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Pseudomorphic growth induced by chemical adatom potential
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Abstract

The transformation from pseudomorphic to dislocated and back to pseudomorphic growth with increasing coverage is reported
for molecular beam epitaxy of Ag on Pt(111). Below a critical size of 200 A two-dimensional Ag islands grow coherently strained,
while larger islands relieve strain through the intreduction of misfit dislocations. Upon completion of the first monolayer, the
dislocations disappear and the Ag film again adopts a pseudomorphic structure. With the help of effective-medium theory calculations,
it is shown that this effect is related to the elevated chemical potential of Ag adatoms on top of the first Ag monolayer. © 1997

Elsevier Science B.V.
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The structure of ultrathin films on substrates of
a different material is determined by the atomic
interactions at the interface and the structures of
the two respective bulk phases. A lattice mismatch
between the film and the substrate material leads
to strain in the film until the overgrowth has
adopted its bulk geometry through the introduc-
tion of strain-relieving defects. Frank and van der
Merwe [1] were the first to address theoretically
strain relaxation in a heteroepitaxial system, which
thcy modeled using the Frenkel-Kontorova
approach [2] of a one-dimensional chain of atoms
coupled by elastic springs in a sinusoidal (sub-
strate) potential. Later, two- and three-dimen-
sional models based on elastic continuum theory
were developed [3-5]. These “continuum’™ models
predict either a critical misfit above which disloca-
tions form in a complete monolayer, or vice versa,
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a maximum film thickness for pseudomorphic
growth which depends on the actual misfit of the
system and the elastic material parameters.
Though heteroepitaxial metal films were believed
to be well described by these theories, recently
strain relief mechanisms were revealed which lead
to deviations from the predictions [6-11]. On
hexagonal close-packed interfaces, for example,
strain can easily be accommodated by fcc—hcp
stacking faults, and the critical thickness is
decreased to zero or just the first monolayer. These
so-called partial dislocations can arrange in a
variety of structures, including unidirectional or
trigonal dislocation networks [7-9] or even dislo-
cation loops in the substrate [10]. Further, strong
relaxation effects in the substrate can stabilize such
structures energetically [11]. The resulting mor-
phologies in these systems often vary from layer
to layer, and for each respective layer metastable
configurations other than the energetically most
favored sometimes exist. However, despite their



structural variety, all these systems have one fea-
ture in common, i.e the existence of a critical
coverage above which, if not kinetically hindered,
strain-relieving defect structures form until the
growing film has adopted its bulk geometry.

Here we present an interesting deviation from
this common behavior of heteroepitaxial metal
systems. In our example of the first monolayer of
Ag on Pt(111), a dislocation network evolves
when monolayer islands reach a critical size and
thereby accumulate a critical amount of strain.
Surprisingly, this dislocation network disappears
completely upon completion of the first monolayer
and the initial growth of the second monolayer.
We demonstrate that the maximum lateral size for
pseudomorphic growth of two-dimensional islands
is determined by the delicate balance between
edge relaxation and dislocation formation. The
re-entrant pseudomorphic growth upon monolayer
completion is explained by taking into account the
chemical potential of an adatom gas present on
top of the adlayer.

So far, experiments performed with STM, He
diffraction, LEED and photoelectron diffraction
(PED) reported the first monolayer of Ag to grow
pseudomorphically on Pt(111) [8,12-14]. With
increased resolution, however, STM reveals a net-
work of double lines, imaged with a depth of less
than 0.1 A, running along the three (112 direc-
tions perpendicular to the close-packed atom rows,
as demonstrated in Fig. 1 [15]. The experiments
were performed with a variable-temperature STM
based in a UHV chamber described in detail
elsewhere [16]. Ag was deposited from an MBE
Knudsen cell at rates of | ML per 900 s. In analogy
to similar structures in the literature [7-9,11},
we infer that the double lines in Fig. 1 are two
partial dislocations, forming “light” domain walls
between fcc and hep stacking, as Ag on Pt(111)
is compressively strained by 4.3%. With PED it
was found that the first monolayer of Ag grows
in fce stacking to the substrate. From this and the
fact that the dislocations were never found to end
at ascending substrate steps, we conclude that the
small regions within the double lines have hcp
stacking. This is further corroborated by a recent
density functional calculation which revealed that
fce stacking is favored by ~30 meV per Ag atom
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[17]. Where the structure is well ordered over a
larger region, the double lines have an average
spacing of 75 A, corresponding to 26 Ag atoms on
27 Pt atoms in the close-packed direction perpen-
dicular to the dislocations. This periodicity agrees
well with a simplistic geometric picture where one
would expect a \/§><24 unit cell for complete
unidirectional strain relief. Note, however, that the
mesoscopic order of the dislocations is very sensi-
tive to defects. Vacancies in the Ag film act as
preferential ending points for the dislocations and
can cause local variations from their average spac-
ing. They further prevent the formation of large
rotational domains.

We followed the dislocation formation as a
function of island size and coverage. At 300 K, Ag
is sufficiently mobile on the Pt(111) surface that
film growth, even on very large terraces, proceeds
from substrate step edges. In order to study the
influence of island size, we prepared well-defined
two-dimensional Ag islands by depositing a sub-
monolayer coverage of 10% at 50 K, where Ag
diffusion is nearly frozen in, and subsequent annea-
ling to 300 K. In an Ostwald ripening process,
compact islands form which are homogeneously
distributed over the surface [18]. The average size
of these islands can then be increased by further
deposition of Ag at 300 K. Fig. 2a shows that
small islands grow pseudomorphically, whereas in
larger islands dislocations have formed. The trans-
ition occurs gradually at island diameters of
around 200 A (Fig. 2b). (We here refer to island
diameter as the lateral extension of an island in
the (110) direction, i.e. perpendicular to the dislo-
cations if they are present.) It should be noted that
this value is much larger than the average spacing
of dislocations in a compact film. This indicates
that for islands there must be an additional effec-
tive way for strain relief, which can only be at the
edges. For small island sizes, the compressive strain
can be relieved efficiently at the island edges
through outward relaxation. At larger sizes, how-
ever, the accumulated strain is too large, and
dislocations form.

The structures described so far are found in the
whole submonolayer range. At coverages of
around 1 ML, however, the dislocation network
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Fig. |. The dislocation network in a first-ML Ag film growing from the steps of a Pt(111) substrate (coverage =0.5 ML. deposition

temperature =500 K ).

in the first layer 1s lifted. Fig. 3a shows a 1.4 ML
film grown at 400 K after annealing to 800 K [19].
The equilibrium structure of the second ML, a
trigonal network of dislocation lines [8], can be
easily distinguished from the first ML. Apart from

a few defects induced by the direct proximity of

the second ML, the first ML now is perfectly
pseudomorphic. Further information about this
re-entrant pseudomorphic growth can be gained
from experiments in which second-ML islands are
grown on an incomplete first-ML film. In such
systems no dislocations are found in the first ML
(Fig. 3b), which shows that it is not the completion
of the first ML but rather the presence of the
second ML which is the reason for the re-entrant
pseudomorphic structure.

This finding leads to an explanation of the effect.
With the presence of second-ML material, a 2D

adatom gas on top of the Ag film is established
which is in equilibrium with the condensed phase.
This adatom gas, which is absent without
second-ML material, can shift the equilibrium
situation of the film. In a theoretical study, Needs
et al. [20] argued that three energetic factors have
to be considered in determining whether or not a
surface is stable against the formation of disloca-
tions. First, strain at an interface induces elastic
energy in the film, which favors dislocation forma-
tion. Second, dislocations reduce the bonding
energy to the substrate, as at least some of the
atoms in the overlayer have to shift out of registry,
which does not favor their formation. Third, the
formation of dislocations changes the total number
of atoms in the overlayer. The energy changes
associated with the transfer of atoms into or out
of the surface layer also have to be considered. If
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Fig. 2. (a) A population of Ag islands on Pt(111) grown by deposition of 0.12 ML Ag at 50 K, subsequent Ostwald ripening, and
post-evaporation of 0.25 ML at 300 K. (b) The probability of dislocation formation as a function of island size, as inferred from

analysis of 180 islands.

the first two contnibutions are so close as to
balance each other, the chemical potential of an
adatom gas on top of the layer in question can
hence be the determining factor. Evidently, it is
this third aspect which is not accounted for in
continuum theories of dislocation formation.

Recently, it was shown for Pt(111) homoepitaxy
that increased chemical potential of an adatom
gas can induce a reconstruction of the normally
pseudomorphic surface [21]. In our system, under
compressive strain, the inverse case is expected.
Excess atoms from the adatom gas can be incorpo-
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Fig. 3. Re-entrant pseudomorphic structure of the first ML in the presence of second-ML material. The dislocations disappear either
upon annealing to 800 K and thus creating a first-ML film without vacancies (a), or on post-evaporation onto an as yet incomplete
film at 300 K (b).



rated into the light walls and lift the dislocation
network.

We performed effective-medium theory (EMT)
calculations [22] to support the above conclusions.
To study te strain-relief mechanism via relaxation
at the edg:s, we calculated the atomic equilibrium
positions n hexagonal Ag islands on a Pt(111)
slab with island diameters ranging from 15 to
120 A. In all cases, edge effects were found to be
substantia . Independent of island size, the edge
atoms were found to relax outwards by ~2.5%.
The edge r:laxation is distributed over 5-10 atomic
rows, and the interatomic distances decay asymp-
totically from the edge towards the island core.
Due to this very long-range effect, very small
istands (bclow ~50 A in diameter) are essentially
incommenurate, whereas for larger islands a pseu-
domorphic core to the underlying Pt develops.
With further increasing size the pseudomorphic
core gains weight with respect to the relaxed edges,
and finally the islands become unstable towards
dislocation formation.

Calculations concerning dislocation formation
in compac. films (or in the centers of large islands)
were carried out with rectangular slabs of
3V3 x N (N=10-50). The thickness of the slabs
had to be chosen to comprise at least 20 layers, as
strong relaxation effects influenced the subsurface
Pt layers considerably to a depth of about 15
layers. To obtain the binding energy per Ag atom
€ in a film with dislocations, we first placed a
3V3 x(N-1) Ag layer (thus containing two par-
tial dislocations) on top of a 3V/3 x N Pt substrate.
The total cnergy of the fully relaxed slab is then
subtracted from that of the substrate alone and
divided by the number of Ag atoms. The same
procedure is then repeated for a pseudomorphic
Ag adlayer. Fig. 4 shows that as soon as N> 18,
dislocation formation is energetically favored. The
structure with the highest Ag binding energy
(€0=2.998 eV for N=30) lies 3 meV per Ag atom
below that of a pseudomorphic Ag layer. Hence,
the energy gain per unit cell is ~0.08 eV if we take
N to be 27, the experimentally determined average
size of the superstructure. (A difference in total
energy per atom of 3 meV is certainly within the
error of an approximate method such as EMT.
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Fig. 4. Difference in binding energy per Ag atom between Ag
adlayers of varying periodicity of the dislocation network and
the ground state of the system (a (V3 x29) Ag adlayer with
two partial dislocations on a (V3 x 30) Pt(111) substrate: bind-
ing energy per Ag atom=2.998 eV). The binding energy of the
pseudomorphic adlayer is given by the dotted line. As soon as
N> 18, dislocation formation is energetically favored.

However, the interesting aspect in our context is
not that the calculations find the dislocated struc-
ture to be energetically favored, but rather the
finding that the two structures are indeed very
close to energetic degeneracy, which is the neces-
sary condition for the possibility of the transition
being driven by the second-layer adatom gas.)
Note that EMT does not account for the energetic
difference between fcc and hep sites found with
DFT. This difference should drive the system even
closer towards energetic degeneracy, and is respon-
sible for the pair of partial dislocation lines running
closely together in the real system, whereas they
relax towards maximum separation in EMT
simulations.

An isolated adatom on top of the first ML is
found to be 0.62 eV weaker bound than an atom
embedded in the reconstructed first ML, as calcu-
lated with EMT. Consequently, if such adatoms
are incorporated into the reconstructed adlayer
and the dislocation network is lifted, the system
gains about 0.62-0.08 eV=0.54eV per V3 x27
superstructure lattice cell. Thermodynamically, we
can attribute a chemical potential of

A 2nmkT
Uy, =€—kTIn N
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to the (ideal ) 2D gas of silver atoms on top of the
first-ML Ag film (¢ being the adsorption encrgy
of the atoms, m their mass, # Planck’s constant
and N/A the density of the atoms). The free energy
of the film, on the other hand, increases by 0.08 eV
per incorporated atom, i.e. u;=0.08 eV. (Here we
ignore entropy changes associated with the struc-
tural transformation of the film.) Equating chemi-
cal potentials for T=300K leads to a critical
density of I atom per 3700 AZ at which Ag adatoms
of the second ML should be incorporated into the
first ML. This density can easily be maintained
by adatoms evaporating from the edges of
second-ML islands.

A closer look at the equilibrium positions of the
atoms as determined by EMT shows that the
absolute height of the Ag atoms in the domain
walls, though sitting on bridge sites, is reduced.
The depth of the indentations corresponds well to
the measured height of the dislocations, showing
that not electronic effects but pure geometry is
sufficient to explain the imaging of STM. As
suggested by Hwang et al. [11], the reason for this
behavior lies in a very strong relaxation of the
underlying substrate layers. Our EMT calculations
reveal that below the dislocations, the first and
second Pt layers are depressed by 0.14 and 0.15 A,
respectively. Though the relative distance between
the first Pt layer and the Ag atoms on bridge sites
is indeed increased, the absolute heights of the
latter are reduced.

While we have observed re-entrant pseudomor-
phic growth for a particular model system, its
implications for heteroepitaxial growth are of gene-
ral significance. It is useful to distinguish systems
under tensile and compressive strain. In the latter
case, strained epitaxial islands tend initially to
grow dislocation-free. The compressive strain can
be relieved efficiently through outward relaxation
at island edges, favoring relaxed growth for very
small islands followed by pseudomorphic growth
up to a critical size. However, as islands increase
in size, the introduction of misfit dislocations will
finally allow for a better elastic relaxation of the
islands’ stress. Dislocation formation in compres-
sively strained layers can, however, be suppressed
by the application of an enhanced gas-phase chemi-
cal potential if the energy gain due to strain relief
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and the energetic cost of dislocation formation are
close to balancing each other. High supersat-
uration might thus be used to grow pseudomorphic
structures which are otherwise unstable.

In systems with tensile strain, the effect of an
enhanced gas-phase potential is inverse. Here, the
presence of an adatom gas can drive an otherwise
pseudomorphic system towards dislocation forma-
tion. Examples are the Pt(111) reconstruction
during homoepitaxial growth [21] or the Ni mono-
layer structure on Ru(0001) [23], which is pseudo-
morphic at submonolayer coverages but becomes
dislocated with the build-up of the second Ni layer.
However, the effect of an enhanced adatom chemi-
cal potential favoring dislocation formation makes
it impossible in principle to find re-entrant pseudo-
morphic behavior in systems under tensile stress.
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