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We employ static energy calculations and accelerated molecular dynamics �MD� simulations to study ato-
mistic processes involved in the growth of Co on Cu�001� surfaces. The system is modeled with an empirical
tight-binding �second-moment approximation� potential. Our accelerated MD algorithm, which detects, on the
fly, groups of states connected by small barriers and consolidates them into larger states, allows us to reach
time scales of seconds close to room temperature. These capabilities enable direct comparison to kinetic Monte
Carlo and experimental studies of the initial stages of Co/Cu�001� growth. We observe upward interlayer
transport mechanisms that contribute to bilayer island formation at low surface temperatures. At high tempera-
tures the mixing of Co into the surface produces qualitative changes in the island structure, leading to the
reversal of the low-temperature transport mechanisms and resulting in monolayer growth. We find that small
Co islands can be as mobile as single adatoms and that they significantly affect the low-coverage morphology.
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I. INTRODUCTION

Heteroepitaxial thin-film growth of Co on Cu substrates
has been studied extensively during the last decade. Systems
consisting of thin Co/Cu layers exhibit interesting properties
stemming from reduced dimensionality, strained atomic
structure, and magnetic interlayer coupling. Electronic prop-
erties of heteroepitaxial thin-film structures are very sensitive
to their atomic-scale morphology, hence the importance of
accurate characterization of the growth morphology. At room
temperature, Co crystallizes into the hcp structure,1 whereas
Cu has an fcc structure.2 However, Co grows pseudomorphi-
cally, in a fcc structure on the Cu substrate up to 20
monolayers.3 Although the lattice mismatch is only about
2%, this can significantly affect kinetic processes.4,5 The sur-
face free energy of Co is larger than the Cu surface free
energy,3,6 and the heat of mixing for bulk CuuCo is
endothermic.7 Using density-functional theory �DFT� calcu-
lations, Pentcheva and others analyzed possible equilibrium
structures for a monolayer coverage of Co on Cu�001�.6,8

Based on purely energetic considerations, a flat Co film on
top of the Cu�001� substrate is the least stable structure,
whereas the preferred structure was found to be a bilayer-
high Co island capped by a Cu layer. However, since growth
is a nonequilibrium process, the actual morphology is deter-
mined by the kinetic processes that are active on the deposi-
tion time scale.

Experimental studies reveal a variety of growth modes. At
temperatures below room temperature, the preferred growth
mode consists of bilayer-thick Co islands up to 2 ML, fol-
lowed by layer-by-layer growth for the following layers.3,9,10

Kief and Egelhoff3 find that growth at F=0.033 ML/s and
T=80−300 K proceeds through nucleation of bilayer-high
islands up to completion of the first two monolayers. The
population of bilayer islands is very sensitive to temperature
and deposition rate, hence the controversy among several
experiments regarding this growth mode.11–14 From reflec-

tion high-energy electron-diffraction �RHEED� measure-
ments of the in-plane lattice constant, May et al.10 infer a
significant increase of the amount of bilayer islands upon
increasing the deposition flux from 0.0042 to 0.056 ML/s at
room temperature. At a fixed temperature of 330 K, Fass-
bender et al.9 observed a transition from bilayer growth at
high flux �F=0.3 ML/s� to monolayer growth at low flux
�F=0.003 ML/s�. From other experiments it was also in-
ferred that �300 K there is a transition to monolayer growth
coupled with the exchange of Co atoms into the Cu
surface.8,15–17 At room temperature, Kim et al.16 observe
patches of pure Co and a Co/Cu surface alloy for deposition
with F=0.005 ML/s. Co/Cu intermixing is coupled with the
transition to monolayer growth at low-deposition fluxes in
the study of Fassbender et al.9 Above 400 K a significant
increase in the Cu population at the exposed surface up to
4.3 ML indicates activation of Cu segregation onto the sur-
face via Co/Cu exchange processes, and at 450 K, Cu-
capped Co layers are observed.3 The activation of Co/Cu
surface exchange leads to non-Arrhenius behavior of the is-
land density in the range 300–400 K, observed in both
experimental15 and kinetic Monte Carlo �kMC� studies,18 and
coexistence of large Co-decorated Cu islands and small Co
islands on the surface.6,17 Co/Cu surface exchange can result
in a variety of structures, such as a Co/Cu surface alloy,16

Cu-capped Co islands,3 and Co-decorated Cu islands.6,8,17

Since experiments offer only indirect clues, the detailed
kinetic mechanisms responsible for the various growth
modes of Co/Cu are presently unknown. In the following,
we combine static energy calculations with accelerated
MD19,20 simulations using an empirical tight-binding second-
moment approximation �TBSMA� potential function21 for
describing the CouCu interaction to gain insight into
atomic-level processes. We discover an upward-transport
mechanism at island edges that is responsible for the bilayer
island formation tendency at low temperatures. At higher
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temperatures, the onset of Co/Cu exchange results in quali-
tatively different island morphologies and the upward trans-
port mechanism is reversed, thereby promoting monolayer
growth. Finally, we observe a high mobility of small Co
clusters and analyze its impact on the submonolayer-regime
growth.

II. ENERGETICS OF Co ON THE Cu(001) SURFACE
USING EMPIRICAL POTENTIALS

Co and Cu interactions in our studies are based on the
TBSMA potential of Levanov et al.21 This potential was con-
structed to fit experimentally determined lattice constants,
cohesive energies and elastic constants for bulk Cu�fcc� and
Co�hcp�, as well as ab initio interaction energies for small
Co clusters on Cu surfaces. Since we aim to compare our
results to the DFT-kMC study of Pentcheva et al.,18 we
slightly modify this TBSMA potential to obtain a better fit of
their energetics. In the TBSMA formalism, the total energy
Etot of a system is the sum of a pair potential term EP and a
many-body term EM

21

Etot = EP + EM ,

EP =
1

2 �
i,j=1

N

V���rij� ,

EM = �
i=1

N

F���i�, �i = �
j=1

N

����rij� , �1�

where N is the total number of atoms, � ,�= �Co,Cu� are the
two atom species, rij are interatomic distances, V���rij� is a
pair potential, ����rij� is the “electronic density” generated
by atom j at the location of atom i, and F���i� is the energy
gained by embedding atom i in the total electronic density �i.
Following Haftel,22 the embedding functions can be altered
at low electron densities without affecting bulk properties.
For potentials fit mostly to the bulk, this improves the de-
scription of the strongly different environment experienced
by surface atoms: for example, the electronic density � at the
site of a surface atom is only 70% of the density �0 in the
bulk. Also, for single adatoms on surfaces and especially at
transition states of diffusion processes �i.e., adatom hopping
or exchange�, the coordination is significantly decreased ��
�0.25�0� and the remaining nearest-neighbor distances may
be reduced to 80% of their bulk value. Here we modify both
the embedding functions F��� below a threshold �th=0.9�0

and the pair potentials V�r� below a distance threshold rth

=0.9r0
nn, where r0

nn is the nearest-neighbor distance in the
bulk. For Cu, r0

nn=2.56 Å, whereas for Co, r0
nn=2.50 Å.21 We

also apply a smooth cutoff at rc=7 Å, which is sufficient for
preserving the correct energetics and the phase preference for
Co�hcp� versus Co�fcc�. We define “correction functions”
�V�r� and �F��� as cubic splines subject to the boundary
conditions

�V�r� = �V��r� = 0, r � rth

�F��� = �F���� = 0, � � �th

�F�0� = 0. �2�

The new potential functions are

F�
new��� = F���� + �F���� ,

V��
new��� = V����� + �V�����, �,� = �Co,Cu� . �3�

We construct the functions �V�r� and �F��� by simulated
annealing. The cost function to be minimized is

F�x� = �
j

�Ej
new − Ej

DFT�2, �4�

where Ej
DFT are the energies of the reference structures from

Refs. 6 and 8, Ej
new are the energies obtained with our poten-

tial function, and x is a multidimensional vector representing
the values of the spline functions at the spline points �rk ,�k�.
Included in the fit are the surface formation energies shown
in Table I �except the Co/Cu surface alloy� and energy bar-
riers for Cu/Cu and Co/Cu hopping and exchange �shown in
Table II�. The surface energies are calculated for a 50-atom
�5-layer Cu slab subject to periodic boundary conditions
along the coordinates parallel to the surface and covered on
both faces by Co in various arrangements shown in Table I.
As in Refs. 6 and 8, when the surface consists of two do-
mains, the energy was calculated as a weighted sum of the
formation energies of each domain. The modified embedding
functions and CouCu pair potential are shown in Fig. 1.

Energy barriers6,23 from DFT and TBSMA calculations
for several processes are shown in Table II. Of the values in
Table II, only Cu/Cu hopping and Co/Cu hopping and ex-
change were included in the fitting procedure �Eq. �4��, along
with surface formation energies. For fitting energy barriers to
the DFT results, the energy Enew employed in Eq. �4� is

TABLE I. Surface formation energies �eV/1�1 unit cell� for
clean surfaces and various arrangements of 1 ML of Co on
Cu�001�. “TBSMA” values are obtained with the original potential
of Ref. 21, “TBSMA†” values are obtained with our optimized
potential. DFT values are taken from Ref. 6, except the � *� value
which is from Ref. 23.
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Enew = ETS − ELM, �5�

where LM and TS denote the relaxed local minimum and
transition-state structures, respectively. The main effect on
energy barriers comes from modifying the transition-state
energies by adjusting the pair potentials V�r� at close dis-
tances of r�2.0 Å and the embedding functions F��� at low
electronic densities of ��0.2�0. As seen in Table II, we ob-
tain a better fit of DFT barriers than the original potential21

where the Co/Cu hopping barrier was significantly overesti-
mated, while all exchange processes and Cu/Cu barriers
were underestimated.

III. SIMULATIONS OF Co/Cu„001… GROWTH

We perform accelerated molecular dynamics �MD� simu-
lations of Co/Cu�001� growth using the state-bridging bond-
boost method.19,20 We employ a simulation cell with five
layers of Cu and lateral sizes from 400 to 1296 atoms/layer.
We apply periodic boundary conditions in the directions par-
allel to the surface. The in-plane lattice constant is fixed to
the Cu bulk value of aCu=3.615 Å. The bottom two layers
are immobile and fixed to ideal bulk positions. The middle
layer is connected to a Nosé-Hoover thermostat25 for control-
ling the temperature, whereas the top two layers follow New-
ton’s equations of motion for the microcanonical ensemble.
We employ our version of the TBSMA potential, whose con-
struction was described in Sec. II. Simulations are run in
parallel on 1–16 processors of a Linux Athlon 1.5 GHz clus-
ter with 100 Mbps ethernet network and the Penn State Li-
onXM cluster with 3 GHz Pentium 4 processors and Myrinet
interconnection network.

We simulate growth up to 0.5 ML, in a temperature range
of 250–310 K and fluxes of 0.1–3 ML/s. For the acceler-
ated MD algorithm19 all first-layer Cu atoms and the depos-
ited Co atoms are included in the boost. The bond-stretch
threshold for application of the boost potential is �max=0.3.
The best efficiency is obtained with a boost amplitude of
	Vmax=0.6 eV �about the same as the isolated Co adatom

hop barrier�, which allows for a speed-up of up to 108 at
250 K relative to conventional MD. As discussed in Ref. 20,
the Co/Cu surface is a prime example of the “small-barrier
problem,” i.e., it features processes occurring many orders-
of-magnitude faster than ordinary adatom diffusion. Diffu-
sion along step edges has barriers around 0.1–0.2 eV, which
makes it 106 times faster than single adatom hopping in the
temperature range probed here. In order to allow accelerated
MD to reach the time scale of the slow events, we implement
our shallow-state bridging algorithm.20 We set the threshold
barrier to 	Eth=0.4 eV. This barrier separates the “slow” and
“fast” time scales. After each event, we apply a low boost of
	Vmax=0.2 eV for a time twait, which is the average waiting
time corresponding to the barrier 	Eth and a prefactor of
10 ps−1. The low boost allows correct dynamics of the fast
events, which quickly settle to thermodynamic equilibrium.
After the low-boost period twait we apply the high-boost am-
plitude 	Vmax=0.6 eV and effectively switch the simulation
to the time scale of the slow events. The maximum physical
time that can be simulated with the present method is on the
order of a second at or below room temperature, which sur-
passes the window that has been probed in previous studies
of thin-film epitaxy with accelerated MD.26,27 We emphasize
that we can achieve these times because we employ a state-

TABLE II. Energy barriers �electron volts� for elementary dif-
fusion processes on the Cu and Co fcc�001� surfaces. “Step” barri-
ers are for hopping along the close-packed Cu step oriented in the
�110� direction. TBSMA values are calculated with the step-and-
slide method.24

Process TBSMAa TBSMA modified DFT

Cu/Cu hop 0.44 0.48 0.51b

Cu/Cu exchange 0.87 0.92 1.02b

Co/Co hop 0.58 0.58 0.54c

Co/Co exchange 1.32 1.48 1.54b

Co/Cu hop 0.67 0.63 0.61b

Co/Cu exchange 0.89 0.93 1.00b

Co/Cu step 0.42 0.39 0.35c

aReference 21.
bReference 6.
cReference 23.

FIG. 1. Comparison of original �Ref. 21� and modified embed-
ding functions for Co and Cu �top� and modified CouCu pair
potential �bottom�.
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bridging accelerated MD algorithm.20 Regular accelerated
MD simulations28–32 would be limited by the fast times of
small-barrier events associated with step-edge diffusion.

As discussed above, one intriguing feature observed ex-
perimentally for Co/Cu�001� is bilayer growth for coverages
up to 2 ML below about room temperature.3,9–14 Using ac-
celerated MD simulations, we observe the formation of bi-
layer islands at these conditions �cf., Fig. 2� and we find that
bilayer island formation is enhanced by efficient upward
mass transport at the edges of Co islands. Commonly, two-
versus three-dimensional growth morphologies are explained
in terms of the Ehrlich-Schwoebel barrier,33 which hinders
adatom hopping over island edges to lower layers in the
growing film. However here, bilayer island formation is en-
hanced by adatoms ascending island edges.

We have performed an analysis of the energy barriers in-
volved in bilayer-island formation. As implied by energetic
considerations, Co seeks to maximize the number of Co–Co
bonds at the expense of the weaker Co–Cu bonds by rear-
rangement of a 1 ML-island into a bilayer island. A Co ada-
tom at the edge of a Co island will thus prefer to climb on
top of the island with an energy gain of 0.25–0.35 eV, de-
pending on the specific configuration at the step edge. This
does not happen spontaneously due to a high barrier of
around 0.9 eV. However, the presence of another Co atom on
top of the island facilitates this process: the barrier for a
corner Co atom to jump on top of the island is only 0.63 eV
�as fast as single adatom hopping� for the process shown in
Fig. 3�e�. The barrier for descent for an isolated second-layer
atom via exchange at a corner or kink is comparable
�0.62 eV see Fig. 3�b��, whereas descent over a straight step
edge has a very high Ehrlich-Schwoebel barrier �Fig. 3�a��.
This means that a Co adatom that has landed on top of a Co
island will diffuse until it reaches a kink or corner, then, with
almost equal probability, will either descend or pull up an-
other Co atom from the edge onto the second layer. How-
ever, once a “nucleus” of two Co atoms is formed on top of
a Co island, the downward mass transport is frozen, being
both thermodynamically and kinetically inconvenient �Fig.
3�c��. At the same time, upward mass transport continues and

more atoms are pulled up from the edges by the increasing
second-layer nucleus. A sample simulation of a Co adatom
on top of a 72-atom Co island was carried out at T=330 K.
The adatom diffuses until it reaches the corner, where it pulls
up an edge Co and the process continues until, 10 ms after
deposition, a total of seven atoms are pulled up from the
edge. The start and end points of the simulation are shown in
Fig. 4.

Atoms from upward mass transport make up a significant
portion of second-layer Co atoms during growth. We carried
out simulations of deposition of 0.42 ML at T=310 K and
fluxes in the range of 0.5–3 ML/s. In Fig. 5 we plot the
fraction 
2 /
1 of the deposited Co atoms that are in the sec-
ond layer and the fraction 
2

1→2 /
2 of the second-layer atoms
resulting from upward transport, where 
i indicates the abso-
lute coverage of the ith deposited layer. The ratio 
2 /
1 in-
creases approximately linearly with the deposition flux F.
Thus, for a higher flux more atoms are in the second layer at

FIG. 2. �Color online� Surface morphology at 
=0.54 for a flux
of F=0.1 ML/s at T=250 K �a� and at 
=0.42 for a flux of F
=1.0 ML/s at T=310 K �b�. Blue �dark-gray� atoms are first-layer
Co and light-blue �light-gray� atoms are second-layer Co atoms.
There are a few third-layer Co atoms, shown in purple �dark gray
atop the light-gray atoms�. FIG. 3. Interlayer transport barriers for Co islands on Cu�001�:

�a�–�c� downward; �d� and �e� upward. These barriers were obtained
via static calculations with the step-and-slide method.24 Cu surface
atoms are white, first-layer Co atoms are gray, and second-layer Co
atoms are dark gray. The respective processes are indicated by the
arrows.

FIG. 4. �Color online� Initial �a� and final �b� configurations for
an accelerated MD simulation of a deposition event of Co on a Co
island at T=330 K. Simulated time=10 ms. First-layer Co atoms
are blue �dark gray� and second-layer Co atoms are light blue �light
gray�.
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a fixed coverage. This is an influence of the average island
size: a higher flux produces a larger number of smaller is-
lands. An adatom that is deposited on top of a small island is
very close to a corner or kink, thus the “attempt frequency”
for the upward-transport process is high. On the other hand,
a low flux results in fewer, larger islands. An atom that has
landed on top of a large island must diffuse further to reach
a corner, where it will either descend or pull up another Co
atom. During this time, there is a higher probability that
other atoms will land on top of the same island and that they
will form a stable, less mobile nucleus, which does not reach
the island edge. Thus the fraction of second-layer atoms that
arrived there by upward transport from the first layer is
lower. Also, for a large island the impact of upward transport
will be only manifested at the edges. The sample simulation
in Fig. 4 shows that for a large island the upward transport
stops after a bilayer-high “wall” is formed around the island
edge. Since the center of the island remains monolayer high,
the fraction 
2 /
1 is expected to be lower with increasing
island size �i.e., decreasing flux�. The upward transport dis-
covered through MD simulations explains the experimental
findings of Fassbender et al.,9 where at a temperature T
=330 K and flux F=0.3 ML/s bilayer-high island edges sur-
rounding monolayer-high island centers are observed.

At higher temperatures �T�350 K� and lower deposition
fluxes �F�0.005 ML/s�, it is observed experimentally that
the bilayer growth mode disappears in favor of monolayer-
high island formation.9 We found that the explanation lies in
the qualitative change in the island structure stemming from
the activation of exchange processes. Co/Cu exchange has a
barrier of 0.92 eV �TBSMA�, which means that above room
temperature, exchange processes happen on a time scale of
less than a second. Co/Cu exchange is irreversible and Co
atoms embedded in the first Cu layer become immobile pin-
ning centers that lead to the formation of small Co islands.
On the other hand, Cu atoms released on the surface after
Co/Cu exchange have a much higher mobility than Co. They
form large Cu islands, decorated at the edges by the slower
Co adatoms.6,17

We find that the qualitative change in surface morphology
effectively reverses interlayer transport. Activation barriers
for step ascent and descent for a large, Co-decorated Cu

island are shown in Fig. 6. Since the first adatom layer is
formed mainly by Cu, Co gains no energy by jumping on top
of an island. Hence the upward diffusion at island corners is
“deactivated” because of the high barrier of 0.98 eV �up
from 0.62 eV for a pure Co island�. At the same time, the
Ehrlich-Schwoebel barrier for step descent is reduced to
0.67 eV. Also, the mobility of Co upon reaching the Co edge
of the Cu island is reduced: hopping along the Co-decorated
island edge has a barrier of 0.7 eV, which makes it slower
than terrace diffusion and edge descent. Thus, a Co adatom
on top of a Co-decorated Cu island diffuses until reaching an
island edge, where it sticks to the edge Co atoms. Due to a
weak Ehrlich-Schwoebel barrier, the adatom will eventually
hop over the edge. Accelerated MD simulations of Co atoms
on top of Co-decorated Cu islands confirm this picture. The
mixed island composition inhibits upward mass transport,
while it strongly promotes downward diffusion, leading to
layer-by-layer growth.

In addition to complex interlayer transport mechanisms,
the growth of Co on Cu�001� exhibits another interesting
phenomenon: a significant mobility of small clusters. As dis-
cussed in Ref. 20, Co clusters of up to seven atoms have a
mobility comparable to isolated Co adatoms. The trimer hops
via a concerted jump of two atoms, while the heptamer hops
via concerted shearing of three atoms in the middle row.
These processes are shown in Table III. A partial explanation
for such small barriers is the strong “inward” relaxation of
small Co islands �see also Refs. 4 and 5�. For the Co dimer,
the Co–Co distance is 2.4 Å regardless of whether the dimer
is oriented along the �110� or �100� direction, which means in
the latter case an inward relaxation of 34% compared to the
second-neighbor lattice spacing of the Cu lattice. There is

FIG. 5. Fractional filling of the second Co layer at T=310 K and
total coverage 
=
1+
2=0.42 ML, where 
i is the coverage of
layer i. 
2

1→2 /
2 is the fraction of the material in the second layer
resulted from upward transport from the first layer.

FIG. 6. Comparison of downward �a and b� and upward �c and
d� interlayer transport barriers for a pure Co island �a and c� vs
Co-decorated Cu island �b and d�. Barriers were statically calcu-
lated with the step-and-slide method.24 Cu surface atoms are white,
first-layer Co atoms are gray and second-layer Co atoms are dark
gray. The respective processes are indicated by the arrows.
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also a strong relaxation for the Co trimer: the Co–Co second-
neighbor distance is 3.1 Å, a 14% relaxation from the ideal
lattice position. The strong relaxation means there is less
Co–Co “bond-breaking” at transition states �TS�: for the Co
dimer, the Co–Co nearest-neighbor bond remains intact at
the TS, hence the energy barrier for dimer hopping reflects
mostly the adatom-substrate interaction and is the same as
the isolated adatom hopping barrier.

The efficiency of multiatom, small-cluster diffusion pro-
cesses challenges the validity of kMC studies of
growth,6,17,18 where only single-adatom terrace and edge dif-
fusion are taken into account. Although obtaining a correct
qualitative agreement with experiments, the kMC simula-
tions in Refs. 6 and 18 result in average island densities
larger by a factor of 2 than the experimental values. In these
simulations, clusters are considered immobile except for
small diffusivity resulting from adatom motion along island
edges. Lately, theoretical and simulation results indicate that
mobility of small clusters may have a significant effect on
growth morphology.34–36

Typically, growth and nucleation of islands in the sub-
monolayer regime is characterized by the mean island den-
sity Nav �islands/unit cell� and the island-size distribution.
The mean-field scaling theory37,38 for isotropic two-
dimensional surface growth is based on the assumption of a
critical cluster size i above which islands do not dissociate
and includes diffusion via single adatom hopping rates h1,
but ignores cluster mobility. In the case where dimers are
stable �i=1�, the predicted saturation Nav scales with deposi-
tion flux F and temperature T as

Nav 	 
 F

h1
�1/3

. �6�

However, if dimers and other clusters become significantly
mobile relative to the single adatom, the above scaling does
not hold. Villain et al.34 have shown that, if dimers have a
hopping rate h2, the scaling of Nav is modified to

Nav 	 
 F2

h1h2
�1/5

. �7�

Equation �7� holds for sufficiently large h2 and h1 /F. Bartelt
et al.36 showed that the transition to the modified scaling in
Eq. �7� is controlled by the dimensionless parameter Z

= �h2 /F�3�h1 /F�−2. For Z1, dimer mobility has no effect on
Nav, whereas Eq. �7� holds for Z�1.

For Co/Cu�001� growth, dimer and adatom diffusion
have essentially equal energy barriers, hence h1�h2 and Eq.
�7� becomes

Nav 	 
 F

h1
�2/5

. �8�

The theory then predicts the 2/5 scaling to replace the 1/3
scaling in Eq. �6� for h1 /F�1. We probed the effect of clus-
ter diffusion using accelerated MD for direct comparison
with the kMC study of growth in Ref. 18. We simulated
growth up to 0.5 ML at �T=250 K,F=0.1 ML/s� and �T
=310 K,F=1 ML/s�. To obtain reliable statistics, we em-
ployed a large simulation cell of 1296 atoms/layer for the
low temperature and 900 atoms/layer for the high tempera-
ture. The variation of the island density with coverage is
plotted in Fig. 7, which indicates that it reaches the satura-
tion value at about 0.2 ML coverage. In these regimes,
h1 /F�250 at T=250 K and h1 /F�900 at T=310 K, which
means the dimer mobility should have a significant effect,
cf., Eq. �8�. For the same set of parameters �T=250 K,F
=0.1 ML/s� and accounting for the small adatom hopping
barrier difference �0.02 eV� between the DFT and TBSMA
values, we obtain Nav

MD=0.7Nav
kMC, i.e., cluster mobility results

in a 30% decrease of the island density Nav compared to the
“immobile cluster” assumption employed in the kMC simu-
lations of Ref. 18. The result agrees with the mean-field
theory, which predicts a 26% decrease of Nav if dimer mo-
bility is considered �the value results from comparing Eqs.
�8� and �6��. At T=310 K we used a flux of F=1 ML/s,
which is 10 times higher than the kMC flux. Since Nav

kMC

satisfies Eq. �6�, we can rescale the kMC value to obtain the
island density corresponding to F=1 ML/s. In this way we
also obtain a 34% decrease in the island density compared to
the �rescaled� kMC value from Ref. 18. The significant de-
crease in island density because of cluster mobility may be
the most important reason for the discrepancy between ex-
perimental measurements and kMC simulations of

TABLE III. Static energy barriers 	E for cluster diffusion pro-
cesses of Co/Cu�001�. See Ref. 20 for a more detailed explanation
of these processes.

Process
	E

�eV�

Dimer hop 0.62

Adatom edge hop 0.20

Trimer rotation 0.10

Trimer hop 0.64

Heptamer hop 0.56

FIG. 7. Variation of island density Nav with the coverage 

during accelerated MD simulations of Co/Cu�001� growth.
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Co/Cu�001� growth,18 which consistently predict island den-
sities larger by a factor of two than experimental observa-
tions. Our simulations show that including cluster diffusion
in kMC simulations could eliminate the discrepancy.

IV. CONCLUSIONS

Although accelerated MD simulations can be computa-
tionally demanding, these simulations offer an unprec-
edented power for probing experimental temperature and
time scales in a “prejudice-free” manner. We perform accel-
erated MD simulations that are able to cover time scales of
seconds at or close to room temperature, thereby bringing the
domain of experimental observations within the reach of ac-
curate simulation tools. We are able to probe such time scales
through use of our state-bridging algorithm,20 which consoli-
dates groups of minima connected by small barriers into
large minima, thereby eliminating the kinetic treatment of

the fast motion, so that long-time motion can be probed. For
Co/Cu�001� growth in the regime where surface exchange is
inactive, an upward interlayer transport mechanism was
found to contribute to the bilayer growth mode. At higher
temperatures, with the onset of Co/Cu surface exchange, the
mixed island composition inhibits upward transport of Co
adatoms while promoting descent at island edges, leading to
monolayer growth. We also show that small island diffusion
through concerted atomic mechanisms brings about a signifi-
cant lowering of the saturation island density as compared to
kMC calculations where concerted mechanisms were ig-
nored, and including this correction into kMC will likely
eliminate the discrepancy between experimental and kMC
simulation results.
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