 

with S G(r, xi) d3r = 1. Let E” be the weighted 
average of E;.’ over the distribution function G. If 
6 is chosen small enough, then 6’ is a good 
appro~mation to 15;‘. The flux can thus be repre- 
sented as 

I;;‘( 2, x) = ff-ll(e’, x) = I&$ $ g&). 
k’=l 

@’ is the flux of incoming ions in a plane per- 
pendicular to et, and the summation k1 runs over 
the L’ impingement positions x0. By gkl(&) we 
denote the cont~bution of the k’ th ion trajectory 
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to the average flux around atom i. It is obtained 
by integration of G(F, xi) along the ion track: 

where &. = &(e’, x0, x) is the impact parameter 
of the k’th ion with respect to the position x, of 
atom i. Note, that our choice of a Gaussian form 
for the averaging function G is arbitrary. Other 
functional forms such as a uniform distribution 
within a sphere with radius S would serve the 
averaging purpose equally well. For the scattering 
yield we finally arrive at 

x g g&(-e2, x09 x,)] . 
k’=l i 

In practice, S has to be assigned a nonzero 
value smaller than the one-dimensional root- 
mean-square (rms) displacement of atoms at each 
given temperature. This follows from the consider- 
ation that for such choices the total energy of an 
atomic configuration does not change noticeably 
when one atom is displaced over a distance S, and 
thus the resulting configuration has virtually the 
same probability to be generated by the Metropo- 
lis algorithm as the original configuration. In sec- 
tion 3.2 we comment further on the values used 
for 6. 

3. Sim~ations of Al surfaces 

3. I. Effective-medium theory 

Input for the MC simulations described in the 
preceding section is an expression for the potential 
energy H of the system. In this study we have used 
the effective-medium theory to calculate the 
potential energy for a system of Al atoms. A 
detailed derivation of the EMT has been given by 
Jacobsen et al. [22]. It has been demonstrated that 
the EMT predicts both bulk properties of Al such 

as the cohesive energy, the lattice constant, the 
bulk modulus and the phonon dispersion curves, 
and surface properties such as the surface energy 
and the surface relaxations rather well [22]. The 
evaluation of the potential is efficient enough to 
be used for MC and MD simulations [6-8,271. In 
the EMT the energy of each atom is determined 
by the average electron density at the position of 
the atom, caused by the surrounding atoms. The 
energy of an atom for a given electron density is 
taken from the calculation of embedding energies 
of an atom in a homogeneous electron gas. Here, 
we give a resume of the expressions involved in 
the calculation of H: 

ff= i [E,(Z,)+a(%,-njcc)]. 
I==1 

The function EC in eq. (8) represents the contribu- 
tion of atom i to the cohesive energy of the 
system, and depends on n,, which is the average 
electron density from the surrounding atoms over 
a neutral sphere around atom i, EC may be ex- 
panded as 

EC@,) =E,+E, ~~-~j2+~~(~-~j3. (9) 

Since the neutral spheres around the atoms may 
overlap or may not cover some regions at all, an 
electrostatic correction is needed which is ap- 
proximated by the second term in eq. (8). The 
correction term is taken to vanish for a perfect fee 
lattice. The average densities 7i, and tif”” are 
calculated using 

Z,=n, exp[-77(Si-.s0)], (10) 

with 

(11) 
and 

jj ‘cc 
t = ~“xp(s~o) C Wcj> exd -75,/P). 

j#i 

(12) 

The summation indices i and j run over all atoms 
in the system, and rlj is the distance between 
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Table 1 3.2. Monte Carlo simulations 
Parameters used in the effective-medium theory for the simula- 

tion of Al surfaces (from ref. [22]) 

Parameter Value 

Simulations were performed of Al(111) and 
Al(110) surfaces. The calculational unit cell con- 
sisted of a rectangular box of Al atoms. As an 
example we show in fig. 1 the projection of the 
atomic coordinates on the (170) plane for the cell 
used in simulations of Al(111) at 300 K. At the 
bottom of the cell six layers of atoms which were 
“frozen” at perfect fee lattice positions defined 
the orientation of the surface. The atoms in the 
layers on top of the frozen layers were free to 
move. For the Al(111) surface each layer consisted 
of 30 atoms and the number of free atom layers 
was varied from 12 at 300 K to 18 at 850 K. For 
the more open Al(110) surface each layer con- 
sisted of 20 atoms and the number of free layers 

was varied from 12 at 300 K to 24 at 900 K. Below 
the free layers there were 8 (llO)-layers of frozen 

atoms. At elevated temperatures the number of 
free atom layers had to be increased in order to 
allow the ion scattering experiment to probe de- 
eper regions in the crystal. This was necessary 
because of the reduction of shadowing and block- 
ing due to the increase in thermal vibrations and 

E. W) - 3.28 

E2 W) 1.12 

4 (ev) - 0.35 

no (A-3) 0.0473 

a(eVK) 189.49 

B (A-‘) 3.781 

92 (A-‘) 2.401 

so (A) 1.587 

P ;fi(16n/3)“3 

atoms i and i. The values for the constants in eqs. 
(8)-(12) for Al were taken from ref. [22] and are 
given in table 1. The function W(r;,) in eqs. (11) 
and (12) serves to cut off the interactions beyond 
a certain distance. The choice of a large cut-off 
radius is important for melting studies. In this 
study the cutoff was put between fourth- and 
fifth-nearest neighbours at a distance R, = [fi 

+ Jo14n with a(T) the temperature-de- 
pendent lattice constant. The function W is de- 
fined as 

W(r) = 1 

for t-5 R,- a, 

,,,)=l-+(..-;)] 

for R,-+<Rc+;, 
(13) 

W(r) =o 

for rtRc+a. 

The constant A determines the steepness of the 
cutoff and was chosen A = 5 A-‘. The parameters 
y, and yZ are normalization constants which cor- 
rect for the larger number of atoms contributing 
to ii, and iiF . if the theory is extended to interac- 
tions beyond nearest neighbours. For a cutoff 
between fourth- and fifth-nearest neighbours the 
normalization constants are y, = 1.04310 and y2 = 
1.06887 [8]. 

Al(111) 
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Fig. 1. Illustration of the unit cell used in the simulations of 
the Al(lll) surface. This figure shows a typical snapshot of the 
atomic configuration at 300 K. The positions of the atoms are 

projected onto the (li0) plane. 



the {possible) presence of disorder in the surface 
region at high temperatures. The number of free 
layers was always sufficiently large that the 
scattering yield per layer reached its minimum 
yield value at least 4 layers away from the frozen 
atom layers, which is the distance over which the 
ion scattering can be influenced significantly by 
the presence of the frozen atom layers, In the 
starting configuration at 300 K all atoms were 
positioned at fee lattice sites. The lattice constant 
used at a given temperature to set up the fee 
lattice was taken from sim~ations of a bulk Al 
crystal as described at the end of this section, For 
higher temperat~~ the starting ~~~~g~~a~~~ was 
usually obtained by expanding a cell ~ui~brat~ 
at a lower temperature so that the appropriate 
lattice constant was obtained, and adding a num- 
ber of extra free atom layers if necessary. In 
directions parallel to the frozen atom layers peri- 
odic boundary conditions were applied. In the 
perpendicular direction there were no constraints 
except that the frozen atom layers remained fixed. 
The stepsize of the atom displacements in the MC 
simulation was adjusted to give an acceptance 
fraction of 50% of the attempted moves. The 
crystals were first ~~ibrat~ at each temperature 
which took typically 5000 MC cycles at 300 K and 
up to 50000 cycles at the highest temperatures 
studied, as judged from the number of cycles after 
which the calculated ion scattering yields did no 
longer change si~fi~ntly. (Qne MC cycle is de= 
fined to consist of one attempted move for each 
free atom in the cell.) After equilibration 
“snapshots” of the crystals were generated by 
storing the atomic positions. The system was run 
10 MC cycles between each generated snapshot in 
order to make them ap~ro~mately independent- 
After the generation of 50 snapshots the system 
was run another 5000 MC cycles after which a 
truly independent next series of snapshots was 
obtained. Examples of snapshots are shown in fig. 
2 where the positions of the atoms in the calcula- 
tional unit cell are projected onto the (li0) plane. 
For ctarity only the 5 topmost free atom layers are 
shown for the Al(111) surfxe, and 9 layers for 
A&110). At 300 K both surfaces are well-ordered 
as seen in the top panel of fig. 2. Nowever, at 850 
I( the snapshot for the Al(ll0) surface shows the 

Fig. 2, 
tures. 
plane. 

700 K 

Snapshots for Al(lll) and Al(110) at vaffous tempera- 
The positions of the atoms are projected on the (130) 
For clarity, only the topmost 6 free atom layers are 
shown for Al(111) and the topmost 8 for Al(110). 

onset of disorder in the surface region whereas 
AI(l11) remains ordered. 

After generation of typically 200 snapshots we 
performed ovulations of the scattering yield using 
the method described in section 2. On each 
snapshot a total of 100 ions A - ’ were tracked 
through the crystal, mounting to a total of - 
22500 ions per snapshot. The influence of the 
parameter S (see section 2) was iuv~tigated on 
snapshots of the Al(111) surface at 300 K. The 
bulk one-dimensional rms displacement of the 
atoms at 300 K as measured in the simulations 
was 0.102 A. It was found that for S _( 0.05 A, 
rehable values for the scattering yields were ob- 
tained. For 6 =@,I0 A the obtained s~atte~ng 
yields were si~ifi~tly higher. This confirms the 
estimate made in section 2, namely that S must be 
chosen small compared to the rms displacement of 
the atoms. In all our simulation: reported in sec- 
tion 4 we have used 6 = 0.05 A. Since the rms 
~spla~ement of the atoms increases with tempera- 
ture the approximation made in ey. (5) is even 
better at the higher temperatures. 

At each temperature the bulk lattice constant 
has to be known accurately in order to properly 
determine the positions of the atoms in the start- 
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ing configuration and the in-plane dimensions of 
the unit cell. In order to avoid the presence of 
strain in the simulations the. lattice GOIlStmt must 

be obtained from simulations of a bulk system 
with precisely the same potential as used in the 
surface simulations. We have performed MC 
simulations of a bulk fee Al crystal with the 
calculatio~al unit cell consisting of a box of 108 
Al atoms and with periodic boundary conditions 
in three orthogonal directions, In these bulk simu- 
lations the size of the unit cell was allowed to vary 
and thus the equilib~um lattice constant at zero 
externat pressure was determined. For tempera- 
tures between 300 and 900 K the lattice constant 
was found to be a(T) = 4.019 + 7.003 x IOT4T+ 

2.939 x lQ-?T2 (A). Our values are about 1% 
lower than the results in ref. [27] due to a slightly 
different definition of the cutoff of the interac- 
tions. 

4. Results 

The inset in fig. 3 shows the geometry used in 
the ion scattering experiments and simulations on 
Al(lll). The preparation of the Al(111) surface 
and the experimental conditions have been de- 
scribed elsewhere [17]. A beam of IO0 keV protons 
was incident along the [ijO] direction of the Al 
crystal. Scattering yields were measured and 
calculated for protons emerging with scattering 
angles ranging from 80 to 100 O. The resulting 
simulated blocking profile at 300 K is shown by 
the solid curve in fig. 3. Our experimental block- 
ing profile is indicated by the open circles. The 
calculated scattering yields are 0.3 monolayer (ML) 

higher than the measured yields (1 monolayer of 
Al(llI) corresponds to 1.41 X 10l5 atoms cmw2). 
This is most likely an artifact of the MC simula- 
tions which will be discussed in section 5.1. The 
dashed curve in fig. 3 shows the calculated block- 
ing profile, shifted downwards by 0.3 ML. Clearly 
the shape of the blocking profile is in good agree- 
ment with the measured profile. We conclude that 
the EMT describes the Alflll) surface well at 
room temperatures 

cu 
51 
‘65 .- 
> 

Aljlllf 

Fig. 3. Blocking profiles for the Al(111) surface at room 
temperature+ obtained in the scattering geometry shown in the 
inset. The solid curve represents the result of the EMT simula-’ 
tions, and the dashed curve shows the same results reduced by 
0.3 Al(lll) monolayers. The open circles indicate the experi- 
mental scattenhg yields. The dashed-dotted line indicates the 
scattering angle for ions that have emerged from the crystal 

along the [Ool] direction. 

The temperature dependence of the scattering 
yield from the Al(111) surface was calculated from 
300 to 850 K, in the scattering geometry of fig. 3. 
The resulting yields for ions which leave the crystal 
along the fOOl] blocking direction are shown in fig. 
4 as solid squares. Experimental yields from ref. 
[17] are also shown (open circles). Qua~tatively, 
the simulated and measured scattering yields show 
the same temperature dependence in the tempera- 
ture range studied: the yield increases almost lin- 
early with temperature. It has previously been 
shown that the increase of the experimental yield 
with temperature can be fully attributed to the 
increase of the atomic vibration amplitudes with 
temperature. The surface remains well-ordered up 
to the bulk melting point. A quantitative compari- 
son between the calculated and experimental 
scattering yields shows that their difference in- 
creases from 0.3 ML at 300 K (see section 4.1) to 
1.4 ML at 850 K. We associate this difference with 
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Temperature (K) 
4. Temperature dependence of the scattering yield from the A&111) surface, obtained in the scattering geometry shown in fig. 3. 

EMT results are shown by the solid squares and the experimental yields by the open circles. The solid curve is discussed in 

section 5.1. 

a shortcoming of the MC simulations (see section 
5.1) rather than an inadequacy of the EMT. 

4.3. Scattering yields from A&l IO) at 300 K 

The scattering geometry used for the Al(110) 
surface is shown in the inset of fig. 5. Simulated 
scattering yields for 100 keV protons impinging on 
the crystal along the [TO11 direction and emerging 
from the crystal with scattering angles ranging 
from 50 to 70” are shown by the solid curve in 
fig. 5. The experimental results are indicated by 
the open circles. For the preparation of the Al(110) 
surface and the experimental conditions we refer 
to ref. [17]. The calculated scattering yields are in 
excellent agreement with the experiment, both in 
intensity and in the shape of the blocking profile. 
We conclude that the EMT provides an excellent 
description of the Al(110) surface at room temper- 
ature. 

4.4. Temperature dependent scattering yield from 
A&l 10) 

Scattering yields calculated for the AljllO) 
surface for ions emerging from the crystal along 
the (0111 direction (see fig. 5) are shown in fig. 6 

for temperatures between 300 and 900 K (solid 
squares). Expe~ment~ly obtained yields are also 
shown (open circles 1171). The calculations are in 

5, I I I I I 

LO1 ‘I 

ii011 Wll 

Fig. 5. Blocking profiles for the A&110) surface at room 

temperature, obtained in the scattering geometry shown in the 

inset. Results of the EMT simulations are shown by the solid 

curve, and the open circles show the experimental scattering 

yields. The dashed-dotted line indicates the scattering angle 

for ions that have emerged from the crystal along the [Oil] 
direction. 



A. W. Denier van der Gon et al. / Calculaiion of ion scattering yielak from simulated crystal surfaces 393 

Trill 

I I I 
600 800 10 
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Fig. 6. Temperature dependence of the scattering yield from the Al(110) surface, obtained in the scattering geometry shown in fig. 5. 
Results of the EMT simuIations are represented by the solid squares and the open triangle. The open circles show the experiment@1 

scattering yietds. The rapid increase of the scattering yield at temperatures above 775 K indicates the onset of disorder on the Al(ll0) 
surface. The solid curve is discussed in section 5.1. 

good agreement with the experiment over the en- 
tire temperature range studied: at low tempera- 
tures, from 300 to 750 K, the yield increases 
slowly with temperature, at a rate that is expected 
for an ordered Al(110) surface [17]. Above 750 K 
the yield increases much faster with temperature, 
which has been attributed before to surface melt- 
ing [17]. The calculated yield follows the experi- 
mental data quite closely in this temperature reg- 
ime. We conclude that the EMT provides a good 
description of the Al(110) surface, both in the 
temperature range where the surface is ordered 
and in the early stages of surface melting. 

5. Discussion 

5.1. Shortcoming of rhe MC simulations 

We now show that the difference between the 
simulated and measured scattering yields on 
Al(111) is caused by an artifact of the simulations. 
In MC as well as MD simulations each of the free 
layers of atoms has some freedom to make corre- 
lated shifts parallel to the surface with respect to 

the other atom layers. Since the (shifted) layers are 
repeated periodically the su~ounding copies of 
the simulation cell do not produce a restoring 
force against these shifts. Of course, the restoring 
force resulting from the interaction with the ad- 
jacent layers, above and below, remains intact. 
Nevertheless, the net resistance against shear 
fluctuations of the free layers is reduced in the 
simulations for wavelengths exceeding the lateral 
size of the simulation cell. Although the effect is 
small it noticeably enhances the ion scattering 
intensities. 

The artificial increase in calculated scattering 
signal is estimated by the following analysis of the 
simulation results. We start with the structure 
factor S,(Q) of layer j at the in-plane reciprocal 
lattice vector Q: 

s,(Q) = $ s exp i(Q.x,). 
J 1=1 

04) 

The summation index I runs over all yj atoms in 
layer j. If the displacement distribution of the 
atoms from their lattice positions is approximatejy 
Gaussian we obtain the rms displacement a,(Q) 
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of the atoms in layer j in the direction of Q = 

Q/IQ1 from 

(s”(Q) = - -$ln 
[ 

( I $(c?) I 2> - (l/N,) 
1 -(l/N;) 1 . 

(15) 

Here ( . . . > denotes an average over a large num- 
ber of independent configurations generated by 
the MC algorithm. The terms containing NJ cor- 
rect for the limited number of atoms in the layer 
and, vanish for an infinitely large system. The 
uj(Q) as given by eq. (15) are the rms displace- 
ments of the atoms with respect to the instanta- 
neous centre of mass of layer j and are thus 
insensitive to shifts of the entire layer. Using eq. 
(15) we have determined from the EMT simula- 
tions the rms atomic displacements in the differ- 
ent layers of Al(111). We have also determined the 
rms displacements et(Q) directly from the simu- 
lations, where u,*(Q) includes the layer shifts. 
After averaging over 5000 MC confi~rations we 
find the directly measured rms displacements u* 
to be typically 20% larger than the rms displace- 
ments u obtained from eq. (15). 

That a 20% difference in rms displacement is 
sufficient to cause the difference between the EMT 
results in fig. 4 (solid squares) and the experimen- 
tal data (open circles) is illustrated by the solid 
curve in fig. 4. The curve is the result of a calcula- 
tion of the scattering yield from an ordered Al(lll) 
surface with a conventional ion-scattering al- 
gorithm 1211. In this calculation the atoms were 
assumed to vibrate h~o~~lly, corresponding to 
Gaussian displacement distributions around equi- 
librium positions, with the shift-corrected rms dis- 
placements uj obtained from eq. (15). The solid 
curve is indeed significantly lower than the result 
of the “full” EMT simulations and close to the 
experimental scattering intensities. 

A similar analysis for the Al(ll0) surface in the 
temperature regime where the surface is well- 
ordered yields the solid curve in fig. 6, which is in 
excellent agreement with the experimental data. It 
appears that the influence of the shifts on the ion 
scattering yields is larger for the Al(l11) surface 
than for the Al(110) surface. We note that for the 
Al(ll0) surface the shifts are much larger along 

the close-packed [liO] direction than along the 
open [OOl] direction. Along a close-packed direc- 
tion the probability for a collective displacement 
of all atoms within one layer of the unit cell is 
obviously largest. This also explains why the in- 
fluence of the shifts on the scattering yields is 
larger for Al(lll) than for Al(110); the Alflll) 
surface contains close-packed rows in three in- 
plane directions, and the Al(110) surface in only 
one. In addition, the number of nearest neighbours 
an atom has in adjacent layers is larger for Al(110) 
than for Al(lll), so that the restoring interlayer 
interactions are probably largest for Al(110). Care 
has to be taken in studying the anisotropy of 
surface melting in simulations of the Al(110) 
surface since the (anisotropic) shifting may in- 
fluence the results. 

The shifts are caused by the finite size of the 
calculational unit cell. We have performed a simu- 
lation of the Al(110) surface at 900 K with the size 
of the unit cell doubled in both in-plane direc- 
tions. This leads to a crystal with 80 atoms per 
layer and a total of 1920 free atoms. The resulting 
values for uj* are considerably lower than those 
for the smaller system, and are close ,to the values 
for uj. In addition the values of u,*(Q) are nearly 
equal for the [liO] and the [OOl] directions, in 
contrast with the observed anisotropy for the 
smaller system. The calculated ion scattering yield 
from the large unit cell at 900 K is indicated by 
the open triangle in fig. 6. It is seen that this yield 
is close to that for the smaller system which con- 
firms the observation that the layer shifts in the 
smaller system do not strongly influence the ion 
scattering yields from Al(llO). 

5.2. Creation of adatoms and vacancies 

From the comparison between calculated and 
measured scattering yields presented in section 4 
and from the discussion in section 5.1 we feel 
confident that the simulations provide a realistic 
description of Al surfaces. Therefore we may ex- 
pect to learn about the microscopic processes oc- 
curring on these surfaces at elevated temperatures 
by investigating the simulation results. We now 
show that the onset of disorder as seen with ion 
scattering on the Al(110) surface is strongly corre- 



395 

400 600 800 1000 

Temperature (K) 

Fig. 7. The occupancy of the top layer (solid circles) and the adatom layer (open circles) as a function of temperature for the AI(X10) 
surface. The sudden increase of the occupancy of the adatom layer at 800 K marks the formation of adatom-vacancy pairs. 

lated with the production of adatoms and vacan- 
cies. In fig. 7 the occupied fraction of the top layer 
and the layer above (adatom layer) is plotted as a 
function of temperature. At low temperatures the 
occupied fractions of the top and adatom layers 
are 1 and 0, as expected for an ordered surface. 
For temperatures above - 775 K the occupied 
fraction of the top layer decreases and the oc- 
cupied fraction of the adatom layer becomes non- 
zero. Atoms are moving out of the top layer into 
the adatom layer. This mechanism is confirmed by 
inspection of individual snapshots and simulated 
density profiles, and agrees with previous com- 
puter simulation results on surface melting [7,13]. 
Comparison of figs. 6 and 7 shows that the 
adatom-vacancy creation commences at the same 
temperature where ion scattering detects the onset 
of surface disorder. In the simulations of Al(111) 
it was found that adatom-vacancy pairs are ab- 
sent up to at least 900 K. We conclude that the 
disorder seen with ion scattering is closely related 
to the creation of adatoms and vacancies. 

It should be noted that the additional scattering 
yield at high temperatures for Al(ll0) is not due 
to the scattering of ions from the adatoms. At 900 
K, the scattering yield from the simulated Al(lfO) 
surface is about 2 AI(ll0) monolayers larger than 

the yield expected for an ordered Al(110) surface 
(see fig. 6). The total density of adatoms at this 
temperature is less than 0.15 monotayer. Thus, the 
main contribution to the additional scattering yield 
must be ascribed to disordering of the other atoms 
in the top layers of the crystal. This supports the 
hypothesis that the creation of vacancies in the 
top layer allows the remaining atoms to become 
disordered [7]. 

In summary, we have presented a formalism for 
the calculation of ion scattering yields from simu- 
lated crystal surfaces. The results can be directly 
compared with experimental scattering yields. In- 
put in the simulations are the interatomic poten- 
tial of the atoms in the crystal and the interaction 
potential between the ions and the atoms. Since 
the latter potential is well known, this approach 
provides a quantitative test of the adequacy of the 
interatomic potential. 

We have used the eff~tiv~m~ium theory to 
simulate Al(lll) and Al(ll0) surfaces. The calcu- 
lated ion scattering yields are in good agreement 
with experimentally obtained scattering yields. The 
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absence of surface melting on simulated Al(lll) 
up to at least 850 K corresponds well with the 
experimental observations. For Al(110) we find 
that the simulated crystal provides an excellent 
description of the onset of surface melting. The 
simulations reveal that the onset of disorder which 
is detected with ion scattering is accompanied by 
the creation of adatoms and vacancies. 
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