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Pt adatom diffusion on strained Pt„001…
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The diffusion of Pt on unreconstructed, strained Pt~001! is considered. The strain dependence for the energy
barrier to adatom diffusion is computed using the embedded atom method. The computations predict that for
a broad range of accessible strain states, the dominant diffusion mechanism is mediated by the formation and
motion of a surface crowdion. Further, the saddle-point configuration for ‘‘simple’’ hopping is predicted to
extend over a number of lattice sites. The diffusion energy barriers for both exchange and hopping mechanisms
depend on the size of the cell used in the calculation.
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Surface diffusion has been of significant scientific inter
for many years. It has been recognized that surface diffus
is the key problem in most dynamical processes on surfa
for example, island growth and surface chemical reactio
An excellent review of this subject was presented recently
Ala-Nissila,et al.1 Experimental work based on field ion m
croscopy~FIM! provides important information concernin
surface diffusion.2,3 In their pioneering studies of diffusion o
Pt on Pt~001!, Kellogg and Feibelman identified an adato
diffusion mechanism known as exchange; a mechanism
which a surface adatom displaces a substrate atom throu
concerted motion of the pair.4,5 This mechanism differs sub
stantially from the simple hopping mechanism~Fig. 1! as-
sumed implicitly in many studies. The concerted exchan
mechanism leads to apparent hopping along^100& directions,
and consequently leads to occupation of only every other
on the surface of the substrate, i.e., the visited sites for
c(232) pattern on the surface. This pattern is readily app
ent in FIM experiments, and Kellogg and Feibelman est
lished unambiguously that under typical conditions, diffusi
of Pt on unreconstructed Pt~001! involves the proposed ex
change mechanism.

Consider thin-film growth. If there is lattice mismatch b
tween the substrate and the film material, the film may
strained. Subsequent growth takes place upon this stra
surface, and modeling of this growth requires that one
derstand the role that strain plays in diffusion. Further, si
the strain may affect directly energy barriers for diffusio
small strains may strongly influence adatom diffusion rat
Consequently, some effort has been expended in an effo
understand the role that strain plays in adatom diffusion.6–8

Theoretical studies of adatom diffusion on~001! surfaces
of fcc metals have been presented in the literature. Yu
Scheffler applied density-functional theory7 and showed tha
for adatom self-diffusion on strained Au~001! and Ag~001!,
the hopping diffusion energy barrierincreaseswith increas-
ing tensile stress and exchange diffusion energy barrierde-
creases. This prediction is similar to a recent prediction fo
Cu diffusing on Cu~001! in which the energy barriers wer
computed as a function of an imposed two-dimensio
strain.8 The most striking result of the Cu work is the di
covery of a surface crowdions under shear. The discover
surface crowdions in Cu raises the question as to whethe
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not surface crowdions may mediate diffusion processes
other fcc~001! surfaces, such as Pt on Pt~001!.

Total-energy calculations coded within the framework
the nudged elastic band method9 are used to compute th
strain dependence of the energy barriers for two adatom
fusion processes: ‘‘simple’’ hopping and adatom exchan
~see Fig. 1!. For a broad range of experimentally accessi
strain states, surface crowdion formation and motion is p
dicted to be the adatom diffusion process with the lowe
energy barrier. Further, the saddle-point configuration
simple hopping is predicted to include displacements o
large number of surface atoms. A prior calculation10 of
saddle-point energies and configurations for Pt adatom di
sion on unreconstructed Pt~001! employed unit cells too
small to observe these extended saddle-point structures
thus may have overestimated the energy barrier to hopp
Finally, over a significant range of strain states, the minim
energy diffusion path for both mechanisms passes throug
metastable surface crowdion configuration.

The calculations employ the embedded atom method
coded in XMD,15 and our own implementation of the nudge
elastic band method~coded as a ‘‘wrapper’’ for XMD!. The
Pt potential of Foileset al.11 is used in all the presente

FIG. 1. Schematic of two of the adatom transport mechanis
studied in this paper. The@001# direction points out of the page
Gray atoms are initially substrate; black atoms are initially adato
Panel~a! depicts the simple hopping mechanism. Panel~b! depicts
the exchange mechanism. The central configuration is the sad
point configuration. Note that for exchange, the initial adatom
comes a substrate atom, and a former substrate atom become
new adatom.
©2004 The American Physical Society02-1
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calculations. This potential reproduces well the elastic a
structural properties of bulk Pt. The predicted surface en
gies are generally lower than experimental estimates.

A typical unit cell used in the calculation is shown in Fi
2. The slab used for the majority of the calculations conta
a total of 1201 atoms. This cell is large enough to minim
finite-size effects. The lateral dimensions of the cell are fix
at values appropriate for the biaxial strain state under st
and the cell relaxes completely in the direction normal to
surface.~The @110# and@ 1̄10# directions of the crystal coin
cide with thex andy directions of the unit cell.! The nudged
elastic band calculations include, typically, 15 images. T
forces are relaxed to better than 0.001 eV/Å. With this se
parameters, the energy barriers are computed to an accu
much better than 0.05 eV.

The saddle point for the exchange mechanism app
much as is expected from earlier studies.4,5 However, the
computed energy barrier is more than 0.2 eV less than thab
initio prediction, 0.48 eV,10 and the measured experiment
barrier of 0.47 eV.4 The discrepancy between the embedd
atom method and the experimental results is probably
result of the approximations used in computing the total
ergy. It is tempting to attribute the discrepancy between
predictions ofab initio electronic structure total-energy ca
culations and the present calculations also to inadequacie
the embedded atom method. However, there may be a se
contribution to the discrepancy: the effects of finite size~see
Fig. 3!.

To investigate the effects of finite size, the energy bar
for adatom exchange was computed as a function of cell
~Fig. 3! under conditions of no imposed strain~i.e., the in-
plane lattice parameters fixed at their bulk values!. The en-
ergy barrier for adatom exchange is cell-size dependent.
energy barrier predicted using a 535 cell is 0.33 eV.~Here,
the cell size is reported asn3m, wheren andm refer to the
number of primitive cells in the@110# and@ 1̄10# directions,

FIG. 2. The 10320 unit cell used in many of the computation
Panel~a! is the initial configuration. Panel~b! shows saddle-poin
associated with simple hopping under zero applied strain. Note
the saddle-point configuration distorts the positions of four to fi
nearest neighbors along the^110& normal to the hopping direction
This saddle-point structure is similar to the structure of the me
stable surface crowdion that is predicted for applied compres
strains.
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with the adatom hopping in the@110# direction.! The same
energy barrier becomes 0.27 eV when a cell 10320 is used
for the computation.~Use of larger cells leads to no furthe
reduction in the energy barrier.! Thus using a 535 cell has
led to an increase in the exchange energy barrier of roug
22%. Under compressive biaxial tetragonal strains of 4%,
energy barrier computed using the 535 cell is twice that
predicted from the 10320 cell. It should also be noted tha
for the larger cell considered, the exchange energy barrie
not very strongly dependent on strain.

The implications of these calculations are that the sad
point for the exchange mechanism may involve displa
ments of atoms over substantial distances from the ada
The embedded atom method suggests that these disp
ments may extend somewhere between 5 and 10 unit cell
contrast, the unit cells employed in Ref. 10 were only
34. If the extended saddle points are not an artifact of
embedded method calculations, theab initio calculations
may also be constrained by finite size and consequently
overestimate the zero stress adatom exchange en
barrier.16

While the saddle point for exchange behaves much as
expects, the saddle point for ‘‘simple’’ hopping is marked
different. During a hop along the@110# direction for 10
320 cell, the adatom does not become undercoordinated
rising up from the surface. Instead, the adatom ‘‘burrow
into the surface, creating a line of atoms displaced along

@ 1̄10# direction. The displacements extend approximat
four nearest neighbor spacings in each direction yieldin
structure reminiscent of the surface crowdions identified
Ref. 8. Here, however, the surface crowdion configuration
unstable~under zero imposed strain—at higher strains, it b
comes metastable!. The extended nature of this saddle-po
configuration for hopping suggests that prior calculation10

of the energy barrier to adatom hopping may also be in
enced by system size.

In order to examine the effects of finite size on simp
hopping, the energy barrier was computed as a function
system size, and the results are displayed in Fig. 4.

at
e

-
e

FIG. 3. Exchange mechanism energy barriers vs the size of
cell used in the computation.
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Consider, first, the zero strain state. The energy barrier
hopping in the 535 cell is '0.56 eV, whereas in the 1
330, the barrier is computed to be 0.36 eV. Thus the f
that the unit cell is ‘‘too small’’ raises the energy barrier b
over 50%. The origin of this energy barrier increase can
understood simply by examining the structure of the sad
point ~Fig. 2!. At the energy maximum, the adato
‘‘squeezes’’ into the row of atoms extending along the@ 1̄10#
direction. For small unit cells, the density of additional ato
is too large to be accommodated with low energy. Hence
hopping mechanism reverts to the bridging saddle point
one expects intuitively.

Figure 4 also indicates the effects of a tetragonal bia
strain on saddle-point energy for hopping. For small ce
the strain dependence of the hopping energy is the oppo
of what one expects. More specifically, under compress
stresses, one expects the corrugation of the potentia
which the adatom is ‘‘hopping’’ to decrease. Since the a
plitude of this correlation should be linked to the ener
barrier for simple hopping, when corrugation decreases w

FIG. 5. Hopping and exchange energy barriers vs tetrago
biaxial strain. At a compressive strain of 2%, the energy bar
curves converge. At this point, both starting points for computat
lead to the formation of a metastable surface crowdion.

FIG. 4. ~Color online! Hopping mechanism energy barriers
the size of the cell used in the computation.
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compression, one expects the energy barrier to hoppin
decrease.8 While for the larger cells, this is the observe
behavior, the strain behavior indicated by the small cells d
plays the opposite trend, presumably due to constraints
posed on the saddle point by the system size.

Figure 5 compares the tetragonal biaxial strain dep
dence of the hopping and exchange energy barriers.
most striking feature of this plot is that at a compress
strain near22%, the energy barriers for hopping~via the
extended saddle-point configuration! and exchange converg
and, in fact, become the saddle-point energy associated
the formation of a metastable surface crowdion. In fact,

al
r
n

FIG. 6. ~Color online! A plot of the energy barrier to hopping
exchange, and surface crowdion formation as a function of impo
strain. The exchange and hopping mechanism surface conver
the regions of strain space for which surface crowdion formation
predicted.

FIG. 7. Diffusion mechanism map predicted for Pt adatom d
fusion on Pt~001!. The plot indicates, as a function of strain sta
which of the investigated mechanisms has the lowest-energy ba
At the points labeled exchange the energy barrier to simple ada
exchange is the lowest of those investigated. The points lab
surface crowdion correspond to those for which creation of a m
stable surface crowdion has the smallest energy barrier. The p
labeled stable surface crowdion are those points for which a sur
crowdion forms, and lowers the energy of the surface relative to
energy of the surface and an adatom.
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embedded atom method predicts that there is a broad r
of biaxial strain states for which the energy barrier to surfa
crowdion formation is the lowest for the considered adat
processes~Fig. 6!. It is significant that the surface crowdio
is expected for pure shear strains as small as 1%~Fig. 7!.
Such shear strains should be obtained relatively easily u
epitaxial growth techniques and suitable substrates. Fur
it is interesting to note that the formation of the crowdio
here breaks symmetry, in striking contrast to the predicti
for Cu ~001!.

Of course, it is well known that clean Pt~001!
reconstructs.12–14 The present analysis applies only to unr
constructed Pt~001!, such as that prepared and observ
within the field ion microscope.~Since the reconstruction
leads to a net increase in the areal atom density, it is lik
that diffusion is involved in creating the reconstruction.
this case one can imagine circumstances under which
unreconstructed surface is kinetically stabilized. Altern
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