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The second layer of Ag on Pt �111� is experimentally observed to form a striped dislocation pattern with Ag
stripes alternating between fcc and hcp stacking. We address the origins of the stripes with a combination of
density-functional theory and Monte Carlo simulations. We find that this dislocation pattern is driven by
electronic and anisotropic substrate-mediated interactions associated with the Shockley surface state on Ag
�111�. Our simulations reveal the quantum mechanical underpinnings of strain-relief patterns, previously de-
scribed phenomenologically by the classical Frenkel-Kontorova model that is widely used to describe such
systems.
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Understanding the phenomena and forces that dictate self-
assembly is of considerable current interest. One driving
force for self-assembly at surfaces is the strain that develops
in epitaxial layers when atoms of one material are deposited
onto the surface of another material. This strain can lead, for
example, to the formation of quantum dots via the Stranski-
Krastanov growth mode in lattice-mismatched semiconduc-
tor systems.1–4 In metal heteroepitaxy,5–12 as well as on some
pure metal surfaces,13–16 intricate dislocation patterns form
as a consequence of interfacial strain. From a fundamental
point of view, the patterns that form in strained epitaxial
layers are often understood in terms of the classical Frenkel-
Kontorova �FK� model,17 where the adatom-adatom interac-
tion potential dictates a different lattice constant than the
periodic adatom-substrate potential. To minimize the energy
of the strained adlayer, some adatoms do not reside exactly
in minima of the surface potential and dislocations are
formed. Although the FK model has been applied to describe
the structures observed experimentally for various homoepi-
taxial and heteroepitaxial systems,18–21 we find that an alter-
nate model is appropriate in at least some cases.

We consider the patterns that form when Ag is deposited
onto Pt �111�. Experimental studies with scanning-tunneling
microscopy �STM� show that while the first complete mono-
layer �ML� of Ag on Pt �111� assumes a pseudomorphic
structure, the second layer forms a network of alternating fcc
and hcp stripes.7 Upon annealing at 800 K, the striped phase
reconstructs to form a trigonal network.7,12 In this work, we
address the origins of these dislocation patterns with a com-
bination of first-principles calculations based on density-
functional theory �DFT� and Monte Carlo �MC� simulations.
Our work indicates that the dislocation patterns in this sys-
tem are driven by substrate-mediated interactions that are
electronic and quantum mechanical in origin, in contrast to
the classical picture of the FK model.

The Ag �111� surface possesses a Shockley surface state
that can mediate interactions between adsorbed atoms. As
originally predicted by Lau and Kohn,22 this long-range os-
cillatory interaction decays with adsorbate separation d as
d−2 and has a period related to the Fermi wave vector kF.
More recently, Hyldgaard and Persson23 refined Lau and
Kohn’s expression to include a phase shift �F and their ex-
pression takes the form

�Epair�d� � − �F�2 sin��F�
�

�2sin�2kFd + 2�F�
�kFd�2 , �1�

where �F is the Fermi energy relative to the minimum in the
surface band. While STM studies corroborate Eq. �1� for
adsorbates on unstrained Cu �111� �Refs. 24 and 25� and Ag
�111� �Ref. 25� surfaces, our studies indicate that deviations
from Eq. �1� occur for a strained Ag �111� surface.26 We used
DFT to quantify the pair interaction between two Ag ada-
toms on a compressed Ag �111� surface with the lattice con-
stant for Pt to serve as a model for one pseudomorphic ad-
layer of Ag on Pt �111�. While the details of these
calculations are presented elsewhere,26 we summarize the es-
sential aspects here.

Figure 1 shows a map of the pair interaction between
atoms placed at various distances from a central adatom. We
obtained the pair interaction for separations ranging from the
first to the 53rd neighbor, a range of over 2 nm, and found
that this interaction is primarily electronic in origin. In par-
ticular, pair interactions due to relaxation of the substrate are
negligible.26 Further, we investigated various trio interactions
and found that these are small compared to the pair interac-
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FIG. 1. �Color� Pair potential �in meV� for the interaction of a
central adatom �open circle� with a second adatom on various pos-
sible fcc and hcp binding sites at distances ranging from the third to
the 53rd neighbor. The interaction energies for the first and second
neighbors have values of −196.3 and −136.3 meV, respectively,
and are not shown for clarity.
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tion, so pair interactions dominate.26 In an average sense, the
pair interaction in Fig. 1 exhibits concentric rings that alter-
nate between attraction and repulsion, as would be predicted
by Eq. �1�. We fit angularly averaged interactions from Fig. 1
to Eq. �1� using values of kF=0.28 Å−1 and �F=0.662 eV
that emerge from independent band structure calculations.26

This fit yields �F=0.45� and is satisfactory for interactions
beyond the third neighbor—at shorter separations, direct
chemical bonding dominates the interactions.26 This implies
�cf., Eq. �1�� that the period of the oscillatory interaction is
�F /2=11 Å, where �F=2� /kF, consistent with the average
spacing between attractive and repulsive regions in Fig. 1.
However, it is evident that the pair interaction in Fig. 1 con-
tains significant radial and angular structure not predicted by
Eq. �1�. Below, we show that this anisotropy plays a crucial
role in governing the structure of a strained Ag adlayer.

To understand the ramifications of the interactions in Fig.
1 for pattern formation in strained layers, we performed Me-
tropolis MC simulations of Ag adatoms on an fcc �111� sur-
face representative of 1 ML of Ag on Pt �111�. The surface is
discretized into an array of fcc and hcp binding sites and
adatom interactions are described by the potential in Fig. 1
�including first- and second-neighbor interactions�. In a pre-
vious DFT study,27 we found that the binding energy for
adatoms on fcc sites is only slightly higher �by less than
�3 meV� than that for hcp sites so we neglect the slight
energetic preference for epitaxial registry. We examined Ag
fractional coverages � between 0.15 and 0.833 ML �i.e., the
actual coverages on the Pt �111� surface would be 1.15 and
1.833 ML, respectively� at temperatures between 0 and 3500
K. We simulated between 800 ��=0.15� and 4442 ��
=0.833� Ag atoms and tested various possible lattice sizes to
correctly accommodate the periodicity of the Ag adlayers.
For each set of conditions, we obtained results for at least
two runs beginning with different initial conditions. Addi-
tionally, we checked for hysteresis effects by heating and
cooling the simulated lattices, to ensure that the simulated
structures were representative of equilibrium for the given
temperature.

Figure 2 shows snapshots of the Ag adlayer at �=0.50 �a�
and �=0.67 �b�, where we see that a striped phase has

formed in which stripes run along the 	112̄
 direction with
three different orientations. Interestingly, atoms alternate oc-
cupancy between fcc and hcp binding sites in neighboring
stripes. Below �=0.3, isolated islands occur with well de-
fined sizes and our previous work focused on characterizing
these.28,29 The islands merge into stripes at coverages above
0.3, as can be seen in Fig. 2�a�, where islands still occur and

coexist with stripes. The interstripe spacing in the 	11̄0
 di-
rection normal to the stripes is constant at �8.5 Å and in-
dependent of coverage: as can be seen by comparing Figs.
2�a� and 2�b�, the vacant space between stripes decreases and
the stripe width increases with increasing coverage.

It is difficult to simulate coverages much higher than 0.7
due to the declining efficiency of the MC method. Thus, to
explore possible stripe configurations at the highest cover-
ages, we constructed various striped patterns and calculated
their total energies. We performed MC simulations of these
patterns on small lattices to confirm their stability. For the
given stripe density, the maximum possible Ag atom cover-
age is 0.833 and assuming equal occupancy of fcc and hcp
stripes there are two possible unit cells depicted in Fig. 3.
The first of these, shown in Fig. 3�a�, has a ��3�6� unit cell

with domain walls oriented along the 	112̄
 direction, as pro-
posed experimentally,7 and the second, shown in Fig. 3�b�,
has “miniherringbone” stripes with smooth 	11̄0
 domain
walls and a �2�3�6� unit cell. Our calculations indicate
that the ��3�6� unit cell in Fig. 3�a� is energetically fa-
vored by 7 meV/atom.

Since the oscillatory interactions in Fig. 1 have a period
governed by the Fermi wavelength,26 we look for this char-
acteristic length in the simulated striped patterns. We note
that, while the interstripe distance of �8.5 Å �along the

	11̄0
 direction� does not correlate well with �F, the stripes
in Fig. 3�a� are five atoms wide ��11.2 Å�—a distance very

close to �F /2—in two of the three equivalent 	11̄0
 direc-
tions, while the stripes in Fig. 3�b� are five atoms wide in one

of three 	11̄0
 directions. Thus, key structural aspects of the
stripes are governed by the Fermi wavelength.

In the analogous experimental study by Brune et al.,7 a

striped pattern oriented along the 	112̄
 direction was identi-
fied that had a ��3� p� unit cell, with p=14	1 and
�p−1� adatoms for p substrate atoms. The fact that we find a
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FIG. 2. �Color online� Snapshots of simulated Ag adlayers at
coverages of �a� 0.5 and �b� 0.67 ML. Second-adlayer Ag atoms
adsorbed on fcc sites are shown in red �dark� and atoms on hcp sites
are shown in blue �lighter�. First-adlayer Ag atoms are shown in
white �lightest�.
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FIG. 3. �Color online� Two possible unit cells for the striped
pattern at �=0.833 ML: �a� ��3�6� and �b� �2�3�6� unit cell.
Color scale is the same as Fig. 2.
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smaller �but similar� unit cell than experiment may indicate
that the Fermi wavelength is smaller in our calculations than
in experiment. In a previous study, we found that strain can
significantly influence the value of �F and that this quantity
decreases with increasing compression of the lattice.26 For
example, on unstrained Ag �111� �F is estimated to be
76 Å,25 which is significantly larger than what we find here.
The DFT results in Fig. 1 were obtained on an Ag slab in
which the lattice constant was compressed by 4.61% relative
to the DFT value for bulk Ag,26 while the experimental com-
pression in this system is 4.2%.30 The greater compression
employed in our study is consistent with a surface state that
is shifted further below the Fermi level with a larger value of
kF and, hence, with a smaller period for the stripes than that
observed experimentally. Some experimental support for this
idea can be seen in the work of Neuhold and Horn,31 who
showed that a 0.5% tensile strain of Ag �111� can shift the
surface state above the Fermi level. It is also worth mention-
ing that our simulated stripes are similar in their orientation
and fcc-hcp alternation to those seen on Au �111�,13,14 which
is also a compressed surface with a Shockley surface state.

In the experimental unit cell, the occupancy of fcc sites
�16 out of 26 atoms in the unit cell� is higher than that for
hcp sites, while we have equal occupancy here. At least part
of this discrepancy stems from our neglect of the energetic
difference �which we find to be small but favorable to fcc
binding� between fcc and hcp binding sites. Although three-
body interactions are small compared to pair interactions in
this system,26 these �and higher-order many-body interac-
tions� may also contribute to a preference for epitaxial reg-
istry of the stripes.

Despite the above discrepancies, there are remarkable
similarities between our simulated adlayers and those seen

experimentally.7 First, we reproduce the 	112̄
 orientation
and the alternation between fcc and hcp stacking. We repro-
duce the narrow and dilute domain-wall structure seen in
experiment.7 In a recent study, Pushpa et al.21 developed an
FK model for this system based on DFT calculations for the
Ag-substrate interaction and a short-range empirical poten-
tial for the Ag-Ag interaction. They performed an exhaustive
search for various phases that could occur as a function of
two empirical parameters characterizing the Ag-Ag interac-
tion. While they found a phase with alternating fcc and hcp

stripes along 	112̄
, their model predicts a gradual transition
from fcc to hcp stripes, with wide domain walls involving
height variation in the Ag atoms, in contrast to the narrow
domain walls and minimal height variation observed here
and in experiment.

In experiments, a trigonal dislocation network is observed
after annealing the stripes.7,12 We did not observe this pat-
tern, despite extensive attempts. Pushpa et al. did observe a
triangular pattern in their FK model21—although this did not
closely resemble experiment. There is evidence from low-
temperature STM that dislocations in the trigonal network
include atoms in the Pt �111� surface.12 Here, we assume that
all atoms below the second adlayer are fixed to Pt �111�
lattice sites, which may explain the difference. It is also pos-
sible that our �F is too small and that an energetic preference
for fcc registry is needed to observe the trigonal network.

We now turn to the origins of our simulated striped pat-
terns, which lie in the interactions shown in Fig. 1. Since �as
discussed above� an angular average of the interactions in
Fig. 1 can be reasonably well fit to Eq. �1�, one might naively
expect that an isotropic potential based on Eq. �1� could also
produce the striped phase. Using this isotropic potential �plus
DFT interactions for first-through third-neighbor interac-
tions�, we ran MC simulations and observed compact and
randomly placed regions of fcc and hcp occupancy separated
by smooth 	11̄0
 edges, as shown in Fig. 4�a�. These calcu-
lations indicate that angular variations in the interactions in
Fig. 1, which represent a deviation from theory,22,23 play an
essential role in stabilizing the striped phase.

We also conducted a series of simulations to determine if
there are any specific interactions among those in Fig. 1 that
give rise to the striped phase. In these simulations a short-
ranged portion of the interactions was given by DFT, while
the remaining long-ranged portion was based on the fit to Eq.
�1�. These simulations indicate that alternating fcc and hcp
stripes along the 	112̄
 direction do not occur to any signifi-
cant extent until the DFT interactions extend from the first to
the 19th neighbor, as shown in Figs. 4�b� and 4�c�. Further-
more, smooth 	11̄0
 domain walls persist until DFT interac-
tions are used for the first 30 nearest-neighbor interactions,
where 	112̄
 domain walls emerge, as shown in Fig. 4�d�.
Finally, the stripes do not form the extended networks,
shown in Fig. 2 and seen in experiment,7 until interactions up
to and beyond the 50th nearest-neighbor are included. These
studies indicate that all of the interactions in Fig. 1 are im-
portant and act in a cooperative manner to produce the
striped phase.

In summary, we find that long-range anisotropic interac-
tions mediated by surface-state electrons can facilitate the
formation of dislocation networks in heteroepitaxial adlay-
ers. Although existing theory predicts these interactions are
isotropic and can successfully describe them on unstrained
surfaces,22–25 our calculations show that these interactions
become anisotropic on strained surfaces and that this aniso-
tropy is essential in promoting the formation of dislocation
networks. Our simulations reveal the quantum mechanical
underpinnings of strain-relief patterns and contrast the clas-
sical FK model that has been widely used to describe such
systems.

This work was sponsored by NSF Grant No. DMR-
9617122.
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FIG. 4. �Color online� Snapshots of simulated Ag adlayers at
�=0.67 ML and T=340 K using the DFT pair potential for the
first x neighbor interactions and Eq. �1� for x+1 through 53rd-
neighbor interactions, where �a� x=3, �b� x=10, �c� x=19, and �d�
x=31. Color scale is the same as Fig. 2.
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