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We present results of calculations of activation energy barriers for several processes involving a diffusing
atom around a step edge on the �111�, �100�, and �110� surfaces of Cu using the nudged elastic band method
with interaction potentials based on the embedded atom method. In the presence of a neighboring step, the
Ehrlich-Schwoebel barrier for an adatom to undergo jump or exchange at a step edge is found to be indepen-
dent of the separation between the steps unless they are at two-atom width apart, in which case the barrier is
larger than that for an isolated step. The influence of the local step geometry on diffusion energetics is also
discussed.
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I. INTRODUCTION

Understanding the details of diffusion on metal surfaces
remains a subject of continuing interest in the surface science
community since the atomic processes responsible for sur-
face diffusion govern the microscopic nature of several tech-
nologically important phenomena such as thin-film and epi-
taxial growth, catalysis, and chemical reactions. One of the
decisive factors controlling the growth mode, whether it is
two-dimensional, layer-by-layer, or three-dimensional pyra-
midal clusters �mounds�, is the energy barrier experienced by
the diffusing atom at the step edge. If this barrier is small, the
adatom can descend over the step edge to the lower terrace
plane and the growth is expected to be two dimensional. On
the contrary, if the diffusing atom encounters a high-energy
barrier at the step edge, the growth is likely to be three di-
mensional. The existence of this step-edge barrier, called the
Ehrlich-Schwoebel �ES� barrier, has been confirmed for the
�111�, �100�, and �110� surfaces of several metals.1–5 What is
less known is whether the magnitude of this barrier depends
on the terrace width. Adatoms may hop or exchange at the
step edge. Results from theoretical studies based on both
embedded-atom-method3 �EAM� and ab initio5 calculations
show that diffusion of a single atom over a step on fcc�111�
metal surface is generally through the exchange of the ada-
tom with a step atom and the energy barrier involved in the
process depends on the local step geometry.

Regardless of whether the diffusion mechanism is a hop
or an exchange, the Ehrlich-Schwoebel barrier plays an im-
portant role in determining the evolution of the surface mor-
phology. Although there has been some discussion in several
experimental papers on the effect of the terrace width on the
magnitude of the ES barrier,6–10 no solid conclusion has been
drawn and there is a need to establish theoretically whether a
variation of this barrier with the terrace width indeed exists.
We have therefore undertaken total energy calculations for
single-atom diffusion over a step edge on the low-Miller-
index surfaces of Cu using the nudged elastic band method11

based on interaction potentials extracted from the EAM.12 In
this paper, we examine the dependence of the Ehrlich-
Schwoebel barrier on the terrace width for a diffusing Cu

adatom over two types �a tightly and a loosely packed� of
step edges on the �111�, �100�, and �110� surfaces of Cu. We
are also interested in evaluating the energies for an adatom, a
step atom to detach from the step edge for varying terrace
widths, to see if these energies change with the varying ter-
race width.

The rest of the paper is organized as follows. Section II
contains a brief summary of computational details, while
Sec. III embraces the theoretical techniques involved in the
total energy calculations. Our results and discussions are pre-
sented in Sec. IV, and concluding remarks are summarized in
Sec. V.

II. COMPUTATIONAL DETAILS

In our model systems for examining the effect of terrace
width on adatom diffusion on the �111�, �100�, and �110�
surfaces of Cu, a two-step-system is constructed by adding
two more layers, with a reduced number of atomic chains, on
top of a seven-layer slab of �111� and six-layer slab of �100�
and �110� �see Fig. 1�a��. For an isolated step system, on the
other hand, one-half of the top layer is removed �see Fig.
1�b��. To create a kink site along a step edge, half of the

FIG. 1. �a� Isolated step system and �b� two-step system.
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atoms along one step edge are removed. The super cell con-
tains 20�8 sites per layer. In the surface layers some of the
sites are empty so as to create the appropriate systems with
two steps separated by a specific terrace width. The chosen
model systems are tested to be large enough that the possi-
bility of finite-size effects is diminished. In the simulations,
the positions of atoms in the two bottom layers are main-
tained fixed and periodic boundary conditions are applied in
the surface plane.

To describe interactions between the atoms in the model
systems, we use the embedded atom method. This is a semi-
empirical potential and of many-body type.12 Although the

EAM potentials neglect the large gradient in the charge den-
sity near the surface and use atomic charge density for solids,
for the six fcc metals Ag, Au, Cu, Ni, Pd, and Pt and their
alloys, it has proved to be reliable by successfully reproduc-
ing many of the characteristics of the bulk and surface
systems.12 We have also found the EAM potentials to be
reliable for examining the temperature-dependent structure
and dynamics of Cu and Ag flat surfaces13 and for describing
the energetics, phonons, and structures of Cu vicinals14 and
self-diffusion processes on the �100� surfaces of Ag, Cu, and
Ni.15

FIG. 2. �Color online� The investigated diffusion processes on �a�Cu�110�, �b� Cu�100�, and �c� Cu�111�.
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The activation energy barrier for each of the studied pro-
cesses is calculated using the nudged elastic band
technique.11 The essential feature of this method is that once
the initial and final configurations of a system are known, it
determines the minimum energy path between these end
states by generating a “chain of states” �or images� of the
system for the intermediate states in configurational space
and subsequently carrying out a simultaneous optimization
procedure for the intermediate images. The highest energy
along this path determines the saddle point and the energy
barrier for the process. The diffusion processes involved in
this work are shown in Fig. 2. The largest circles represent
the mobile atoms involved in various diffusion processes,
and their labels 1, 2, 3, and 4 represent an adatom in the
proximity of the step on the lower terrace, in the vicinity of
the step on the upper terrace, attached to the upper step
ledge, and at a kink site at the upper step, respectively. In
Figs. 2�a�–2�c� the exchange process is indicated by �, while
h0 and h1 represent the hopping processes of types indi-
cated. The diffusion process h0 for atoms 1 and 2 on all
surfaces correspond to a hop over the step edge to the next
fcc site. The process h1 on each surface, except for �100�
� �110�, represents an atom hopping along the step edge. For
the �100�� �110� surface, it corresponds to a hopping atom
away from the step edge toward the interior of the terrace.
Similarly, h0 on the same surface represents a hopping atom
along the step.

III. RESULTS AND DISCUSSIONS

A. Diffusion of an adatom on a flat surface

To have a systematic study, we have first calculated the
energy barriers for an adatom diffusing on the flat surfaces of
Cu and tabulated them in Table I. Note that for all flat sur-
faces the hopping mechanism is energetically more favorable
than the exchange mechanism except for the hopping process
crossing the channel on Cu�110�. Let us note that the char-
acteristics of diffusion processes on Cu�110� differ from
those on Cu�100� and Cu�111� in that the intralayer diffusion
processes are strongly anisotropic. There are two principle
diffusion directions: �110�, in-channel diffusion, and �010�,
across-channel diffusion. The isotropic nature of the diffu-
sion processes on Cu�100� and Cu�111� might lead to island
formations at first stages of a growth process on these
surfaces.16–18 In contrast, on Cu�110� growth along the chan-
nel is more likely as the diffusion barrier across the channel
for the adatom is higher. Indeed, several experimental works

have already proven the existence of such a quasi-one-
dimensional growth stage on various fcc�110� surfaces.19,20

Note also that the energy barriers in Table I are in agreement
with those reported earlier1,3,21 and are included here for
completeness.

B. Diffusion of an adatom over a step edge

Our calculated energy barriers for an adatom diffusing
over an isolated step edge on the �111�, �100�, and �110�
surfaces of Cu are presented in Table II, together with avail-
able theoretical results. As seen in the table, for all surfaces
the exchange mechanism appears to be energetically more
favorable than hopping. Our calculations also show the ES
barrier for both hopping and exchange processes to be sur-
face geometry dependent, in agreement with the results of
other theoretical calculations. For both exchange and hop-
ping mechanism, while the adatom diffusing over
�111�-microfaceted steps on Cu�110� experiences the
highest-energy barrier, compared to the other surfaces, the
corresponding atom over the �111� step on Cu�111� experi-
ences the lowest-energy barrier. The very low ES barrier of
the exchange process for an adatom crossing the B-type steps
on Cu�111� suggests a much faster mass transport over
B-type sides of adatom islands growing on Cu�111�. Note
also that there is an additional barrier for the diffusion over
both type of steps, relative to the diffusion on flat regions
�A-type step, 0.31 eV and B-type step, 0.07 eV�, which hin-
ders the interlayer mass transport on the islands on Cu�111�.
Thus, nucleation on the top of the islands occurs before coa-
lescence takes place, resulting in rising islands during a
growth process on Cu�111�.16 For Cu�100�, the diffusion
over �110�-microfaceted steps is energetically more favor-
able than that over �111�-microfaceted steps, suggesting a
faster mass transport over �110�-microfaceted steps of the
islands growing on Cu�100�. Adatoms approaching the steps
along �100� on Cu�100� descend over the step to the lower
terrace by an exchange process since the energy barrier is
found to be 0.33 eV which is lower than the barrier for the
diffusion at flat regions �0.49 eV�. On the other hand, the
barrier for the diffusion over the steps along �100� �0.55 eV�
is somewhat higher than that for the diffusion on flat regions.
Therefore, adatoms coming near the steps along �100� are
more likely to diffuse back to flat regions of the island in-
stead of descending down the step to the lower terraces. Fur-
thermore, the smaller energy barrier for the exchange process
over the step along the �100� direction, with respect to the
corresponding barrier over the step along the closed-packed
�110� direction, might be an explanation as to why the coa-
lescence of the squarelike islands on Cu�100� happens first
along the diagonal axis of the �100� direction upon
deposition.17 For Cu�110�, the geometrical preference of the
Cu adatom is reflected in both exchange and hopping pro-
cesses over the steps on Cu�110�, revealing a lower-energy

barrier for diffusion over the step along �11̄0�. It is also
interesting to note that while the in-channel hopping process
over the �100�-step rise on Cu�110� is less favorable than the
exchange process, it is the reverse for the adatom diffusion

TABLE I. Energy barriers �in eV� for a diffusing atom, through
both exchange and hopping mechanisms, on the low-Miller-index
surfaces of Cu.

Process Cu�110� Cu�100� Cu�111�

Exchange 0.34 0.70 1.42

Hopping 0.24 �in channel� 0.49 0.01

1.13 �cross channel�
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over the �111�-microfaceted steps. Note the excellent agree-
ment between our results for the exchange process over the
�100� step with the results of ab initio calculations based on
density functional theory �DFT� calculations.21. However,
the calculated barrier for the exchange of adatom and the
�111�-step atom is somewhat smaller than that predicted by
DFT calculations. As for the comparison of EAM and EMT
results, for the hopping mechanism, the EAM gives larger
energy barriers compared to the results obtained from EMT.
For the exchange mechanism, on the other hand, EMT re-
sults in greater energy barriers than the EAM values, except
for the �111� step on the Cu�100� low-index plane. The small
differences in the EAM results can be attributed to the dif-
ferent methods used in the total energy calculations.

In Table III, we present the energy barrier for an adatom
located between the two steps and diffusing through both
exchange and hopping mechanisms over the lower descend-
ing step �atom 1 in Fig. 2�. The barriers are given with re-
spect to varying step-step separation which is defined by the
number of atomic rows between the two steps. It is interest-
ing to note that the energy barriers converge to that of an
adatom diffusing over an isolated step at about three atomic
rows. As is also clear from Table III our calculations lead to
a step-step separation of two atomic rows at which the ES

barrier drastically increases. The dramatic increase in the ES
barrier is much more pronounced at steps on �111�. For the
exchange process at the step-step separation of two atom
rows, the barriers for A- and B-type steps are much larger
�0.82 eV and 0.34 eV, correspondingly� than the barriers
when the step-step separation is three or more atom rows
�0.34 eV and 0.08 eV, respectively�. In a related study of the
kinetics of rapid island decay on Ag�111�, this specific
mechanism is identified to be one of the expected atomistic
processes leading to the enhanced interlayer mass transport
at short step-step separations.10 The corresponding authors
proposed a concerted two-atom-exchange mechanism which
bypasses the ordinary detachment barrier of atoms from kink
sites and estimated the associated barrier as the energy to
form an atom along the step from a kink site plus the energy
barrier to descend. Although our calculations for Cu, within
the EAM scheme, give a larger energy value for forming an
atom along the step from a kink site �0.28 eV�, compared to
the effective medium theory �EMT� result �0.17 eV�, the to-
tal barrier for the proposed concerted mechanism �0.28 eV
+0.34 eV� is still lower than the activation barrier for ordi-
nary detachment processes �0.72 eV�.22 Note that the barrier
for the same process on A-type steps is �0.28 eV+0.82 eV�
much larger than the one on B-type steps, indicating that the

TABLE II. Energy barriers �in eV� for a diffusing atom, through both exchange and hopping mechanisms,
over an isolated step on the low-Miller-index surfaces of Cu. Here �htktlt�� �hsksls� represents the respective
Miller indices for the terrace and step plane orientations.

Process Work �110�� �100� �110�� �111� �100�� �110� �100�� �111� �111�� �100� �111�� �111�

Present 0.54 0.72 0.33 0.55 0.33 0.082

EAMa 0.33 0.54 0.28 0.085

Exchange EAMb 0.51 0.085

EMTc 0.57 0.69 0.63 0.45

DFTd 0.54 0.82

Present 0.66 1.14 0.58 0.77 0.52 0.48

Hopping EAMa 0.57 0.77 0.51 0.50

EAMb 0.77 0.49

EMTc 0.48 0.84 0.57 0.37

aReference 3.
bReference 4.
cReference 2.
dReference 21.

TABLE III. Energy barriers �in eV� for an adatom located between two steps �atom 1 in Fig. 2� and
diffusing through exchange �x� and hopping �h0� mechanisms over the descending step on the low-Miller-
index surfaces of Cu as the terrace width varies. The terrace width is given in terms of number of atomic rows
on the terrace. The values in parantesses are the barriers for the hopping process.

Terrace width �110�� �100� �110�� �111� �100�� �110� �100�� �111� �111�� �100� �111�� �111�

Two rows 0.74�0.92� 0.74�1.15� 0.74�0.93� 0.82�1.16� 0.82�1.16� 0.34�1.12�
Three rows 0.54�0.66� 0.71�1.14� 0.37�0.61� 0.56�0.77� 0.34�0.52� 0.07�0.48�
Four rows 0.54�0.66� 0.71�1.14� 0.33�0.58� 0.55�0.77� 0.33�0.51� 0.08�0.48�
Five rows 0.54�0.66� 0.72�1.14� 0.33�0.58� 0.55�0.77� 0.33�0.52� 0.08�0.48�
Six rows 0.54�0.66� 0.72�1.14� 0.33�0.58� 0.55�0.77� 0.33�0.52� 0.08�0.48�
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rapid decay of island might be initiated on B-type rather than
A-type step edges of the adatom islands.

The ES barrier for the adatom diffusing over the
�111�-step edge on Cu�110�, through both exchange and hop-
ping mechanisms, is barely changing with respect to the
varying step-step separation. The increase in ES barrier for
two-atom-wide terraces can be explained in the context of
coordination number. The coordination numbers for adatoms
located at the equilibrium site between the two steps sepa-
rated by two atomic rows on �110�� �100�, �110�� �111�,
�100�� �110�, �100�� �111�, �111�� �100�, and �111�
� �111� are, respectively, 5, 5, 6, 5, 5, and 5, whereas it is 4
for the adatom on a wider terrace separating the two steps on
�110� and �100� flat surfaces and 3 for the adatom on a wider
terrace between A- and B-type steps on fcc�111�. Hence, the
adatoms at a transition-state configuration of two-atom-wide
terrace systems lose more coordination compared to those of
wider terrace systems, thus yielding a higher energy cost.
From these results, one might conclude that in the absence of
other defects around the step, the ES barrier plays not an
assisting but a hindering role in mass transport phenomena
on stepped surfaces when the edges of the islands get closer.

C. Diffusion of an adatom along and away
from a step edge

In Table IV, we present energy barriers for an adatom
diffusing along and away from the steps of Cu�110�,
Cu�100�, and Cu�111�. We have also calculated the barriers
with varying terrace width and found small changes within
the range of ±0.05 eV when the terrace width is about two to
three atomic chains. The smaller energy barrier for the dif-
fusion along the step edge compared to the diffusion away
from the step suggests a smother atomic chain formation
around the island during a growth process. However, a
fractal-like shape around the edges of the islands is expected
when a smaller energy barrier for the diffusion away from
the step edge, with respect to the diffusion along the step, is
encountered. As seen in Table IV, the difference in energy
barriers for an adatom diffusing along the A- and B-type step
edge on Cu�111� is approximately 0.05 eV, indicating no
preference for the adatom as to along what type of step edge
to diffuse on Cu�111� during a growth process and thus
yielding almost equally sized A- and B-type step edges of
adatom islands on Cu�111�.23 In fact, the Scanning tunneling
microscope �STM� observations of well-shaped hexagonal
islands on Cu�111� support the idea of no preferred island
edge during a growth process.7,24 On the other hand, diffu-

sion along �111�-microfaceted steps on Cu�100� is energeti-
cally more favorable than that along the steps of
�110�-microfaceted steps, suggesting preferential growth
along the �111�-oriented steps. Indeed, results from the ex-
perimental works18,25 have shown the equilibrium shapes of
islands on Cu�100� to be quasisquare of the �110�-oriented
side with shorter �100�-oriented edges at the corners of the
square. Note also that while the barrier for an adatom to hop
along the �111�-step edge is significantly lower than that for
the adatom diffusing on a flat surface, the diffusion barrier is
significantly higher than the barrier for the adatom diffusion
along the �110�-step rise compared to the flat surface diffu-
sion. This corroborates the concept of preferential growth
along the �111� rising step. Our results also reveal that while
the energy barrier along the two type microfaceted steps on
Cu�100� and Cu�111� and the �111�-microfaceted step on
Cu�110� is lower than the barrier for the diffusion away from
the step, it is reverse for the diffusion involving the
�100�-microfaceted step on Cu�110�. Note that the diffusion
away from the �100�-microfaceted on Cu�110� involves in-
channel diffusion whereas that along the step of �111� pos-
sesses the characteristics of cross-channel diffusion.

IV. CONCLUSION

In summary, we have investigated activation barriers for
several selected diffusion processes near a step edge on the
�110�, �100�, and �111� surfaces of Cu and considered the
effect of increasing terrace width. Calculations are performed
using the nudge elastic band method with the interaction
potentials extracted from the embedded-atom method. Our
results reveal that the barrier for an adatom diffusing over a
step edge is sensitive to both the terrace and step orientation.
In addition, we find no sudden decrease in the ES barrier
with decreasing terrace width. In fact, the barrier increases
when the separation between the two consecutive steps is
about two atomic rows. Among the investigated diffusion
processes, we find no single-atom process which might lead
to enhanced interlayer mass transport. Our calculated barrier
for the proposed two-atom-exchange mechanism is consis-
tent with the EMT result.10 As pointed out in Ref. 10, the
existence of defects, such as kink and vacancy sites, around
the step may reduce the barrier for processes taking place in
the vicinity of the step. We thus believe that extensive total
energy calculations for other possible single- and many-atom
diffusion processes on these particular surfaces, supported by
molecular dynamic simulations, may help us further digest
the observed fast-decay phenomenon.

TABLE IV. Energy barriers �in eV� for an adatom diffusing along and away from the step edge �atom 3
in Fig. 2� between two steps.

Terrace width �110�� �100� �110�� �111� �100�� �110� �100�� �111� �111�� �100� �111�� �111�

Along the step 0.88 0.26 0.81 0.26 0.25 0.30

Away from the step 0.46 1.14 0.81 0.80 0.63 0.67

EFFECT OF STEP-STEP SEPARATION ON SURFACE PHYSICAL REVIEW B 73, 125426 �2006�

125426-5



ACKNOWLEDGMENTS

We acknowledge many helpful discussions with A. Kara.
This work has been partially supported by the NSF-
TUBITAK International Program under Grant No. TBAG-

U/59 �102T210� and the U.S. National Science Foundation
under Grant No. INT-0244191. Computations were carried
out through ITU Sun Center of Excellence for Advanced
Engineering Technologies Grant No. 5003200300.

1 Y. Li and A. E. DePristo, Surf. Sci. 319, 141 �1994�.
2 P. Stoltze, J. Phys.: Condens. Matter 6, 9495 �1994�.
3 M. Karimi, T. Tomkowski, G. Vidali, and O. Biham, Phys. Rev. B

52, 5364 �1995�.
4 O. S. Trushin, K. Kokko, P. T. Salo, W. Hergert, and M. Kotrla,

Phys. Rev. B 56, 12135 �1997�.
5 P. Feibelman, Phys. Rev. Lett. 81, 168 �1998�; R. Stumpf and M.

Scheffler, ibid. 72, 254 �1994�.
6 M. Giesen, G. Schulze Icking-Konert, and H. Ibach, Phys. Rev.

Lett. 80, 552 �1998�.
7 M. Giesen, G. Schulze Icking-Konert, and H. Ibach, Phys. Rev.

Lett. 82, 3101 �1999�.
8 K. Morgenstern, G. Rosenfeld, G. Comsa, E. Laegsgaard, and F.

Besenbacher, Phys. Rev. Lett. 85, 468 �2000�.
9 M. Giesen and H. Ibach, Surf. Sci. 464, L697 �2000�.

10 K. Morgenstern, G. Rosenfeld, G. Comsa, M. Sorensen, B. Ham-
mer, and E. Laegsgaard, Phys. Rev. B 63, 045412 �2001�.

11 G. Mills and H. Jonsson, Phys. Rev. Lett. 72, 1124 �1994�; G.
Mills, H. Jonsson, and G. Schater, Surf. Sci. 324, 305 �1995�.

12 S. M. Foiles, M. I. Baskes, and M. S. Daw, Phys. Rev. B 33,
7983 �1986�; M. S. Daw, S. M. Foiles, and M. I. Baskes, Mater.
Sci. Rep. 9, 251 �1993�.

13 L. Yang and T. S. Rahman, Phys. Rev. Lett. 67, 2327 �1991�; L.
Yang, T. S. Rahman, and M. S. Daw, Phys. Rev. B 44, 13725
�1991�; T. S. Rahman, in Condensed Matter Theory edited by J.
W. Clark, K. A. Shoaib, and A. Adiq�Nova, Commack, NY,
1994�, Vol. 9, p. 299.

14 Z. J. Tian and T. S. Rahman, Phys. Rev. B 47, 9751 �1993�; S.
Durukanoğlu, A. Kara, and T. S. Rahman, ibid. 55, 13894
�1997�; H. Yıldırım and S. Durukanoğlu, Surf. Sci. 557, 198
�2004�; H. Yıldırım and S. Durukanoğlu, ARI: Bull. Istanbul
Tech. Univ. 53, 53 �2003�; S. Durukanoğlu and T. S. Rahman,
Phys. Rev. B 67, 205406 �2003�.

15 U. Kuerpick and T. S. Rahman, in Surface Diffusion: Atomistic
and Collective Processes, edited by M. C. Tringides, �Plenum
Press, New York, 1997�.

16 W. Wulfhekel, N. N. Lipkin, J. Kliwer, G. Rosenfeld, L. C. Jor-
ritsma, B. Poelsema, and G. Comsa, Surf. Sci. 389, 264 �1997�.

17 L. C. Jorritsma, M. Bijnagte, G. Rosenfeld, and B. Poelsema,
Phys. Rev. Lett. 78, 911 �1997�.

18 M. Giesen, C. Steimer, and H. Ibach, Surf. Sci. 471, 80 �2001�.
19 F. Buatier de Mongeot, G. Costantini, C. Boragno, and V. Val-

busa, Phys. Rev. Lett. 84, 2445 �2000�.
20 M. J. Rost, S. B. van Albada, and J. W. M. Frenken, Surf. Sci.

515, 344 �2002�.
21 W. Zhu, F. Buatier de Moneot, U. Valbusa, E. G. Wang, and Z.

Zang, Phys. Rev. Lett. 92, 106102 �2004�.
22 G. Schulze Icking-Kohnert, M. Giesen, and H. Ibach, Surf. Sci.

398, 37 �1998�.
23 We have also calculated the step formation energy of both types

and found the ratio to be �A /�b	1.
24 M. Giesen and H. Ibach, Surf. Sci. 431, 109 �1999�.
25 J. C. Girard, Y. Samson, S. Gauther, S. Roussel, and J. Klein,

Surf. Sci. 302, 73 �1994�.

DURUKANOĞLU, TRUSHIN, AND RAHMAN PHYSICAL REVIEW B 73, 125426 �2006�

125426-6


