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Abstract

High temperature depdsition of metallic materials on a (111) face of a fec substrate, followed by a slow cooling down to a given
temperature, is simulated by means of a Monte-Carlo algorithm with Lennard-Jones interatomic pair potentials. Adsorption and
growth modes on the surface are studied in order to determine whether the growth is three- or two-dimensional, according to
relevant parameters such as lattice mismatch and relative atomic binding energy. For a +10% mismatch it is found that the
Stranski-Krastanov process starts early and is later healed by the appearance of bridges between islands, after a deposition of about
ten monolayers. The interlayer distance undergoes oscillations as a function of the layer number. This is observed for a +10%

mismatch as well as for a 5% mismatch.
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1. Introduction

The recent progress in surface sciences [1] and
in ultra high vacuum technology along with the
development of numerous high resolution surface
microscopy techniques enable physicists to design
new materials such as metallic multilayers with
rich potential applications, such as, for example,
magnetic devices with giant magnetoresistance [27.
The details of the crystallographic structure of
magnetic—-non-magnetic multilayers is quite impor-
tant for such experiments [2,3] because magnetic
pinholes and bridges can shortcut the indirect
Ruderman—Kittel-Kasuya-Yosida (RKKY) mag-
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netic coupling through non-magnetic layers [47].
More generally, the details of the structure at the
interface are very important for nanostructures
such as quantum wells, quantum wires and
quantum dots. Recent observations of multilayer
structures by means of synchrotron X-radiation
has provided evidence that interface roughness
depends on thermal annealing [5]. Thus simula-
tion of layer growth is useful in order to shed light
on the physical conditions of roughness and of the
formation of atomic bridges through different
layers. In the case of magnetic-non-magnetic—
magnetic multilayer structures this means a short-
cut of the expected RKKY coupling through the
non-magnetic layer. The goal of the present paper
is to simulate the deposition and growth of atomic
layers with and without lattice mismatch on a
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substrate, in order to study the structure of the
adsorbate according to the lattice mismatch. Here
we take as a substrate a fixed triangular lattice
simulating, for instance the (111) face of a foc
lattice.

Two different sizes of the fixed substrate are
considered in order to account for size effects:
samples of sizes 30 x 30 and 50 x 50, both with free
boundaries. Periodic boundary conditions are not
used here since they may induce spurious super-
structure orderings of periods commensurate with
the considered size. The free boundaries induce
defects and local rearrangements in the vicinity of
the boundary. These particular structures are easily
recognized and will not be considered in the
present analysis.

This paper focuses on the simulation of the
deposition of stable structures by means of a
Monte-Carlo technique. First a random configu-
ration of adatoms of about one monolayer cover-
age is computed, with adatoms randomly cast in
a box of one interatomic distance thick, above the
substrate. Then this high temperature liquid-like
deposit is relaxed by means of a Monte-Carlo
simulation. Lennard-Jones {LJ) potentials are used
both for adatom-adatom (aa) pairs and for ada-
tom—substrate atom (as) pairs to derive the relax-
ation process at the surface, while the interaction
between fixed substrate atoms (ss) does not take
part in this process. Even if the standard (6,12)
LT potentials can be improved in several ways to
describe a more realistic metallic binding with
fitted binding energy, lattice parameter and elastic
moduli {6], the present calculation already gives
the principle of a general approach. More specific
studies including generalized (nym) LJ potentials
[71, use two effective exponents, am and m:

"—n

lq with g=(o/r)" (1)

q
Vn,m( ‘:Z) =€

In the present approach, very simple basic cases
are studied. First, the binding energy between an
adatom and a substrate atom is assumed to be
equal to the binding energy between adatoms in a
pair: E,,=E,,. Three adatom sizes are considered:
(i) without mismatch (o,, =0), (ii) with a +10%
mismatch and adatoms smaller or larger than the

substrate atoms (¢,, =0.90,, 0., =1.10), and (iii)
with a 5% mismatch and adatoms smaller than the
substrate atoms (v,, =0.950,,).

An initial random configuration of adatoms is
chosen before applying a Metropolis algorithm. At
a given temperature, 7, each atom is visited and
allowed to move randomly with a uniform prob-
ability within a small cube of side of b around the
initial position. The size b is chosen to be small in
front of the interatomic distance and is taken as
being proportional to the square root of the tem-
perature in order to optimize the computation as
a function of thermal fluctuations. The cubic shape
with standard axes is only used for the convenience
of a random sampling. The atomic interaction
energies before and after moving are compared.
The final position is accepted or rejected according
to the Boltzmann probability: p=exp (—AE/kT)
where AE; is the energy difference for atom i in
two successive configurations. The total energy
E; is computed after a real or virtual motion of
every adatom. After several thousand such steps,
E; is observed to fluctuate around a steady value
[8] when thermal equilibrium is reached.

Adatoms are deposited at the temperature T
when kgT/E,,=0.3, which is close to but lower
than the melting temperature. About one hundred
thousand Monte-Carlo steps are performed in
order to obtain the equilibrium at the initial tem-
perature. Then the system is cooled down to 2773,
and later to T/3. After reaching the equilibrium at
a given temperature, further depositions are made
with the same amount of new adatoms and the
same process is continued until 16 monolayers are
deposited.

2. The first adlayers

In the case of no mismatch, as seen in Fig. 1,
the first top layer is divided into two symmetric
domains, separated by a domain boundary, ie. a
line. In the left hand side domain, the adatoms lie
on triangles pointing upwards. In the right hand
side domain, the reverse is the case. The growth
mode is two-dimensional for the first and second
adlayers. In the second adlayer, domains with a
fce structure — ABC stacking — and domains with
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Fig. 1. Monolayer of adatoms (black circles) without mismatch
on a 20 x 20 triangular lattice as a substrate (open circles). A
wall, shown by the solid line, divides the monolayer into two
symmetric parts, left and right; adatoms lie on triangles pointing
upwards and downwards, respectively.

an hexagonal structure — ABA stacking — coexist.
Such an unlifted degeneracy occurs because the
fixed substrate is a single monolayer which does
not induce any preferential stacking and because
of the well known fcc—hep quasi-degeneracy for
Lennard-Jones interactions [9]. The boundary
between the two domains of the first layer also
appears in the second layer, and also separates hep
and fcc domains.

In the case of a 10% mismatch with smaller
adatoms, as seen in Fig. 2, the first adlayer forms
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Fig. 2. Commensurate superstructure formed by a monolayer of
small adatoms {grey circles) with a — 10% mismatch on a 50 x 50
rigid triangular lattice as substrate (black circles).

a structure which is commensurate with the
substrate, with a superperiod of about ten sub-
strate—substrate atomic distances. Generally, in the
case of a mismatch of +1/n, ie. when the bulk
lattice parameters a and o’ fulfill the condition a'=
(14+1/ma=((n-+1)/n)a, the commensurate period
is na'=(n+1)a. For instance in the case of a 5%
mismatch n=20, and an approximate commensu-
rate structure with a superperiod of about twenty
substrate—substrate distances is observed in the
deduced structure shown in Fig. 3. Thus the larger
the mismatch, the smaller the superperiod. It
should be emphasized that such a commensurate
structure also modulates point defects such as
vacancies and clusters of vacancies which are
located at places where nearest adatoms would
bear only a weak tension. This usual rule holds
for one-dimensional commensurate structures
[10]. A careful analysis of this superstructure also
shows larger-scale defects in the arrangement of
upwards and downwards domains. Here such
defects originate from the free boundary
conditions.

3. Subsequent adlayers and the Schwoebel barriér

With a 4+ 10% mismatch, growth is two-dimen-
sional in the first two layers. However, for subse-
quent layers, in the case of small adatoms, ie. a
—10% mismatch, further growth is three-dimen-
sional [1,117. In the case of a positive mismatch
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Fig. 3. Same as Fig. 2 but with —5% mismatch.
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the growth is two-dimensional for the first five
layers. Fig.4 shows islands grown on a 30x30
lattice, with a —10% mismatch. On a 50 x50
substrate lattice, quite similar patterns occur
during simulated growth. The growing layers retain
a memory of the structure beneath, and point
defects such as vacancies in the first adatom layer
initiate island boundaries in subsequent layers. The
lateral size of the islands increases as the inverse
of the mismatch [1]. This is a consequence of the
period of the surstructure which is approximately
equal to the lateral size of the islands. The top
layer displayed in Fig. 4 shows triangular shaped
islands, in accord with other observations [11,12].
This layer also shows the occurrence of numerous
local rotations from the substrate orientation. Such
local rotations are also observed experimentally
in some cases [137], such as the moiré pat-
terns observed by scanning tunnelling microscopy
(STM).

The island formation is linked with the existence
of vacancies. At a given stage of growth, vacancies
are formed in the last deposited layer, the third
one in the case of a —10% mismatch. Then the
potential energy of a fictitious test atom moving
over a terrace, in the vicinity of a vacancy, gives a
measure of the effective Schwoebel barrier [14] to
diffusion when the fictitious atom trajectory crosses
the vacancy. Such a calculation is reported in

65 -
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Fig. 4. Second (open circles), third (grey circles), fourth {black
circles) and fifth (white opaque circles) adlayers. Mismatch=
—10%. The substrate is 30 x 30. The substrate and first layer
are not shown. )

Fig. 5b for the case where the atom trajectory first
crosses a hep terrace and then a small valley before
crossing a fcc terrace, as shown by the line C in
Fig. 5a. The fictitious atom is maintained at one
interplane distance above successive terraces
during the whole trajectory. Fig. 5 shows very high
Schwoebel barriers on both sides of the vacancy
which points out that growth starts to be three-
dimensional.

During growth, new adatoms diffuse towards
“perfect crystal” areas of the top layer and join
these areas rather than filling holes in the lowest
adatom layers. At a given stage and temperature
of deposition, no island reorganization occurs in
the gaps between islands. The size of one particular
island depends on the degree of perfection of the
layer just beneath and is slightly smaller than the
size of the previous one. Except for a few isolated
adatoms, the structure of the top layer is quite
smooth, as shown in Fig. 4.

In Fig. 6 the adatom distribution is plotted as a

function of the distance from the adatom to the

substrate in the case of a —10% mismatch, provid-
ing evidence for well defined layers. Starting from
the substrate, the number of adatoms in each layer
regularly decreases by about 5% per layer, as
shown in the insert of Fig. 6. This means that
islands have quite a steep slope and an extrapolated
maximum height of about twenty layers. The last
five or six layers show a more irregular shape; they
define the observed uppermost roughness. Such a
process ends when a further deposit starts to
increase the amount of adatoms in the top layer
of present islands. The latter process seems to start
after the twelfth layer deposit as can be seen in
Fig. 6. Then, bridges of adatoms start to connect
previously isolated islands as soon as more ada-
toms are deposited. The connected pattern grows
within the uppermost layer and, after invading the
whole sample, a new bidimensional growth mode
is expected.

During growth, numerous strains and twists
appear within the islands. As a result, the interlayer
distance shows an oscillating behaviour as a func-
tion of the layer number for a +10% mismatch.
The relative fluctuation amplitude is as large as
2%. Similar oscillating behaviour has also been
observed with a 5% mismatch with a smaller
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Fig. 5. (a) Portion of the sample of Fig. 4 with a —10% mismatch, showing a vacancy in the third adlayer. (b) Potential energy as a
function of the position of a fictitious atom moving along a path projected on the line C. Very high Schwoebel barriers appear on

both sides of the vacancy.

amplitude (1%). When considering only adatoms
within a narrow column with a few atoms in each
layer, the average interlayer distance within these
sampled columns also shows an oscillating behavi-
our as a function of the layer number. This is

displayed in Fig. 7 for — 5% and — 10% mismatchs.
We would point out that this generic feature of
interlayer distance oscillations does not occur in
the case of 2 one dimensional model which can be
easily solved numerically with various boundary
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Fig. 6. Adatom distribution as a function of the distance from the substrate after deposition of 11,685 adatoms (solid line) and 9,681
adatoms (dashed line). The distribution scales are different for clarity. Insert: Number of adatoms per monolayer after successive
deposits; the corresponding total numbers of deposited adatoms are indicated. The lines are a guide to the eye. The substrate: 30 x 30,
mismatch = —10% and T=0.3E,,/k;. '
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in substrate interatomic spacing units. The lines are only drawn to guide the eye and emphasize the oscillations.

conditions. The probable reason for such oscilla- cooling down to the temperature kzT=0.1E,,
tions lies in the interplay between numerous local and samples annealed at higher temperature,
tridimensional rotations of groups of atoms within kgT=0.3E,,, is not significant on the above men-
the Stranski-Krastanov islands. It is by means of tioned statistical basis. However, at low temper-
such rotations that the layer configuration is atures the islands tend to separate, and the bridges
relaxed. The experimental observations of moiré between neighbouring islands to break, while their
patterns [13] corroborate this explanation. shape seems to be more geometrical with sharp
The difference between samples obtained after edges. '
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When a harder Lennard-Jones potential, i.e. with
a repulsive exponent larger than twelve is used,
crystallites are formed from the first layer onwards,
already with a 5% mismatch. This leads to an
imperfectly covered substrate. Conversely, with a
five per cent mismatch, when the adatom-adatom
interaction dominates the adatom—substrate atom
interaction (E,,=1.5E,,) the growth mode up to
four layers always seems to be two-dimensional,
ie. this condition achieves a strong wetting
situation.

4. Conclusion

The 2D-3D (Stranski-Krastanov) growth mode
seems to be a general rule in the Lennard-Jones
model of growth on (111) metal surfaces with a
large enough lattice mismatch. Thus the possibility
of magnetic bridges through non-magnetic layers
seems to be greatest when the number of non-
magnetic layers is less than twenty, ie. before the
definite healing of the partition into islands. The
island shape certainly depends on the early history
of the adsorption process. Our present model
simulates an initial liquid-like deposit which crys-
tallizes during the adsorption process. Of course
the use of smaller amounts of deposit would enable
us to simulate vapour deposition, and more realis-
tic potentials should give more accurate results.
However, we believe that the present model already
points out some of the main features of layer
growth on a subsirate with a lattice mismatch, e.g.
the local crystalline quality of the deposit, the
occurrence of Stranski-Krastanov islands and non-
negligible fluctuations in the interadlayer distance.
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