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The experimentally observed nonmonotonic temperature dependence of the surface roughness in Ag/
Ag�100� growth over the temperature range T=55–180 K is examined. In general, we find that the surface
roughness depends sensitively on a competition between a variety of low-barrier processes including down-
ward funneling of depositing atoms, island relaxation via edge zipping and edge diffusion, atom attraction, and
concerted interlayer diffusion at kinks. The short-range attraction of depositing atoms to microprotrusions also
plays a crucial role in determining the surface roughness, especially at low temperature. By taking these
processes into account in our simulations, good agreement with experiment is obtained over the entire tem-
perature range.
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I. INTRODUCTION

Recently, there has been a great deal of progress in under-
standing the morphological evolution in epitaxial thin-film
growth �for a recent review see Ref. 1�, and a variety of
effects and processes have been shown to play an important
role. In addition to growth temperature, deposition flux, and
deposition angle,2–11 these include the effects of crystal
geometry,12,13 the Ehrlich-Schwoebel �ES� barrier to inter-
layer diffusion,14 edge and corner diffusion,15,16 and the at-
traction of depositing atoms to the substrate.2–6,8,9,11,17–23 Un-
derstanding these effects is important since they can have a
strong influence on a variety of important film properties
including the surface morphology.

One case of particular interest is that of Ag/Ag�100�
growth for which an unusually complex dependence of the
surface roughness on deposition temperature has been ob-
served over the temperature range T=55–300 K.24 In par-
ticular, as the temperature was reduced below 300 K, the
roughness of 25 monolayer �ML� films was found to first
increase—with a peak at approximately 220 K—and then
decrease as the temperature was further reduced. As the tem-
perature was decreased below 135 K, the roughness again
increased—with a second low-temperature peak at approxi-
mately 90 K—and then decreased again as the temperature
was further reduced to 55 K.

By using a simplified kinetic Monte Carlo �KMC�
model24,25 which takes into account the existence of rela-
tively small but nonzero barriers for downward funneling
�DF� �Ref. 26� of atoms deposited at nonfourfold hollow
sites �e.g., “restricted” DF�, and which also assumes instan-
taneous island relaxation �e.g., perfectly “square” or spiral
islands� the nonmonotonic behavior of the surface roughness
at high temperature �T=135–300 K� has been explained by
Stoldt et al.24 In particular, the increase in the surface rough-
ness as the temperature is decreased from 300 to 220 K was
attributed to the increased effect of the ES barrier to inter-
layer diffusion as the temperature is decreased over this tem-
perature range. Similarly, the decrease in the surface rough-
ness as the temperature is further decreased from 220 to 135
K was explained by the increased role of DF �Ref. 26� of
atoms deposited near step edges, due to the increased island

and step density as the monomer diffusion rate decreases.
However, the resulting model led to poor agreement with
experiment below 135 K and was also unable to explain the
experimentally observed decrease in the roughness below 90
K. In addition, it leads to predictions24,25 for the low-
temperature thin-film vacancy density which are more than
an order of magnitude higher than the results of recent par-
allel temperature-accelerated dynamics �parTAD�
simulations.10

One reason for the relatively poor agreement between the
KMC results of Stoldt et al.24 and experiment at low tem-
perature is the assumption 24,27 of an instantaneous recon-
struction of islands corresponding to rapid edge diffusion
along close-packed island edges. While such an assumption
leads to a computationally efficient algorithm, and is also
expected to be valid at high temperatures �T�150 K�, it
also leads to square island-shapes even when edge diffusion
is kinetically suppressed at low temperature. In addition, the
inclusion of a relatively large activation barrier for DF from
threefold hollow sites in this model leads to the suppression
of DF at low temperature �T�90 K� along with an exces-
sively high vacancy density. Furthermore, the model of
Stoldt et al. does not take into account steering effects due to
short-range �SR� attraction between depositing atoms and
surfaces, which can affect the surface roughness even in the
case of normal incidence17,18 and which become increasingly
important at low temperature.6

Here we show that by taking into account the existence of
very low barriers for edge smoothing as well as for DF at
threefold hollow sites, along with the effects of SR attraction
of depositing atoms to microprotrusions, excellent quantita-
tive agreement with experiment can be obtained over the
temperature range T=55–110 K. Furthermore, by taking
into account the existence of a variety of low barriers for
concerted interlayer diffusion at and near kinks, which we
have obtained by carrying out parallel temperature-
accelerated dynamics10 simulations for representative con-
figurations found in our KMC simulations, both qualitative
and quantitative agreement with experiment can be obtained
over the entire low-temperature range �T=55–180 K�. Due
to the fact that our calculated barriers for DF from threefold
hollow sites are significantly lower than previously obtained
in Ref. 24, our model also leads to a negligible low-

PHYSICAL REVIEW B 81, 045416 �2010�

1098-0121/2010/81�4�/045416�8� ©2010 The American Physical Society045416-1

http://dx.doi.org/10.1103/PhysRevB.81.045416


temperature vacancy density in good agreement with recent
accelerated dynamics simulations of low-temperature Cu/
Cu�100� growth.10 We note that since the model of Stoldt et
al. already explains the experimental results reasonably well
at high temperature �T=135–300 K�, and also because our
more detailed KMC simulations become increasingly com-
putationally demanding with increasing temperature �due to
the existence of repetitive low-barrier events such as edge
diffusion and edge zipping�, here we restrict ourselves to the
temperature range T=55–180 K.

The organization of this paper is as follows. In Sec. II, we
first describe the hybrid kinetic Monte Carlo model used in
our simulations to take into account the effects of SR attrac-
tion during deposition. This includes a summary of the key
activation barriers for intralayer diffusion as well as for DF
and concerted interlayer diffusion at kinks. We note that
since the barriers for intralayer diffusion were previously cal-
culated in Ref. 32 using the Adams, Foiles, and Wolfer
�AFW� �Ref. 28� embedded-atom-method �EAM� �Ref. 29�
potential, in our model we have primarily used these values.
However, we have also carried out additional parallel accel-
erated dynamics simulations of typical configurations using
the Voter-Chen �VC� EAM potential,30 and the resulting bar-
riers for DF and concerted interlayer diffusion at kinks are
also presented. In Sec. III, we then present a comparison
between our simulation results and experimental results over
the temperature range T=55–180 K. In addition, we discuss
the effects of SR attraction as well as of a variety of low-
barrier processes—including edge diffusion, edge zipping,
atom attraction, and concerted interlayer diffusion at
kinks—on the surface morphology. Finally, in Sec. IV, we
discuss the effects of edge-diffusion barrier on the surface
roughness and summarize our results.

II. KINETIC MONTE CARLO MODEL

A. Deposition

In order to include the SR attraction of depositing atoms
to the surface, in our simulations we have used a hybrid
model which combines a one-atom molecular-dynamics
�MD� simulation of the deposition process with KMC simu-
lations of activated events. As in previous work,18 we assume
that the depositing atom is launched normally from a random
position above the substrate at a height equal to that of the
highest point of the film plus the cutoff distance rcut. Simi-
larly, we assume that the initial kinetic energy of the depos-

ited atom corresponds to the average value K̄i=2kBTm
�0.2 eV, where kB is Boltzmann’s constant and Tm
�1235 K is the melting temperature of Ag. The depositing
atom is then assumed to follow the trajectory determined by
its interaction with the substrate with the substrate atoms
held fixed in their lattice positions. Once its distance to the
closest substrate atom is equal to the nearest-neighbor dis-
tance, it is then placed at the nearest empty fcc lattice site,
and assumed to undergo DF until it reaches a “stable” site
with a barrier for interlayer diffusion. We note that in recent
simulations of normal-incidence Cu/Cu�100� growth at T
=160 K,6 the surface roughness obtained using this method

was found to be only slightly lower than that obtained by
carrying out a full MD simulation of the depositing atom and
surrounding substrate. In order to check for the dependence
on interaction potential, our MD simulations were carried out
using two different potentials: the VC EAM potential30 as
well as a Lennard-Jones �LJ� Ag potential31 with the same
cutoff �rcut=3� with �=2.644 Å� as the EAM potential. In
order to compare with the experiment of Ref. 24, our simu-
lations were carried out using the experimental deposition
rate of 0.02 ML/s.

B. Activated events

In our KMC model we have considered three different
types of activated processes: intralayer diffusion, interlayer
diffusion of atoms at nonfourfold hollow sites �e.g., re-
stricted DF or RDF�, and interlayer diffusion of atoms at
fourfold hollow sites. We first discuss the case of intralayer
diffusion.

1. Intralayer diffusion

With the exception of a few processes discussed below, all
barriers for intralayer diffusion were obtained from the re-
sults of EAM calculations by Mehl et al.32 in which the
activation energies were calculated as a function of the oc-
cupation numbers of the 7 sites surrounding the moving atom
labeled 1 through 7 �see Fig. 1�a��0��. However, since the
effect of sites 6 and 7 on the activation barrier is relatively
weak, for simplicity in our KMC model we have only used
the occupation numbers of sites 1–5, and have assumed that
sites 6 and 7 are empty.

Figures 1�a� and 1�b� show some of the key low-barrier
intralayer activated processes which are active on the time
scale of the experimental deposition rate for T�150 K. In
particular, as shown in Figs. 1�a��i� and 1�a��ii�, there exists a
very low barrier of 0.16 eV for a monomer to be “attracted”
to an empty site with two lateral bonds �edge zipping�. Such
“edge-zipping” processes tend to enhance the regularity of
step edges thus suppressing DF. Also shown in Fig. 1�b� are
somewhat higher-barrier processes corresponding to edge
diffusion. However, for the case shown in Fig. 1�b� �i� of an
edge-diffusing atom with one in-plane bond, a barrier of 0.30
eV has been previously calculated using density-functional
theory �DFT�.33 Therefore, in this case we have used the
DFT value, rather than the lower EAM value �0.22 eV� cal-
culated in Ref. 32. Since the activation energy for the related
process of “atom attraction” shown in Fig. 1�b��ii� is ex-
pected to be similar, a comparable value of 0.3 eV has also
been assumed for this process. However, as discussed in Sec.
IV, for comparison we have also carried out simulations with
energy barriers for singly bonded edge diffusion and atom
attraction obtained from AFW �Ref. 28� and Voter-Chen30

EAM potentials. We note that these barriers are all signifi-
cantly lower than the barrier33 �0.45 eV� for monomer diffu-
sion on a flat terrace, which does not become active until
approximately 180 K.

In order to properly take into account island relaxation at
higher temperatures, as shown in Fig. 1�c� we also include an
effective barrier for corner rounding �which becomes active
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on the time scale of deposition at approximately 150 K� us-
ing the value �0.40 eV� estimated by Thiel and Evans in Ref.
41. For simplicity, we do not distinguish between �i� global
corner rounding and �ii� kink rounding in our simulations. In
addition to the processes shown in Fig. 1, our model includes
a variety of other intralayer diffusion processes with higher
activation barriers.32 However, since the barriers for these
moves are all greater than 0.45 eV, they are only relevant
above 165 K. As assumed by Mehl et al.,32 we have used a
prefactor of 1012 s−1 for all intralayer diffusion events.

2. Barriers for restricted DF

Since the DF of atoms deposited at nonfourfold hollow
sites may be suppressed at low temperatures,24 we have car-
ried out parallel temperature-accelerated dynamics simula-
tions using the Voter-Chen30 EAM potential in order to de-
termine the relevant energy barriers. Figure 1�d� shows the
key low-barrier activated processes for DF included in our
KMC simulations which become active over the temperature
range 55–110 K. As in Ref. 24, we assume that DF is effec-
tively instantaneous for atoms deposited at nonfourfold hol-
low sites with coordination number m�3 �where m is the
number of nearest neighbors for a given atom� as well as for

atoms with m=3 on �111� microfacets, since the barriers for
these transitions are less than 0.1 eV. Based on similar ob-
servations, we also assume instantaneous DF for atoms with
only two support sites, regardless of the number of in-plane
bonds. However, in contrast to Ref. 24, in which DF barriers
of 0.15 eV �0.25 eV� were assumed for atoms at sites with
three supporting atoms and 0�1� lateral bond, respectively,
here we assume that DF is essentially instantaneous for such
sites, since our EAM calculations yield values less than 0.1
eV. In addition, our EAM calculations for atoms at threefold
support sites with two in-plane lateral bonds �3+2� yield a
range of energy barriers �0.22–0.27 eV� with an average
value of approximately 0.25 eV, depending on the presence
of additional atoms in their neighborhood. Thus, in agree-
ment with Ref. 24, we also assume that for the 3+2 configu-
rations, the barrier for DF is 0.25 eV, while we have found
that the barrier for atoms with threefold support sites with
three in-plane lateral bonds is somewhat larger �0.30 eV�. We
note that this 3+3 configuration has not been considered in
Ref. 24. In addition to those configurations, we have also
considered 3+4 configurations �not shown in Fig. 1�a�� with
a barrier of 0.35 eV, but their effects on the surface morphol-
ogy are very minimal. As for the case of intralayer diffusion,
we have assumed a prefactor of 1012 s−1 for all RDF events.

3. Interlayer diffusion

As in the KMC simulations of Stoldt et al.,24 in our KMC
simulations we have included a barrier of 0.51 eV for mono-
mer descent at close-packed step edges. However, assuming
a prefactor of 1012 s−1, this process does not become active
on the time scale of the experimental deposition rate except
for T�180 K, and so is not relevant over the temperature
range of our simulations. However, while our KMC simula-
tions without interlayer diffusion are in good agreement with
the experimental results of Ref. 24 at low T, for T�110 K
the simulated roughness is significantly higher than the ex-
perimental value �see Fig. 3�. This suggests that some addi-
tional low-barrier interlayer diffusion process or processes
which were not included in Ref. 24 may play an important
role in reducing the surface roughness for T�110 K.

In order to determine the relevant activation barriers for
such processes, we have carried out parTAD simulations for
representative configurations obtained from our KMC simu-
lations using the Voter-Chen30 EAM potential for Ag. As can
be seen in Fig. 2, our simulations indicate the existence of a
variety of low-barrier interlayer diffusion processes for the
concerted interlayer diffusion of atoms at single and double
kink sites—with energy barriers ranging from 0.2 eV �for a
monomer at a double kink with a “forward” atom in the layer
below, see Fig. 2�a��i�� to 0.58 eV �for an atom which is part
of a trimer without a forward atom in the layer below, see
Fig. 2�c��ii��. In addition, we note that the dominant inter-
layer diffusion processes observed in our KMC simulations
�in boldface in Fig. 2� correspond to activation barriers rang-
ing from 0.28 eV �Fig. 2�a��iii�� to 0.37 eV �Fig. 2�b��iv��. In
particular, while the 0.3 eV interlayer diffusion process for a
monomer at an open step edge shown in Fig. 2�a��iv�—for
which the activation barrier has been previously calculated
by Kurpick and Rahman in Ref. 34—plays an important role,

(d) Restricted DF
3 + 0 3 + 1 3 + 2 3 + 3

unstable < 0.1 eV 0.25 eV 0.30 eV

(a) Low barrier zipping events (0.16 − 0.18 eV)

0.16 eV 0.16 eV 0.18 eV

(b) Edge diffusion (0.3 − 0.38 eV)

0.3 eV 0.3 eV 0.34 eV 0.36 eV 0.38 eV

(i) (ii) (iii) (iv) (v)

1

2

3

4

56

7

(i) (ii) (iii)(0)
+
+

(c) Corner diffusion (0.4 eV)

0.4 eV

(i)
0.4 eV

(ii)

FIG. 1. Key low-barrier activated processes �boldface� for intra-
layer diffusion and DF: �a� low-barrier edge zipping, �b� higher-
barrier processes including �i� edge diffusion and �ii� atom attrac-
tion. �c� corner diffusion, �d� DF for atoms at threefold hollow sites.
Also shown in �b��iii�–�b��v� are some representative higher-barrier
processes. Sites labeled “+” in �a��ii� indicate threefold hollow sites
which are converted to fourfold hollow sites by edge zipping.
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the even lower-barrier process shown in Fig. 2�a��iii� is also
important. In addition, due to the high dimer and trimer den-
sity over this temperature range, the low-barrier “dimer” and
“trimer” interlayer diffusion processes shown in Figs.
2�b��ii�–2�b��iv� an2�c��ii� also play important roles. We note
that for some of the configurations shown in Fig. 2, a range
of activation energies was obtained in our parTAD simula-
tions, due to differences in the representative configurations
at longer ranges. In this case, an average value was used for
the activation barrier.

Interestingly, the origin of the low activation barriers
shown in Fig. 2 is the same as for edge diffusion and edge
zipping, e.g., the existence of “side atoms” which can attract
the displaced atoms as they move to their new sites. Accord-
ingly, as shown in Fig. 2, the interlayer diffusion barrier is
even lower when there are two attracting side atoms corre-
sponding to a “double kink” rather than one. This clearly
illustrates the effects of long-range interactions in determin-
ing the energy barrier of a concerted interlayer diffusion
event. We have also calculated the corresponding Vineyard
prefactors35 for most of the interlayer diffusion events and
the resulting prefactors range from a lowest value of 4.0
�1012 s−1 to a maximum value of 2.3�1013 s−1 with an
average prefactor of 1.0�1013 s−1. Accordingly, a prefactor
of 1013 s−1 was assumed for all interlayer diffusion
moves.36,37

Thus, in addition to the SR attraction of depositing atoms
to the substrate, our model includes the following processes:
�i� DF for atoms with m�3 as well as for atoms at 3+1 sites
and all twofold hollow sites. �ii� Restricted DF with an acti-
vation barrier of 0.25 eV �0.30 eV� for atoms at threefold
hollow sites with 2 �3� in-plane bonds. �iii� Low-barrier edge
zipping and edge diffusion. �iv� Low-barrier concerted pro-
cesses for interlayer diffusion at kinks.

III. RESULTS

Figure 3 shows a comparison between our KMC simula-
tion results for the surface roughness at 25 ML �open
squares� with the corresponding experimental results of
Stoldt et al.24 �filled squares�. As can be seen, while the
simulated roughness is slightly higher than the experimental
roughness at low T, in general there is good qualitative and
quantitative agreement with experiment over the entire tem-
perature range T=55–180 K. In particular, there is a peak in
the surface roughness at low temperature �T�85 K� as well
as a minimum in the surface roughness at higher temperature
�T�135 K� in good qualitative agreement with experiment.

We first consider the low-temperature behavior since this
has not been previously explained. Within the context of our
KMC model this peak can be explained as follows. As the
temperature is decreased from 110 to 85 K the DF of atoms
deposited at “3+3” sites �with activation energy of 0.3 eV� is
first suppressed at 110 K, followed by the suppression of DF
at “3+2” sites at 90 K, thus leading to an increase in the
surface roughness. However, as the temperature is further
reduced below 85 K, the very-low-barrier edge-zipping
mechanism—which can convert threefold hollow sites to
stable fourfold hollow sites, as shown in Fig. 1�a��ii�—is also
suppressed. This leads to an increase in the amount of DF at
“3+0” and “3+1” sites, thus leading to a decrease in the
surface roughness. In contrast, if we remove the low-barrier
zipping events from our model �see Fig. 3�, then the surface
roughness increases approximately monotonically with de-
creasing temperature over this temperature range. This be-

(a) Two-atom concerted motions: monomer (0.2 - 0.35 eV)

0.2 eV 0.25 (0.3 eV)

(iv)

0.25 eV

(b) Two-atom concerted motions: dimer (0.26 - 0.48 eV)

0.26 eV 0.34 (0.48 eV)

(iii)

0.3 eV 0.37 (0.48 eV)

0.35 eV

(i) (ii) (v)

(i) (ii) (iv)

0.26 (0.3 eV)

(i)

0.45 eV

(v)

(c) Two-atom concerted motions: trimer (0.26 - 0.58 eV)

(ii)

0.34 (0.58 eV) 0.46 eV

(v)

0.36 (0.38 eV)

(iii)

0.45 (0.48 eV)

(iv)

0.25(0.28 eV)

(iii)

FIG. 2. Low-barrier interlayer diffusion processes for �a� mono-
mers �b� dimers, and �c� trimers near kinks which become active
above 110 K. Activation barriers in boldface correspond to domi-
nant processes observed in KMC simulations. Barriers in parenthe-
ses in �b� correspond to motion of “upper atom” �white arrow�
“away from kink.” Barriers in parentheses in �c� correspond to con-
figurations without cross-hatched atom.
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FIG. 3. �Color online� Comparison between simulations and ex-
perimental results �filled squares� for surface roughness at 25 ML as
function of deposition temperature. Open squares �circles� corre-
spond to hybrid KMC simulations using EAM �LJ� potential for
simulating the deposition process. Filled circles correspond to simu-
lations without the concerted low-barrier interlayer diffusion pro-
cesses shown in Fig. 2. Solid line corresponds to inclusion of only
monomer interlayer diffusion �Fig. 2�a��.
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havior is very similar to that found in Ref. 24 using a model
which does not take into account the effects of SR attraction
or the existence of finite barriers for edge smoothing. This
indicates that the inclusion of low-barrier zipping events is
crucial to explain the experimentally observed nonmonotonic
behavior at low T. Also shown in Fig. 3 are results obtained
at low T in the absence of SR attraction. While the experi-
mentally observed nonmonotonic behavior is still reproduced
in this case, the surface roughness is significantly lower than
in experiment, thus indicating that the attraction of deposit-
ing atoms to microprotrusions also plays a crucial role in
determining the surface roughness.

We now consider the temperature range from 110 to 135
K. We note that over this temperature range both edge diffu-
sion and atom attraction become active, even though terrace
diffusion of isolated monomers and interlayer diffusion at
close-packed step edges remain inactive. In particular, due to
the increased effects of edge diffusion, which tends to regu-
larize step edges and thus reduce DF, in the absence of low-
barrier mechanisms for interlayer diffusion one expects the
surface roughness to increase with increasing temperature
over this temperature range �see the case of no interlayer
diffusion in Fig. 3�. This is in contrast to the experimental
results of Ref. 24 which indicate a further decrease in the
roughness. However, by including in our simulations the
low-barrier concerted interlayer diffusion processes for
monomers, dimers, and trimers near kinks shown in Fig. 2,
good agreement with experiment is obtained as shown in
Fig. 3. In contrast, if we take into account only the “mono-
mer” processes for interlayer diffusion at kinks shown in Fig.
2�a� and exclude dimer and trimer interlayer diffusion at
kinks, then there is a systematic deviation from the experi-
mental results for T�120 K. Thus, our results indicate that
the low-barrier mechanisms for concerted interlayer diffu-
sion at kinks shown in Fig. 2 play a crucial role in explaining
the decrease in the surface roughness with increasing tem-
perature over the temperature range T=110–135 K.

In order to further compare with the experiments of Ref.
24, we also consider the dependence of the surface roughness
on temperature for T�135 K. As can be seen in Fig. 3, the
surface roughness obtained in our KMC simulations, in-
creases with increasing temperature over this temperature
range in good agreement with experiment. We note that this
increase in roughness is due in part to the increased effects of
edge diffusion and edge zipping as well as to the activation
of corner diffusion �which occurs at approximately 150 K�
since all of these effects suppress interlayer diffusion by de-
creasing the kink density. Atom attraction �see Fig. 1�b��ii��
also plays a role since this tends to suppress interlayer diffu-
sion at kinks by attracting monomers at step edges away
from the step edge to form dimers and trimers.

Besides the dependence of the surface roughness w on
temperature at 25 ML, it is also interesting to consider the
dependence on film thickness, along with the associated
growth exponent � �where w��h	� with �h	 being the aver-
age film height� and its dependence on growth temperature.
As can be seen in Fig. 4, as the temperature increases from
60 to 90 K, both the roughness and the value of � increase
slightly. However, a further increase in temperature to 130 K
results in a significant drop in the overall surface width as

well as a slightly lower value of � ��=0.19� due to the
activation of DF events and interlayer diffusion. Finally, an
increase in the growth temperature to 180 K leads to an
increase in the effective growth exponent to a value
��=0.32� which is significantly larger than 1/4. We note that
this is close to but still somewhat lower than the experimen-
tal value ���0.4� found at T=190 K.38

Figure 5 shows the corresponding pictures of the surface
morphology at a thickness of 25 ML. As can be seen, the
lateral feature size increases with increasing temperature. In
particular, while all intralayer events are suppressed at 60 K
�see Fig. 5�a�� with the activation of DF from 3+2 sites as
well as very fast edge zipping above 85 K, relatively long
one-dimensional islands aligned along the �110	 directions
begin to appear �see Fig. 5�b��. As the temperature increases
further, both single-bond edge diffusion and low-barrier con-
certed interlayer diffusion processes at kinks become active.
This leads to the formation of somewhat square islands with
very few small islands on top of them, as shown in Fig. 5�c�.
Finally, at T=180 K, corner rounding is active while mono-
mer diffusion is just becoming active. As a result, the
mounds formed during growth are larger and more regular.
We note that the relatively well-developed mound structures
shown in Fig. 5�d� for T=180 K are similar to those ob-
served in the scanning tunneling microscopy �STM� picture
of surface morphology at slightly higher temperature
�T=190 K�.39

Thus, our results indicate that over the temperature range
from 55 to 180 K, both the surface roughness and the surface
morphology depend sensitively on a competition between a
variety of low-barrier processes including DF, interlayer dif-
fusion at kinks, edge diffusion, edge zipping, and atom at-
traction. In particular, the existence of low-barrier interlayer
diffusion processes for monomers, dimers, and trimers near
kinks turns out to be crucial to explain the observed tempera-
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FIG. 4. �Color online� Surface width vs film thickness using
EAM potential for deposition at four representative temperatures,
T=60, 90, 130, and 180 K.
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ture dependence of the surface roughness at higher tempera-
tures. In general, we expect that similar mechanisms are
likely to play a significant role in understanding a variety of
other metal�100� systems.

IV. DISCUSSION

Using a hybrid KMC model which takes into account the
effects of SR attraction of depositing atoms to the substrate,
as well as the existence of low-barrier processes for DF, is-
land relaxation, edge smoothing, and concerted interlayer
diffusion at kinks, we have carried out simulations of Ag/
Ag�100� growth over the temperature range T=50–180 K.
Using this model we have obtained good qualitative and
quantitative agreement with the experimental results of
Stoldt et al.24 for the nonmonotonic dependence of the sur-
face roughness on temperature. This includes the existence
of a low-temperature roughness peak at approximately T
=85 K, which had not previously been explained, as well as
the existence of a minimum in the surface roughness at ap-
proximately 130 K.

In particular, our results indicate that the low-temperature
peak can be explained as follows. As the temperature is de-
creased from 130 to 85 K, the roughness at first increases due
to the suppression of low-barrier mechanisms for interlayer
diffusion at kinks, and then increases further due to the sup-
pression of DF at 3+2 sites, as previously discussed in Ref.
24. In contrast, the subsequent decrease in the roughness as
the temperature is decreased below 85 K, is due to the exis-
tence of very-low-barrier processes for DF at 3+0 and 3+1
sites �which remain active even at low temperatures� com-
bined with the suppression of edge zipping, which tends to

eliminate such DF sites. Our simulation results also indicate
that SR attraction plays a crucial role in enhancing the sur-
face roughness, especially at low temperature.

Our results also indicate that over the temperature range
from 110 to 180 K, the surface roughness depends sensi-
tively on a competition between a variety of low-barrier pro-
cesses including interlayer diffusion at kinks, edge diffusion,
edge zipping, and atom attraction. We note that this picture
differs significantly from that given in Ref. 24 in which in-
stantaneous island relaxation was assumed, along with a
single effective global barrier for monomer interlayer diffu-
sion. In particular, our results indicate that the existence of
low-barrier interlayer diffusion processes for monomers,
dimers, and trimers at kinks is crucial to explain the observed
behavior at higher temperatures. We have also found that the
inclusion of a relatively small barrier for corner diffusion
�which tends to increase the surface roughness by decreasing
the kink density� is crucial in order to obtain good agreement
with experiment for T�150 K.

As already noted, in our simulations we have primarily
used energy barriers obtained from EAM potentials since
these are generally expected to be quite accurate for metals.
In particular, the barriers for edge zipping and other inter-
layer diffusion processes previously calculated by Mehl et
al.32 using an AFW EAM potential were used while we have
used a Voter-Chen EAM potential to calculate the barriers for
interlayer diffusion at kinks. However, since more accurate
DFT values were available33 for monomer diffusion and edge
diffusion, in these two cases we have used the DFT values
rather than the EAM values of Ref. 32, while the barrier for
atom attraction was assumed to be equal to the DFT value
for edge diffusion for consistency. Therefore, it may be of
interest to consider how our results would be altered if in-
stead the EAM values for edge diffusion and atom attraction
were used.40

Figure 6 shows a comparison between the experimental
results and those obtained using a model in which the EAM
barrier values calculated in Ref. 32 for edge diffusion �Ee
=0.22 eV� and atom attraction �Ea=0.23 eV� were used. As
can be seen, in this case the roughness is significantly higher
than the experimental value for T�95 K. Poor agreement
with experiment is also obtained �see Fig. 6� if instead we
assume a somewhat higher value �Ee=0.25 eV� as has been
suggested in Ref. 41. These results suggest that the correct
value of the edge-diffusion barrier is significantly larger than
the value �Ee=0.22 eV� calculated in Ref. 32 and indeed
closer to the DFT value �Ee=0.30 eV� used in our simula-
tions.

One possible explanation for this is related to the fact that
with increasing temperature islands become bigger while
their edges become straighter and longer, as is evident from
the STM pictures shown in Refs. 24 and 39. Accordingly, the
edge-diffusion barrier calculated in Ref. 32 may not be ap-
propriate at higher temperatures since these calculations only
considered interactions up to next-nearest neighbors �see Fig.
1�a��0��. In this connection, we note that calculations by
Voter,42 indicate that the edge-diffusion barrier increases
with island-edge length and island size, presumably due to
the combined effects of long-range interactions and island
relaxation. This is also consistent with the fact that the DFT

(b)

(c) (d)

(a)

FIG. 5. Gray-scale pictures of surface morphology at four tem-
peratures �a� 60 K, �b� 90 K, �c� 130 K, and �d� 180 K with
L=256 at 25 ML, obtained using deposition with the VC EAM
potential.
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barriers for edge diffusion calculated in Ref. 33 �Ee
=0.27 eV for generalized gradient approximation and 0.3
eV for local-density approximation� correspond to edge dif-
fusion along an infinitely long island edge. Thus, it is per-
haps not surprising that the simulation results in Fig. 6 with

higher values of the edge-diffusion barrier �Ee=0.28 eV and
Ee=0.30 eV� are in significantly better agreement with ex-
periment than those with significantly lower values of the
edge-diffusion barrier.

In conclusion, we have shown that the dependence of the
surface roughness in Ag/Ag�100� growth over the tempera-
ture range 55–180 K can be quantitatively explained by tak-
ing into account the existence of low-barrier processes for
step-edge smoothing, DF, and interlayer diffusion, as well as
the SR attraction of depositing atoms to microprotrusions. In
particular, while the increase in the roughness as the tem-
perature is decreased from 110 to 90 K is due to the suppres-
sion of DF of atoms deposited at 3+2 and 3+3 sites, the
subsequent decrease in the roughness as the temperature is
reduced below 90 K is due to the suppression of edge zip-
ping along with the existence of low-barrier processes for
DF. In contrast, the decrease in the surface roughness as the
growth temperature is increased from 110 to 135 K is prima-
rily due to the existence of low-barrier processes for inter-
layer diffusion at kinks which “turn on” over this tempera-
ture range. Finally, for T�135 K the increased effects of
edge diffusion lead to a decreased kink density which sup-
presses the low-barrier mechanisms for interlayer diffusion
resulting in an increase in the roughness with increasing tem-
perature. It is the complex interplay between all of these
different processes which leads to the nonmonotonic tem-
perature dependence observed in experiment.
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