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Submonolayer films of Ag on Pt(111) exhibit parallel partial dislocations separated by narrow
hcp domains and much wider fcc domains, the large difference in width being atypical of strained
metal overlayers on close-packed substrates. Using a two-dimensional Frenkel-Kontorova model, we
calculate the relative domain widths. We examine possible effects of dislocations on equilibrium island
shape and calculate the energies of stable and metastable dislocation structures versus island siz
Experimental results are explained by proximity to the incommensurate-commensurate phase transition
[S0031-9007(99)09291-1]

PACS numbers: 68.35.Bs, 61.72.Bb, 68.35.Rh, 68.55.Ln
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Many close-packed metal overlayer systems show p
terns of partial dislocations which form to relieve lattice
mismatch between overlayer and substrate. Indeed,
well-known herringbone reconstruction of the clean go
(111) surface is a striking example of such a disloc
tion pattern, formed because the lower coordinated s
face gold atoms have a closer equilibrium spacing th
normally coordinated bulk gold atoms [1]. Similarly, bi-
layers of Cu on Ru(0001) form a striped dislocation pa
tern [2]. These patterns consist of alternating domai
with fcc and hcp stacking separated by partial dislocatio
running in the

p
3 direction. In most systems, the fcc and

hcp domains are similar in width, differing at most by
factor of 2.

The dislocation pattern formed by submonolayer Ag o
Pt(111) is atypical for equilibrated heteroepitaxial meta
overlayers on a metal surface in that it exhibits a drama
difference in the widths of the fcc and hcp domain
[3]. Figure 1 shows a scanning tunneling micrograp
of the structure for submonolayer Ag on Pt(111). Th
inset is an experimental micrograph: The surroundin
structure shows the result of the theoretical calculatio
described below. For Ag on Pt(111) the fcc domains a
.3 times wider than the hcp domains. Differences i
domain widths have been correctly attributed to the fa
that the fcc sites are energetically favored relative to h
sites. However, this “monolayer stacking fault energy” i
not sufficient to explain the unusually wide fcc domai
widths seen for Ag on Pt(111). We will show below tha
the major difference in domain widths is caused by th
immediate proximity of this system to a commensurat
incommensurate phase transition.

The experimental work on this system has also exam
ined the types of dislocation structures formed in A
islands as a function of island size [3]. We find tha
a 2D Frenkel-Kontorova (FK) model can reproduce th
three major types of dislocation structures seen in islan
with diameters between 200 and 500 Å. The predictio
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of the FK model is in agreement with the observation tha
dislocations do not form in islands until the island size is
much greater than the dislocation spacing in continuou
films. The FK model also suggests that dislocation
have little effect on equilibrium island shapes for Ag on
Pt(111).

The 2D Frenkel-Kontorova (FK) model provides a
simple approach for modeling dislocation structures o
surfaces. It has been applied to Au(111) [4] and to C
on Ru(0001) [5] with considerable success. We mode
the Ag-Pt interaction using a 2D substrate potential:

VPt-Ags$rd ­ V0 1 V1

X
$G[G1

coss $G ? $rd

1 V2

X
$G[G1

sins $G ? $rd 1 V3

X
$G[G2

coss $G ? $rd ,

where G1 is a set of three reciprocal lattice vectors of
length 4py

p
3 a along the x axis and spaced at 120±

FIG. 1. Experimental and theoretical dislocation patterns fo
submonolayer Ag on Pt(111). The inset is a scanning tunnelin
micrograph. The surrounding area shows a simulated imag
based on the 2D Frenkel-Kontorova model. The dark vertica
lines are partial misfit dislocations, the light vertical lines are
narrow hcp domains, the light vertical areas are wide fc
domains. The horizontal length of the image is 370 Å.
© 1999 The American Physical Society
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, the
angles to thex axis andG2 is a set of three reciprocal
lattice vectors of length4pya along they axis and spaced
at 120± angles to they axis. [The y axis is the

p
3

direction of the Pt(111) surface.]
In order to determine values for the substrate pote

tial parametersV0, V1, V2, andV3, we calculated the total
energy of fcc, hcp, bridge, and on-top configurations
pseudomorphic Ag on Pt(111) using first principles ca
culations within the generalized gradient approximatio
(GGA) [6]. We used the plane wavesEcut ­ 191 eVd
and ultrasoft pseudopotential [7] based codeVASP de-
veloped by Kresse and Furthmuller [8]. The calculate
fcc-hcp energy difference was 21 meV, the fcc-bridge d
ference was 59 meV, and the fcc-top energy differen
was 277 meV [9].

The Ag-Ag interactions in the overlayer were modele
using a Morse potential:

VAg-Agsrd ­ Dfe22asr2r0d 2 2e22sr2r0dg .
We proceed here by choosing physically reasonab
values forD, a, andr0. We set the radius of the Morse
potential,r0, to be 1.041 l.u. based on the relative exper
mental lattice constants of bulk Ag and Pt. [On
lattice unit (l.u.) is defined by the platinum neares
neighbor spacing as 2.77 Å.] We set the depth of t
Morse potential to the cohesive energy of Ag divide
by 6, i.e., D ­ 492 meV. We then set the parameter
a ­ 3.882 sl.u.d21 to reproduce the bulk modulus of
Ag. For this set of parameters, a pseudomorphic silv
overlayer is the stable structure. However, the system
quite close to the pseudomorphic-incommensurate ph
transition, thus small parameter changes allow disloca
structures to become stable. The period of the dislocat
structure depends dramatically on small changes in
parameters,D, a, andr0. This is the major reason why
we do not discuss the determination of these paramet
from first principles here [10]. We found that first princi
ples calculations of the Ag-Ag effective pair potential ar
in substantial agreement with the model presented h
and show that the system is in immediate proximity to th
phase transition.

The phase transition from a pseudomorphic to disl
cated structure can be approached by adjusting the Mo
potential or the substrate potential. To be specific, w
describe the effect of varying the parameter,D. For a
critical value,Dc > 547 meV, there is a phase transition
Below this value, the overlayer is pseudomorphic. Abov
this value, periodic dislocation pairs exist. The periodi
ity of the dislocation pairs isN l.u. For everyN platinum
substrate atoms there areN 2 1 silver overlayer atoms.
The stable value ofN is plotted as a function ofD in
Fig. 2. The spacing of the dislocations diverges asD
approaches the critical value. In order to reproduce t
experimental domain widths,D ­ 570 meV was chosen.
The resulting structure, plotted using a gray scale based
VPt-Ags$rd, is shown in Fig. 1. AdjustingD up from a bulk
value is plausible since bond energy bond order argume
n-
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FIG. 2. Periodicity of calculated dislocation structure as
function of Morse parameterD. There is a critical value at
D ­ 547 meV. As this value is approached from above, th
dislocation spacing diverges. Below this value there are
dislocations.

predict that surface Ag-Ag bonds are stronger than bu
Ag-Ag bonds due to the lower coordination at the surfac
The choice to adjustD is arbitrary. The key factors in
fitting the domain widths are the value ofr0 and the im-
mediate proximity to the commensurate-incommensur
phase transition.

The theory presented here is supported by the exp
mental observation that upon increasing the silver co
erage to a monolayer the dislocation pattern disappe
and a pseudomorphic film is formed. Experimentall
the phase transition from a dislocated to a pseudom
phic structure is driven by the discontinuous change
the silver chemical potential upon completion of a silv
monolayer. As the second layer starts to form, addition
silver is incorporated in the first layer and the dislocatio
are removed. This theory for the major difference in d
main widths being associated with proximity to the pha
transition is also supported by experimental work on cle
Pt(111). Normally at room temperature, the Pt(111) su
face shows no reconstruction. It is possible to create
dislocated structure on Pt(111) by increasing the chem
cal potential of Pt in the surroundings [11], or by heatin
the sample to.65% of the melting point [12]. At 65%
of the melting point the clean Pt(111) surface undergo
a commensurate-incommensurate phase transition. N
the phase transition, the relative fraction of fcc domai
is much larger than that of hcp domains, similar to th
situation described here for Ag on Pt(111).

This FK model can also be applied to calculate equ
librium island shapes and equilibrium dislocation stru
tures for Ag islands on Pt(111). These calculations a
motivated by the experimental observation of differe
dislocation structures and island shapes in islands of d
ferent sizes. Experimentally, the following procedure w
used to prepare a suitable range of island sizes [3]: Fi
0.12 monolayer (ML) Ag was deposited at 50 K. Sub
sequently, the film was warmed to 300 K to enable 2
Ostwald ripening and another 0.25 ML Ag was adde
to the film. The resulting islands had a distribution o
sizes and shapes. For islands less than 200 Å across
4489
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FIG. 3. Ag islands grown on Pt(111). Small islands (n
shown) have no dislocations. The intermediate island on
left has a single dislocation running across the island. T
larger island on the right has a Y-shaped dislocation pattern.

islands are invariably pseudomorphic. For islands mo
than 400 Å across, the islands invariably contained d
locations. From 200 to 400 Å there was a gradually i
creasing probability of dislocations. Figure 3 shows tw
islands with different dislocation structures observed af
this growth process. These pictures motivate us to exa
ine the issue of equilibrium island shape and dislocati
structure as a function of island size.

We started by calculating the energies of hexag
nal islands with several different metastable dislocati
structures. The energies were calculated as a funct
of island size using the 2D FK model with the param
ters listed above. Figure 4 shows four different structur
for a 266 Å wide island. The first is a pseudomorph
structure, the second shows a single dislocation pair,
third shows two dislocation pairs, and the fourth shows
“Y”-shaped dislocation structure. The pseudomorph
single dislocation pair, and Y-shaped dislocation are
observed experimentally for Ag on Pt(111). There a
also beautiful transmission electron microscopy (TEM
photographs in the literature which show both mult
ple striped dislocation structures and Y-shaped dislo
tion structures (with multiple stripes) for reconstructe
Au(111) surfaces on Au platelets grown on MoS2 [13].

In Fig. 5, we plot the relative energies of the thre
dislocation configurations shown in Fig. 4 as a function
island size. The energies are plotted relative to that o
pseudomorphic configuration. For island widths less th
about 240 Å, the pseudomorphic configuration is stab
For island widths between 240 and 320 Å, the structu
with a single pair of partial dislocations is stable. Fo
island widths somewhat greater than 320 Å, the structu
with a double pair of partial dislocations is stable. The
results are in qualitative agreement with the experimen
observation that dislocations are never found in islan
less than 200 Å in width, even though this is much grea
than the 75 Å spacing of dislocation pairs in a continuo
submonolayer film.

The above analysis applies only if the islands are nea
hexagonal, prompting consideration of the equilibriu
shapes for pseudomorphic and dislocated islands. T
equilibrium shape of a pseudomorphic island is dete
mined by the step energies of theA- and B-type steps,
and is easily calculated for this FK model. Starting fro
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FIG. 4. Dislocation structures calculated for hexagonal islan
with a width of 266 Å. (a) Shows the pseudomorphic structur
(b) shows a single pair of partial dislocations, (c) shows tw
parallel pairs of partial dislocations, and (d) is a Y-shape
dislocation. The single pair of partial dislocations is the stab
structure for this island size; the other structures are metastab
The gray scale in this figure is reversed relative to Fig. 1 an
Figs. 3. The size of (b) is adjusted slightly to allow space fo
labels.

the unrelaxed step energy (570 meV for the Morse pote
tial used here) and calculating the step relaxation energi
we obtain step energies of 487 and 473 meV for theA
andB steps, respectively. For these step energies a Wu
construction gives islands with theB step length,10%
longer than theA step length. The pseudomorphic island
will be approximately hexagonal.

The equilibrium shape of a dislocated island is mor
difficult to calculate since the dislocation line energy an

FIG. 5. Calculated hexagonal island energies for variou
dislocation structures as a function of island size. All energie
are referenced to the energy of a pseudomorphic island. F
widths less than about 240 Å, the pseudomorphic configurati
is stable. For widths between 240 and 320 Å, the sing
dislocation pair configuration is stable. For widths greater tha
320 Å, the double dislocation pair configuration is stable.
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the relaxation of the strain field by the edges and t
dislocation are involved and since the threefold symme
is broken. Examination of the experimental island shap
(e.g., Fig. 3) suggests that necking may occur wh
dislocations reach the island perimeter. It is temptin
to suppose that this might minimize the dislocatio
line energy. We have addressed this hypothesis
considering island shapes of the type indicated by t
labelsS, P, R, andQ in Fig. 4b. These labels represen
the number of atoms in each island edge. They repres
a class of six-sided polygons, with a vertical mirror plan
as suggested by the dislocation pair, and with vario
aspect ratios (and thus different dislocation line length
We compared the energy for various islands with th
same number of atoms but different values forS, P, R,
and Q [14]. We found that for this particular system
the presence of a dislocationdoes notsignificantly affect
the equilibrium shape of the islands. This sugges
that the necking and other island shape effects seen
the experiment are due to kinetic effects. We conclu
that the equilibrium island shapes in this system a
nearly hexagonal with or without dislocations and that th
analysis shown in Fig. 4 remains valid.

In conclusion, we have modeled the structure of disl
cations both in submonolayer films and in islands of A
on Pt(111). The system is found to be very close to t
transition from a pseudomorphic to a dislocated structu
This accounts for the very wide fcc domain widths see
in this system. It also explains the fact that the pseud
morphic island structure is found for islands much larg
than the dislocation spacing in a submonolayer film. W
show that the equilibrium island shape is nearly hexag
nal, with or without a dislocation across the island. Th
suggests that kinetics are determining the island shape
the experiment, since the islands are far from hexagona

We wish to acknowledge many valuable discussio
with N. C. Bartelt. Sandia is a multiprogram laborator
operated by Sandia Corporation, a Lockheed Mar
Company, for the U.S. Department of Energy und
Contract No. DE-AC04-94AL85000.
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