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The characteristics of atomic displacements during surface diffusion of Cu on Cu�111� are studied by means
of molecular dynamics simulations. It is found that even at very low substrate temperatures, the majority of the
jumps are correlated, i.e., the displacement directions are not randomly chosen but rather keep some sort of
memory from the previous moves and are influenced by them. Long jumps, spanning several surface unit cells,
are observed at all temperatures. From an analysis of their length probability distribution information can be
obtained about the mechanisms of friction and energy transfer between the diffusing adatom and the substrate.
Both long jumps and recrossings �displacements in which the adatom moves back and forth between two
adjacent adsorption sites� appear with a higher activation energy than normal diffusion. Finally, the influence
of the instantaneous atomic configuration of the substrate on the adatom’s trajectory is also highlighted.
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I. INTRODUCTION

In the traditional view of surface diffusion, an adatom is
pictured drifting above the potential energy landscape cre-
ated by the charge density of the substrate atoms. While
trapped within an adsorption well, the atom may take up
from the phonon bath the �thermal� energy needed to over-
come the surrounding barriers, hence becoming capable of
performing a successful hop to a nearby site. In the simplest
model, these jumps are assumed to take place in random
directions and only to nearest-neighbor positions.1 However,
this description has long been proved oversimplified: long
jumps, spanning several surface unit cells, were first detected
by means of numerical simulations,2,3 and later confirmed
experimentally by field ion microscopy �FIM� results, al-
though only on W substrates.4–7 Other studies have found
evidence of long jumps during surface diffusion of
molecules8,9 and, indirectly, on Pb�110� close to its melting
temperature.10 Further details can be found in two excellent
recent reviews.11,12

Nevertheless, experimental observations of single atomic
movements are difficult, and in spite of calculations and nu-
merical simulations13 the nature of these events is not yet
clearly established. For instance, it is not known whether
such long jumps are actually different physical processes
from the nearest-neighbor ones, with their own specific acti-
vation energy and pre-exponential factor. Field ion micros-
copy and scanning tunneling microscopy �STM� are the only
techniques capable of directly imaging the positions of indi-
vidual atoms, but they can only provide snapshots of the
surface atomic configurations at finite time intervals. Analy-
sis of these data thus yields information on the mean square
atomic displacements, and to infer the details about the jump

processes some kind of modeling must be used. Typically,
the experimentally determined distributions of displacements
have been compared to a statistical model14 or to the results
of Monte Carlo simulations,6,7 from which the rates of the
different jump processes can be estimated.

While the analysis of data in quasi-one-dimensional dif-
fusion systems—like, for instance, on fcc-�110� faces—is
somewhat simpler, further complications arise when dealing
with compact faces such as the fcc-�111�. There, a new type
of atomic jumps has been identified recently.15,16 In these
so-called recrossing jumps an atom moves from its starting
position to an adjacent site and immediately returns to its
departure point. Although these movements are obviously
long jumps, since they involve two surface cell crossings,
they produce anomalous results because the net resulting dis-
placement is zero.

In this work we use molecular dynamics �MD� simula-
tions to carry out a detailed study of atomic jumps during
self-diffusion of a single adatom on Cu�111�. From a statis-
tical analysis of the hops’ directions and lengths we gain
insight on the physics controlling the atomic displacements.
We show that the jumps can be classified in two categories,
correlated and random, depending on whether the choice of
the hop direction is influenced by the previous trajectory or
not. We also find that atoms performing correlated jumps—
which include the long ones—possess a higher energy than
when they are doing the usual random, nearest-neighbor
moves. The jump lengths and types �as described in Sec. III�
are determined by the mechanism of energy transfer from the
diffusing adatom to the substrate, which seems to take place
at specific times and due to scattering events of the adatom
with the surrounding surface atoms.
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II. METHODOLOGY

The simulations were carried out using the DYNAMO

code.17 The atomic interactions were accounted for by means
of empiric potentials derived from the embedded atom model
�EAM�.18 A single Cu adatom was allowed to diffuse on a
Cu�111� substrate represented by a slab of 14 layers of 270
atoms each one, with vacuum on both surfaces and periodic
boundary conditions in all directions. Before starting the
simulations, the sample was fully relaxed to minimize its
energy, except for the three deepest atomic layers that were
frozen to simulate the bulk. The diffusing adatoms were de-
posited at random positions slightly above the upper surface
and allowed to land and thermalize for several picoseconds
before starting to record their displacements. The number
and duration of simulation runs conducted at each tempera-
ture were extended until a sufficient number of jumps was
accumulated to ensure good statistics �more than 1000� for
the analysis described in Sec. III; for the lower temperatures
this amounted to more than 20 ns.

Atomic jumps were detected automatically, in terms of
barrier crossings, by using a double criterion. First of all, the
ideal surface �without thermal agitation� was divided in two
sets of cells, corresponding to fcc and hcp sites. Then, during
the simulation the distances between the adatom and the sur-
face atoms defining the occupied and the nearest-neighboring
unit cells were continuously computed. A jump was consid-
ered successful when it satisfied both conditions, namely,
that the adatom changes cell �it moves from an “ideal” fcc to
an hcp or vice versa� and that the closest substrate atom
�excluding those forming the bridge� also changes. This lat-
ter condition is essential to take into account the instanta-
neous changes in the surface atomic positions due to thermal
vibrations. Furthermore, jumps with residence times within a

surface cell shorter than 0.1 ps were discarded, as they usu-
ally correspond to atomic fluctuations when the adatom is
close to the saddle point. All jumps detected by this method
are thus of nearest-neighbor length, and the residence time of
the adatom within a given cell is given by the time interval
between two consecutive barrier crossings. Long jumps,
which are dealt with in Sec. III B, thus consist of a succes-
sion of consecutive single-distance jumps along the same
direction.

III. STATISTICAL ANALYSIS

A. Flight times of diffusing adatoms

We start our characterization by sorting out the atomic
hops detected in the simulations at different temperatures
according to the time spent by the moving atom to traverse a
surface cell. Hence, for this analysis the long jumps are not
considered as such, but rather as a succession of fast con-
secutive cell crossings. The resulting distributions are plotted
in Fig. 1 as histograms. The graphs are truncated at 5 ps
adatom flight time because we are mostly interested on the
fast jumps, which are the ones that display a correlated be-
havior in disagreement with the classical random walk
model.15 Long residence times, on the contrary, correspond
to atoms that have thermalized and undergone several vibra-
tions within one adsorption well, thereby losing memory
from previous displacements. Hence, their displacements
when they finally cross to a nearby site are completely ran-
dom.

The first outstanding feature of the histograms shown in
Fig. 1 is the appearance of distinct peaks that can be directly
correlated with specific jump types.15 The first peak, appear-
ing below 1 ps in all graphs, corresponds to what we have
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FIG. 1. �Color online� Statistical distributions of residence times of Cu adatoms, as a function of substrate temperature. Black dots: all
types of jumps; red diamonds: recrossings.
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called ballistic jumps, i.e., fast flights in which the adatom
crosses one surface cell without stopping in it; a graphical
example can be found in Fig. 2�a�. The long jumps that will
be discussed in detail in Sec. III B below thus consist of a
succession of these rapid crossings. In the following we shall
retain the term ballistic to refer to these fast crossings of a
single surface unit cell, to distinguish them from the true
long jumps, which involve several consecutive ballistic hops.
We denote the temperature-dependent characteristic flight
time of these ballistic jumps �0, and take it in the following
as the reference unit time for surface diffusion processes.

A second and even a third peak can also be clearly re-
solved for the lower temperatures in the histograms of Fig. 1.
Their origin can be determined from an inspection of the
corresponding atomic trajectories. The curves labeled with
diamonds in Fig. 1 represent sequences of two consecutive
barrier crossings that bring the adatom back to the same de-
parture site after having bounced back off the atom situated
at the apex of the triangular �111� surface cell, as schemati-
cally depicted in Fig. 2�b�. It is evident from Fig. 1 that,
below 140 K, practically all the jumps in the second peak
correspond to these recrossings.15,16,19 This behavior clearly
contradicts the assumptions of the random walk model, since
the jump directions are not chosen by the moving adatom
with the same probability. The same argument holds for the
displacements making up the third peak: almost none of
them leads the adatom back to the previously occupied cell.
A representative trajectory for this type of jumps, which we
have called double bounces because the adatom is deflected
twice within the surface cell before exiting, is given in Fig.
2�c�.

Based on this analysis, we concluded in our previous
work that a minimum residence time of at least 4�0 �or
equivalently, four oscillations of the adatom within the site’s
potential well� is required before an atomic displacement
may be considered random.15 These results are summarized
in Fig. 3, where we plot the temperature evolution of the
above described three types of jumps. With respect to our
previous study, we have now added a new temperature,
namely, 60 K. It can be seen how the new results nicely
follow the trend set by the former data, in particular the
steady decrease of the ballistic jumps as the system’s tem-
perature is progressively lowered and the parallel increase of
recrossings, whose frequency stays clearly above the value

of 1/3 that one should expect for random hops on the
Cu�111� surface. The sum of the frequencies of these three
types of jumps gives us a minimum estimate of the fraction
of displacements that cannot be considered random, and for
which the classical theory of diffusion would not be appli-
cable. This magnitude is represented with triangles in Fig. 3,
and it is noteworthy that even at a temperature as low as 60
K more than 50% of the jumps are correlated.

B. Long jumps

An adatom resting within an adsorption well starts mov-
ing when it captures from the surrounding phonon bath the
thermal energy needed to overcome the adjacent barriers.
Since the surface potential is periodic, this displacement can
in principle continue until the atom loses enough energy so
as to become trapped again within a different potential well.
The existence of long jumps, and their length probability
distribution, is therefore directly related to the efficiency of
energy exchange between the diffusing adatom and the
substrate.5,20 In our simulations, long jumps manifest them-
selves as successions of consecutive ballistic displacements
of the type described in Sec. III and characterized by their
fast flight times �0. In a sense, thus, our description follows
the model previously put forward by Antczak and Ehrlich,6,7

in that a jump starts with the atom crossing to the nearest-
neighbor site and once there the continuation of the trajec-
tory is determined by the system configuration.

From the theoretical point of view, the diffusion problem
is most frequently formulated in terms of a Brownian motion
described by means of a Langevin equation21 with a constant
friction term. This assumption implies that the diffusing ada-
tom would be continuously losing energy during its
displacement.22–24 A different approach considers that the
adatom interaction with the substrate takes place only at spe-
cific times, by instantaneous collisions that drain the excess
energy of the former and leave it in thermal equilibrium with
the system. This behavior is described by the Bhatnagar,
Gross, and Krook �BGK� model.25 Such different treatments
naturally yield different probabilities for the jump lengths,

Ballistic Recrossing Double−bounce

FIG. 2. �Color online� Schematic depiction of the different types
of fast jumps, corresponding to the peaks visible in the histograms
of Fig. 1. The solid red circles represent the surface atoms, and the
shaded and white areas correspond to fcc and hcp subcells. The
fragments of trajectories depicted are actual examples taken from
the simulations.
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FIG. 3. �Color online� Temperature evolution of the different
types of fast atomic jumps of a Cu adatom on Cu�111�. The curve
labeled “correlated” is the sum of the other three, and represents a
lower limit estimate of the total number of nonrandom jumps.
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and in particular for the longest ones;26 hence, information
can be gleaned on the thermalization mechanism by studying
the distribution of jump lengths and their evolution with tem-
perature. While such a study is extremely difficult to accom-
plish experimentally, computer simulations are much simpler
to do and they can provide valuable insight into this problem.

The histograms displayed in Fig. 4 show the jump length
probability distributions �JLPD� derived from our MD simu-
lations at different temperatures; the data at 60 K have been
excluded due to the scarcity of jumps longer than two unit
cells. The solid line in each graph is a fit to the data with an
exponential law, f�L�=C exp�−L /L0�. Here, L0 is the charac-
teristic amplitude of the long jumps, and it increases roughly
linearly with temperature as graphically summarized in Fig.
5. According to previous theoretical studies,26,27 the strictly
exponential behavior of the jump length probability distribu-

tion is a fingerprint of BGK behavior; in the Langevin
model, the JLPD deviates from the exponential, particularly
at short lengths. This means that, in our simulations, friction
takes place by discrete events rather than as a continuous
process. Let us now briefly analyze the possible implications
of this observation.

In general, the friction � between the adatom and the
substrate consists of two contributions, electronic and
phononic one: �=�el+�ph,

11 the latter term being about 2
orders of magnitude larger than the electronic part.28–30 One
can therefore assume that the diffusing adatom thermalizes
basically via interaction with the surface phonons. It should
be kept in mind that there are no straight line diffusion chan-
nels on the Cu�111� surface, and therefore an adatom per-
forming a long jump must follow a zigzag path alternating
fcc and hcp threefold hollow sites. These ballistic trajectories
seem to be steered by the surface potential,15 an effect remi-
niscent of ion channeling. Thus, once the adatom has gained
from the thermal bath enough energy to start crossing barri-
ers, it will continue to do so until it loses that energy, most
likely in a single scattering event with a surface phonon.

The linear increase in the characteristic long jump length
L0 depicted in Fig. 5 indicates that adatoms thermalize more
rapidly at low temperature. No significant change in the ada-
tom height over the substrate has been detected as a function
of temperature, and thus this effect cannot be explained in
terms of different separations between the diffusing and the
surface atoms. We do observe that at high temperatures the
adatoms’ trajectories increasingly deviate from the path con-
necting the potential energy minima through the saddle
points. This indicates that the adatoms have enough energy
to fly almost freely above the surface. Since the characteristic
feature of the BGK model is that thermalization takes place
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by a single, instantaneous event, we suggest that the long
jump trajectories are terminated by a collision with a surface
atom that drains all the excess kinetic energy from the dif-
fusing adatom. As Fig. 9 shows and we shall discuss in detail
in Sec. IV below, the adatoms performing long jumps have a
larger kinetic energy than the normal, random ones. Thus,
the reduced thermalization probability at elevated tempera-
tures must result from this increased kinetic energy dominat-
ing over the effect of the larger amplitude of the surface
atomic vibrations.

C. Recrossings

We now turn in our discussion to the recrossing jumps. As
Fig. 3 demonstrates, their probability shows a temperature
dependence approximately inverse to that of the ballistic or
long jumps. This fact suggests that the two types of pro-
cesses may be somewhat related. Further insight can be
gained through a detailed study of the adatom’s flight times.
For a more accurate analysis we have fitted the peaks in the
histograms of Fig. 1 with Gaussians; these fits are shown in
Fig. 6.

The characteristic flight times of the three types of jumps
�ballistic, recrossings, and double bounces�, determined from
the centers and widths of the Gaussians, are plotted in Fig. 7.
It is clear from this figure that the typical time employed by
the adatoms performing a recrossing jump is almost exactly
twice the ballistic time �2�0�. Since the average path covered
by the atom within the surface cell during a recrossing is also
very approximately twice that of a ballistic jump �see the
trajectories depicted in Fig. 2�, this implies that the average
speed, and hence also the kinetic energy, of the adatoms is
about the same for both kinds of processes. The same argu-

ment can be applied to the double bounces, for which a three
times longer path is covered in a time interval close to 3�0.
The data in Fig. 7 have been plotted as a function of T−1/2 to
emphasize their linear behavior; this issue will be discussed
in more detail in Sec. IV below.

One can thus conclude from the above analysis that the
special processes that we have called recrossings and double
bounces are nothing but frustrated long jumps. Hence, the
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jump characteristics must be defined by other factors. The
trajectories depicted in Fig. 2 may give us some clues to
understand this behavior. While in a ballistic displacement
the atom follows a meandering path seeking one saddle point
of the surface potential after another, a recrossing takes place
when the diffusing adatom collides head on with the surface
atom situated right ahead of it after crossing the barrier at the
bridge position. It thus appears that the type of jump is de-
cided not by the adatom energy, but rather by the detailed
system’s configuration, i.e., the spatial coordinates and mo-
menta of both the diffusing and substrate atoms.

The influence of correlated atomic configurations on the
jump characteristics has been checked by performing some
special simulations in which we introduce a periodic forced
randomization of the velocities of all substrate atoms �but not
of the diffusing adatom� every few simulation steps, conserv-
ing the distribution dictated by the system temperature. The
results of this test are presented in Fig. 8, where we compare
the jump histograms obtained at 185 K in the “unperturbed”
mode, in panel �a�, and after velocity randomization, panel
�b�. Clearly, in the second case all peaks have disappeared,
leaving a continuous distribution of flight times. Further-
more, the distinction between different jump types also dis-
appears: the fraction of recrossings now amounts to 1/3 of
the total �as expected for purely random displacements� for
all residence times except for the shortest ones that obviously
correspond to the fastest crossings of a single atomic cell and
therefore cannot be matched by jumps covering a double
distance.

From these results we conclude that the appearance of the
special types of atomic jumps described above �ballistic or
long jumps, recrossings and double bounces� is directly re-
lated to the existence of some particular configurations in
phase space �that is, taking into account both positions and
velocities� of all the atoms involved in the diffusion process,
which includes the moving adatom and at least those defin-
ing the departure and destination surface unit cells. A conse-
quence of this extreme sensitivity of the system’s behavior to
the initial conditions is that, under some circumstances, it
should show chaotic behavior.31,32

IV. ENERGETICS OF ATOMIC JUMPS

Let us now concentrate on what our simulations allow us
to learn about the energies of the diffusing adatoms. A first
piece of information can be obtained from the temperature
dependence of the flight times, already presented in Fig. 7.
For the sake of clarity we have replotted these data in Fig. 9
showing now the inverse of the flight time �which should be
proportional to the average adatom velocity� as a function of
T1/2. The linearity of all three graphs above 100 K demon-
strates that the kinetic energy of all these correlated jumps
scales with sample temperature in that range, with the same
proportionality factor in all cases. Below 100 K, on the con-
trary, there seems to be a lower limit to the energy required
to perform one of those correlated jumps. With a minimum
of �0.6 ps for an average hop length of 1.46 Å, one thus
finds �20 meV for the minimum kinetic energy required to
perform a long jump on the Cu�111� surface.

A central question of debate concerning the nature of long
jumps is whether they constitute a specific process, with a
characteristic energy different from that of the “normal,”
nearest-neighbor hops. A higher activation energy for
double-length jumps was first reported from STM experi-
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ments on self-diffusion on Pt�110�-�2�1� �Ref. 33�, never-
theless, it was soon afterward demonstrated that the observed
displacements corresponded to a special diffusion mecha-
nism along the facets of the missing row reconstruction.34,35

Finally, FIM experiments confirmed some time later the
higher activation energy of double jumps, although so far
only for W �Ref. 6� and Ir �Ref. 7� atoms on W�110�.

Our simulations can also contribute to the understanding
of this subject. For this purpose, we have plotted in Fig. 10
the number of jumps as a function of their kinetic energy,
expressed in terms of their reduced temperature, t=T /Tsubs.
The graphs in row �a� display, for several substrate tempera-
tures, the total number of jumps with black dots, and with
red diamonds those that we have considered correlated or
nonrandom, that is, the sum of ballistic, fast recrossings and
double bounces. Clearly, the correlated events account for
practically all high-energy hops, whereas the peak centered
about t=1 corresponds to jumps that have succeeded after a
long residence time at the adsorption site: only these ones
result in displacements that can be described with the tradi-
tional random walk model.

The plots in row �b� of Fig. 10 are limited to recrossing
jumps: the open squares list all events, while the solid blue
triangles display only the fast ones, those forming the peak
about 2�0 in Fig. 1. Again, it can be seen that only those with
the lowest energy �corresponding to long residence times at
the same site� can be deemed truly uncorrelated displace-
ments. Furthermore, by comparing the graphs within each
column of Fig. 10 one can see that the energy dependence of
the correlated recrossings—row �b�—and the global nonran-
dom jumps—row �a�—is the same. Since a large fraction of
the latter consists of long, ballistic flights, these data further
confirm that the long jumps and the recrossings are basically

the same type of event, performed by adatoms possessing a
similar energy, higher than that required for normal, random
nearest-neighbor hops.36

It should also be mentioned that the data plotted in Fig. 10
also confirm our previous conclusion regarding the existence
of a minimum energy cutoff for the existence of correlated
jumps. It can be readily seen that at 100 K there is a clear
gap in temperature between the onsets of the random and
nonrandom jumps. This gap becomes progressively smaller
with increasing substrate temperature, indicating that the cor-
related jumps appear more easily under those conditions.

One last interesting point deserving mention is the fact
that all the JLPD’s depicted in Fig. 4 display a similar expo-
nential behavior. This seems to imply that the same friction
scheme is operative throughout the whole temperature range
explored in our simulations. Since for the highest tempera-
tures analyzed in our study the adatom’s thermal energy is
substantially higher than the activation barrier for surface
diffusion, which is of the order of 40 meV for Cu on
Cu�111�,37–40 dynamical analysis of the correlated jumps
based on transition state theory �TST� should be performed
with caution.

V. SUMMARY AND CONCLUSIONS

To summarize this work, our MD simulations on the self-
diffusion on Cu�111� reveal a variety of atomic jumps; only a
small fraction of them, those for which the adatom kinetic
energy is lowest, can really be considered independent as
required by the usual interpretation of diffusion in terms of a
random walk model. On the other hand, several types of
correlated hops have been identified: in them the choice of
displacement directions seems to be determined by certain
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details of the trajectory since the initial impulse, resulting for
instance in either a long or a recrossing jump. The likelihood
of each of these events evolves differently with temperature.
We call ballistic jumps the fast crossings of a surface unit
cell that are part of the so-called long jumps already ob-
served in other systems. Our simulations show these long
jumps already at temperatures well below one tenth of the
Cu bulk melting temperature �Tm�, in agreement with previ-
ous experimental results for the diffusion of another rela-
tively light atom �Ni� on W�211�.41 Furthermore, an analysis
of the kinetic energy of the adatoms performing long jumps
confirms that these are distinct events, different from the
low-energy hops in which the atoms thermalize at nearest-
neighbor positions losing memory of their previous positions
and hence resulting in a true random walk.

Recrossings are another special type of atomic hops.
These are sequences of two consecutive crossings of the
same barrier that leave the adatom at the same site of depar-
ture. They show the same energetic characteristics of the
long jumps, which leads us to hypothesize that both classes
of events are in fact manifestations of one and the same
physical process. The trajectory of the diffusing adatom
would be determined by the details of the surrounding
atomic configuration and dynamics,15,36 which could eventu-
ally give rise to chaotic behavior.

The analysis of the probability distributions of the long
jumps reveals a decreasing exponential dependence with
jump length, consistent with a discrete mechanism of atomic
friction. The characteristic jump length determined from
these data increases linearly with temperature. The same ex-
ponential behavior is observed in the whole temperature
range studied, which ranges between 7% and 55% of the
bulk Cu melting temperature.

The variety and complexity of jumps observed in this
work could affect the long-term atomic displacements, even-
tually resulting in anomalous diffusion.5,42,43 With long
jumps predominating at elevated temperatures, the average
distance covered by the moving atom increases with time
faster than expected from a typical random walk with
nearest-neighbor hops and should rather be described in
terms of Lévy walks.44 Nevertheless, a diffusive motion fol-
lowing a truly exponential JLPD such as the ones presented
in Fig. 4 should still display a linear dependence of the mean
square displacement with time, according to Einstein’s rela-
tion. On the other hand, recrossings dominate at low tem-
perature and result in reduced diffusional lengths, since they
represent an accumulation of jumps that leave the adatom
position unaltered. Work is in progress to accurately test the
long-time dependence of the average atomic displacements.

ACKNOWLEDGMENTS

We wish to thank C. Slutzky for her collaboration on set-
ting up the simulations, and R. Ferrando, G. Antczak, and
M. C. Tringides for fruitful discussions and comments. This
work has been financially supported in Spain by the CICyT
through Grant No. FIS2007-61114 and Consolider-Ingenio
en Nanociencia Molecular Grant No. CSD2007-00010, and
by the CAM through project NANOMAGNET Project No.
S-0505/MAT/0194; in Argentina, by Grant No. PICT1138
from the ANPCyT, Grant No. PIP 5277 from the CONICET
and CAI+D of the UNL. The authors also gratefully ac-
knowledge the “Centro de Computación Científica” �CCC�
of the UAM for providing computing time through the
Moldyf project.

*jferron@intec.unl.edu.ar
1 R. Gomer, Rep. Prog. Phys. 53, 917 �1990�.
2 J. C. Tully, G. H. Gilmer, and M. Shugard, J. Chem. Phys. 71,

1630 �1979�.
3 G. de Lorenzi, G. Jacucci, and V. Pontikis, Surf. Sci. 116, 391

�1982�.
4 S. C. Wang, J. D. Wrigley, and G. Ehrlich, J. Chem. Phys. 91,

5087 �1989�.
5 D. Cowell Senft, Appl. Surf. Sci. 94-95, 231 �1996�.
6 G. Antczak and G. Ehrlich, Phys. Rev. Lett. 92, 166105 �2004�.
7 G. Antczak and G. Ehrlich, Phys. Rev. B 71, 115422 �2005�.
8 K. D. Dobbs and D. J. Doren, J. Chem. Phys. 97, 3722 �1992�.
9 M. Schunack, T. R. Linderoth, F. Rosei, E. Lægsgaard, I. Stens-

gaard, and F. Besenbacher, Phys. Rev. Lett. 88, 156102 �2002�.
10 J. W. M. Frenken, B. J. Hinch, J. P. Toennies, and C. Wöll, Phys.

Rev. B 41, 938 �1990�.
11 T. Ala-Nissila, R. Ferrando, and S. C. Ying, Adv. Phys. 51, 949

�2002�.
12 G. Antczak and G. Ehrlich, Surf. Sci. Rep. 62, 39 �2007�.
13 F. Montalenti and R. Ferrando, Phys. Rev. B 59, 5881 �1999�.
14 D. C. Senft and G. Ehrlich, Phys. Rev. Lett. 74, 294 �1995�.
15 J. Ferrón, L. Gómez, J. J. de Miguel, and R. Miranda, Phys. Rev.

Lett. 93, 166107 �2004�.
16 G. Antczak, Phys. Rev. B 73, 033406 �2006�.
17 DYNAMO code released by M. S. Daw and M. I. Baskes.
18 S. M. Foiles, M. I. Baskes, and M. S. Daw, Phys. Rev. B 33,

7983 �1986�.
19 D. E. Sanders and A. E. DePristo, Surf. Sci. Lett. 264, L169

�1992�.
20 D. C. Senft and G. Ehrlich, Phys. Rev. Lett. 74, 294 �1995�.
21 W. T. Coffey, Y. P. Kalmykov, and J. T. Waldron, The Langevin

Equation, With Applications to Stochastic Problems in Physics,
Chemistry and Electrical Engineering, World Scientific Series in
Contemporary Chemical Physics, 2nd ed. �World Scientific, Sin-
gapore, 2004�, Vol. 14.

22 R. Ferrando, R. Spadacini, and G. E. Tommei, Phys. Rev. E 48,
2437 �1993�.

23 L. Y. Chen and S. C. Ying, Phys. Rev. Lett. 71, 4361 �1993�.
24 Y. Georgievskii and E. Pollak, Phys. Rev. E 49, 5098 �1994�.
25 P. L. Bhatnagar, E. P. Gross, and M. Krook, Phys. Rev. 94, 511

�1954�.
26 R. Ferrando, F. Montalenti, R. Spadacini, and G. E. Tommei,

Chem. Phys. Lett. 315, 153 �1999�.
27 R. Ferrando, F. Montalenti, R. Spadacini, and G. E. Tommei,

FERRÓN, MIRANDA, AND DE MIGUEL PHYSICAL REVIEW B 79, 245407 �2009�

245407-8



Phys. Rev. E 61, 6344 �2000�.
28 F. Montalenti and R. Ferrando, Phys. Rev. B 59, 5881 �1999�.
29 G. Gershinsky, Y. Georgievskii, E. Pollak, and G. Betz, Surf.

Sci. 365, 159 �1996�.
30 L. D. Roelofs, B. J. Greenblatt, and N. Boothe, Surf. Sci. 334,

248 �1995�.
31 J. L. Vega, R. Guantes, and S. Miret-Artés, J. Phys.: Condens.

Matter 14, 6193 �2002�.
32 S. M. Soskin, O. M. Yevtushenko, and R. Mannella, Phys. Rev.

Lett. 95, 224101 �2005�.
33 T. R. Linderoth, S. Horch, E. Lægsgaard, I. Stensgaard, and

F. Besenbacher, Phys. Rev. Lett. 78, 4978 �1997�.
34 H. T. Lorensen, J. K. Nørskov, and K. W. Jacobsen, Phys. Rev. B

60, R5149 �1999�.
35 F. Montalenti and R. Ferrando, Phys. Rev. B 58, 3617 �1998�.

36 G. Antczak, Phys. Rev. B 74, 153406 �2006�.
37 U. Kürpick, Phys. Rev. B 64, 075418 �2001�.
38 G. C. Kallinteris, G. A. Evangelakis, and N. I. Papanicolaou,

Surf. Sci. 369, 185 �1996�.
39 J. Repp, F. Moresco, G. Meyer, K. H. Rieder, P. Hyldgaard, and

M. Persson, Phys. Rev. Lett. 85, 2981 �2000�.
40 N. Knorr, H. Brune, M. Epple, A. Hirstein, M. A. Schneider, and

K. Kern, Phys. Rev. B 65, 115420 �2002�.
41 D. C. Senft, Ph.D. Thesis, University of Illinois at Urbana-

Champaign, 1994.
42 J. P. Bouchaud and A. Georges, Phys. Rep. 195, 127 �1990�.
43 J. M. Sancho, A. M. Lacasta, K. Lindenberg, I. M. Sokolov, and

A. H. Romero, Phys. Rev. Lett. 92, 250601 �2004�.
44 M. F. Shlesinger, G. M. Zaslavsky, and J. Klafter, Nature �Lon-

don� 363, 31 �1993�.

ATOMIC JUMPS DURING SURFACE DIFFUSION PHYSICAL REVIEW B 79, 245407 �2009�

245407-9


