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Diffusion processes relevant to homoepitaxial growth on Ag„100…

Ulrike Kürpick and Talat. S. Rahman
Department of Physics, Cardwell Hall 116, Kansas State University, Manhattan, Kansas 66506

~Received 10 June 1997!

We present results of theoretical calculations of activation barriers and preexponential factors for several
diffusion processes that are involved in interlayer and intralayer transport on Ag~100!. The thermodynamic
functions necessary for the evaluation of the diffusion coefficients for adatom diffusion via hopping and
exchange on a flat Ag~100! surface, and on that with â110&, and a^100& step edge, exhibit their explicit
dependence on the local vibrational density of states. On the flat surface, hopping is found to be favored at low
temperatures, while inclusion of bulk thermal expansion makes exchange processes competitive at higher
temperatures. We show for the first time that the dominant path for interlayer transport on Ag~100! is via
exchange over thê100&-step edge with a negative Ehrlich-Schwoebel barrier and discuss the consequences of
the relatively high barrier for adatom mobility along the^100&-step edge, as compared to that along the^110&.
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I. INTRODUCTION

There continues to be considerable interest in the p
nomenon of epitaxial growth since it offers unique oppor
nities for a fundamental understanding of the nature of bo
ing at surfaces while at the same time exploring ways
control and improve the production of materials with des
able properties. One of the factors controlling epitax
growth is the mobility of adatoms on flat terraces, and on
near steps that are inevitably present on surfaces. The c
acter of the growth process, i.e., whether it is two dime
sional and progressing layer by layer, or three dimensio
and proceeding in the form of separated clusters, depe
strongly on the intralayer and interlayer mobility of the ad
toms. If the adatoms can descend easily from an island
lower surface plane the growth is likely to be layer by lay
If, on the other hand, there is a barrier to such a descent
Ehrlich-Schwoebel barrier1 as illustrated in Fig. 1, the
growth is likely to proceed with formations of three
dimensional clusters. From observations on a few~100! and
~111! surfaces of transition metals, it may appear that
growth is layer by layer on~100! and via 3D clusters on
~111!, but the picture is far from being universal. While h
moepitaxy experiments on Ag~100! ~Refs. 2, 3! and Ag~111!
~Refs. 2–6! do conform to this particular view, and the ob
served multilayer growth on Ag~111! can be explained by
the existence of an Ehrlich-Schwoebel barrier of 150 meV5,7

similar experiments on Pt~111!, and on Cu~100! and
Cu~111!, reveal a more complex growth pattern.8

In the case of two-dimensional growth, the shape of
islands, in turn, depends on the mobility of the adatom alo
the step edges. High mobility leads to smooth step ed
and low mobility results in rough or fractal-like edges. Wh
it is easy to understand the direct dependence of mobility
surface temperature, and hence the presence of fracta
step edges at low temperatures and smoother ones at h
temperatures, the temperature dependence of the shap
the smooth edged, two-dimensional islands is not so obvi
At these higher temperatures the relative mobility of the a
tom along different types of step edges may be expecte
570163-1829/98/57~4!/2482~11!/$15.00
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control the shapes of the islands and growth processes8 In
order to understand the microscopic factors responsible
the temperature-dependent relative mobility along steps
different orientations, we need reliable information about
diffusion coefficients for relevant paths and processes.
have recently developed a theoretical framework for cal
lating such diffusion coefficients, using transition-sta
theory9 and exploiting the differences in the vibrational fre
energy content of the system when the adatom is at
saddle point and when it is at the minimum-ener
configurations.10,11As special applications to the case of se
diffusion via hopping on Ag~100!, Cu~100!, and Ni~100!, we
have shown that through inclusion of vibrational free-ene
contributions the temperature-dependent diffusion coeffic
can be extracted quite reliably, and that the calculated pre
ponential factors are in quite good agreement with those
have been either assumed or extracted from the analyse
experimental data. For these cases, we have also found
activation barriers for hopping to be affected by the therm
expansion of the bulk lattice.11 In a related work we have
examined briefly the case of descent from a^110& step edge
on Ag~100!.12 These initial studies have provided the ba
for a full theoretical study of the processes that cont
growth and diffusion at these surfaces.

Our goal in this paper is to investigate homoepitax
growth on Ag~100! by examining the temperature depe
dence of the diffusion coefficients for adatom motion on

FIG. 1. Sketch of a potential energy surface for step desc
with an Ehrlich-Schwoebel barrier.
2482 © 1998 The American Physical Society



a
is
in

m
cr
a
e
te
a

rk
x

el

fo

y.
o
le
n

e
th
al

f
th
he
a
it
a
at
s
a
y
u

ig
t

ch
re

s
en
n
o
al
th
in

tri
w

i
al

nc-
ore
rgy
tron
he
of
e-

he
ts,
en-
di-
als
dy-

s in
re

les
e
n

r-
is-
to

x-
da-
ned,
s

n-
d
nd
l re-
iers
ith
r
to
en
n
is

-
as

ted

n-

me

on-

y

57 2483DIFFUSION PROCESSES RELEVANT TO . . .
flat terraces, for those along the^110& and ^100& step edges,
and for descent from these two types of steps which
found in experiments.13,14 To get as complete a picture as
currently possible, we consider both exchange and hopp
mechanisms for self-diffusion and examine their relative i
portance, as a function of surface temperature. For mi
scopic details of growth processes and for insights into av
able experimental data, we also calculate barriers for sev
diffusion paths in the neighborhood of the two types of s
edges and explore the preferences for an adatom for
proaching them. On this subject some insightful initial wo
using ab initio electronic structure calculations, already e
ists. In these calculations Yu and Scheffler15,16 have mapped
out the one-dimensional potential energy surface for s
diffusion on thê 110& step edge and flat terraces of Ag~100!,
and have calculated the static-lattice activation barriers
diffusion using both the local density~LDA ! and generalized
gradient~GGA! approximations in density-functional theor
Through comparisons of the static energy barriers, they c
clude: ~1! on Ag~100! terraces hopping is more favorab
than exchange;~2! along the^110& step edge the activatio
barrier for hopping is small; and~3! for descent from the
^110& step edge the barrier for exchange is about the sam
that for hopping on the flat terrace. These results for
energy barriers provide good rationale for the experiment
observed layer-by-layer growth on Ag~100!. Our main point
of departure from theseab initio results is in the inclusion o
lattice vibrations in the phenomenological description of
systems. By doing so we are able to calculate the local t
modynamic quantities and thereby make our calculations
plicable for a large range of temperatures, within the lim
of validity of the harmonic and quasiharmonic approxim
tion of lattice dynamics. As a result we are able to calcul
activation barriers and preexponential factors for proces
of interest and relate our results directly to experimental d
on growth. Such finite-temperature calculations are not
feasible withab initio methods because of extensive comp
tational demands even on the most advanced h
performance machines. We have, therefore, resorted to
usage of empirical, many-body interaction potentials whi
as we shall see, reproduce the static energy barriers in
sonably good agreement with theab initio results, and allow
us to incorporate fully the dynamics of the systems.

The paper is organized as follows: in Sec. II we discu
briefly the interaction potentials used; in Sec. III we pres
the basic formalism for diffusion, including the calculatio
of thermodynamic functions and local vibrational density
states~LDOS!; in Sec. IV we summarize the computation
method; Sec. V contains the results and discussion, in
context of previous experimental and theoretical work;
Sec. VI we present our conclusions.

II. INTERACTION POTENTIALS

The interaction potential and the force constant ma
required to calculate the LDOS are derived by using t
different sets of embedded atom method~EAM! potentials:17

one by Foiles, Daw, and Baskes~FDB! ~Ref. 18! and the
other by Voter and Chen~VC!.19 This allows us to estimate
the dependence of our results on the peculiarities of the
teraction potential. In the framework of the EAM, the tot
re
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energy of a metal is given as a sum of an embedding fu
tion and an electrostatic energy contribution due to core-c
overlap. The embedding function is defined as the ene
needed to embed an atom in the local homogeneous elec
density as provided by the other atoms of the metal. T
electron density is approximated by the superposition
atomic-electron densities. The functions of the EAM are d
termined empirically by fitting the predicted results to t
equilibrium density, sublimation energy, elastic constan
vacancy-formation energy, and, in the case of the VC pot
tial, to also the bond strength, and bond length of the
atomic molecule. Among other attributes, the FDB potenti
provide accurate and detailed description of the lattice
namics of the Ag, Cu, and Ni surfaces.20–24 The resulting
surface phonon frequencies at the high-symmetry point
the Brillouin zone, for several surfaces of Ag and Cu, a
also found to be in excellent agreement with first-princip
calculations.25 Further, a systematic study of surfac
self-diffusion26 showed that the general trend for activatio
energies calculated with EAM potentials for the low-Mille
index surfaces of Ni, Cu, Al, Ag, Au, Pd, and Pt are cons
tent with experimental observations. From the quantities
which the different EAM functions are fitted one would e
pect the VC potential to be more realistic for studies of a
toms on surfaces. On the other hand, as already mentio
the FDB potential works very well for vibrational propertie
at surfaces. It is thus not trivial to decide,a priori, which
EAM potential is more suitable for calculations of the co
tributions of lattice vibrations to self-diffusion on flat an
stepped Ag~100! surfaces. We use here both potentials a
compare the results to experimental and other theoretica
sults where available. As we shall see, activation barr
obtained from either EAM potential are in agreement w
those extracted fromab initio calculations based on eithe
LDA or GGA, and that both types of calculations lead
similar ambiguities in the results. It is thus not possible, ev
with availability of ab initio calculations, to choose betwee
the two EAM potentials vı´s-a-vı́s the issues addressed in th
work.

III. BASIC FORMALISM

The basic formalism for diffusion, including the calcula
tion of the thermodynamic functions and the LDOS, h
been described in detail in earlier publications.11,12 Here we
give a short summary of the main equations. For an isola
atom migrating on a surface, theintrinsic27,28diffusion coef-
ficient D may be obtained from the Einstein relation for ra
dom walk,D5^Dr 2&/2at, where^Dr 2&5Nl2 is the mean-
square displacement of the diffusing particle during the ti
period t, a is the dimensionality of the motion, andl is the
jump distance. The number of jumpsN is the product of the
time period and a hopping rateG, which for thermally acti-
vated diffusion may be expressed according to transiti
state theory9 as

G5
kBT

h
expS 2DF

kBT D , ~1!

where, DF is the difference in the Helmholtz free energ
between the maximum~saddle point! and the minimum of
the potential-energy curve. The essential feature in Eqs.~1!
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2484 57ULRIKE KÜRPICK AND TALAT. S. RAHMAN
is the dependence ofG on the free energy of activation
F5F1 f vib , whereF is the structural energy of the system
and f vib5Uvib2TSvib is the vibrational free energy, with
Uvib the internal energy due to vibrations andSvib the vibra-
tional entropy. The diffusion coefficient may now be writte
as

D5D0~T!expS 2DF

kBT D
with

D0~T!5
kBT

h

nl2

2a
expS DSvib

kB
DexpS 2DUvib

kBT D , ~2!

where,DSvib , DUvib , andDF are the differences in the re
spective quantities calculated with the adatom at the m
mum, and the minimum points on the potential-energy s
face, andn is the number of jump-equivalent direction
available to the adatom. In the classical limit, the above fo
of the equation is analogous to the formulation proposed
Vineyard29 who described an effective jump frequency f
the transition rate as the ratio of the product ofN normal
frequencies of the system in the minimum-energy positi
to N-1 normal frequencies for the system in the transit
state. In previous publications we have used a slightly diff
ent expression forD0(T). There the termDUvib was in-
cluded in the exponential, rather than in the preexponen
thereby highlighting the temperature dependence of the a
vation barriers. In most experiments the diffusion coe
cients are derived from Arrhenius plots and it is not possi
to measure this temperature dependence of the energy b
ers. SinceDUvib52kBT, its effect is to contribute simply a
multiplicative factor toD0(T), and subsequently to the dif
fusion coefficient.30

The thermodynamical quantities appearing in the ab
equations may be obtained from the partition function cal
lated within the harmonic and quasiharmonic approximat
of lattice dynamics. We have for the vibrational internal e
ergy and entropy:

Uvib5kBTE
0

nmax
N~n!S 1

2
x1

x

ex21Ddn

Svib5kBE
0

nmax
N~n!S 2 ln~12e2x!1

x

ex21Ddn, ~3!

wherex5 hn/kBT, andN(n) is the density of phonon state
as a function of frequencyn. The notable quantity here is th
vibrational density of states which can be written
N(n)5( lnl(n), wherenl(n) is the local density of states i
region l . Depending on the location of the adatom on t
surface, it encounters particular LDOS which, as we sh
see, are strikingly different for the transition state and
minimum-energy positions and lead to the differences in
local thermodynamic functions in these two regions. To c
culate the LDOS we diagonalize the force constant ma
that yields the eigenvalues~n! and eigenvectors (u). The
local vibrational density of states at the sitel in the direction
b is calculated as
i-
r-

y

,

r-

l,
ti-
-
e
rri-

e
-
n
-

ll
e
e
l-
x

nl ,b~n!5(
i

N
a

p
uul ,b~n i !u2e2a2~n2n i !

2
, ~4!

wherea governs the width of thed function. The sum is over
all eigenvaluesn i , whereN is the total number of eigenval
ues.

IV. METHOD OF CALCULATION

The diffusion processes and paths to be investigated
this paper are sketched in Figs. 2 and 3. Figure 2~a! shows a
top view for diffusion on the flat Ag~100! surface via hop-
ping and exchange. On the left of the figure the adatom
shown in the fourfold~minimum-energy! site. At the right
the two different transition states are indicated: twofo
bridge site~above! for the hopping process; the two atom
~below! for exchange. During the hopping process the a
tom labeled~1! jumps from its minimum-energy position
over the bridge, into its new minimum-energy positio
which is equivalent to the position shown in Fig. 2~a!. In the
exchange process a surface atom labeled~2! and the adatom
~1! move in a concerted motion towards the transition st
and finally the surface atom~2! becomes an adatom occup
ing a minimum-energy position and the former adatom~1!
sits in the previous position of atom~2!. Figures 2~b! and
2~c! show the initial geometries for descent from a^110& and
a ^100& step, respectively. The cross in Figs. 2~b! and 2~c!
represents the final position the adatom would occupy i
hops from the respective step edge to the terrace below.
the exchange process the step atom labeled~2! moves to-
wards the position marked by the cross and the adatom
beled~1! moves into the step edge position of atom~2!. In
Fig. 3, for the^110& and ^100& step edge geometries, fou
diffusion paths for the hopping of an adatom are indicated
the arrows labeled I–IV. Path I indicates hopping parallel
the respective step edges, path II shows diffusion away fr
the ascending steps, path III marks diffusion parallel to

FIG. 2. Top view for diffusion on flat Ag~100! via hopping and
exchange:~a! adatom in the fourfold~minimum-energy! position
~left! and in the transition state~right! for the hopping process
~above: twofold bridge position! and for the exchange process~be-
low!; initial geometry for descent from~b! a ^110& step;~c! a ^100&
step.

FIG. 3. Step edge geometries for~a! ^110& step and~b! a ^100&
step. The arrows I–IV indicate paths for adatom diffusion via ho
ping.
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57 2485DIFFUSION PROCESSES RELEVANT TO . . .
scending steps, and path IV indicates in both cases diffu
away from a descending step. In Fig. 3~b! the positions
marked with 1 and 2 are two nonequivalent minimum-ene
positions in the neighborhood of an ascending^100& step.

The force constant matrices for atomic configuratio
along the diffusion path~minimum energy and transition
state! were evaluated from derivatives of the interaction p
tentials with all atoms relaxed in their minimum-energy co
figuration as obtained by minimization of the total ener
using a conjugate gradient technique in the 3N-dimensional
coordinate space, whereN is the number of atoms in the cel
To determine the transition-state configurations we mo
adatom~1! for hopping processes, and in addition the terra
or step edge atom~2! for exchange processes, in small incr
ments towards their final positions and allowed all atoms
relax each time. To keep adatom~1!, and the terrace or ste
edge atom~2!, from returning to their minimum-energy po
sitions, and to prevent the whole crystal from moving re
tive to these positions, we fixed the positions of these ato
and of the eight edge atoms of the cubic cell, in the direct
of the reaction coordinate, and allowed the minimization
the total energy to proceed in the 3N-9 –dimensional coor-
dinate space. The configuration with the highest poten
energy is that of the transition state. The static lattice act
tion barrier,DF, is then the difference in the total energ
calculated for the maximum and the minimum points on
energy-position curve. Note that for diffusion parallel to t
^100& step@path I in Fig. 3~b!# exchange processes involvin
a step edge atom and an adatom located in position 1
seem plausible for geometric reasons. However, regard
of whether we move a step edge atom out of its position
the adatom towards the step edge atom, no concerted
change process was seen to occur. In the first case, the
edge atom ends up in a position equivalent to that of
adatom, while the latter remains in its original position.
the second case, the adatom ends up in the step edge po
and the step edge atom jumps on top of the step edge, w
is a concerted exchange process but for step ascent.

The substrate is build by (10310) atoms in thex-y plane
and 10 layers for the flat surface geometry. The size of
system is then large enough that the LDOS do not exh
any significant finite-size effects. To create the substrate w
a step, an additional 1/2 layer was put on the~100! surface.
Periodic boundary conditions were applied in thex and y
direction, to remove edge effects from the LDOS. For ho
ping processes we calculate the LDOS for the adatom~1!
both in the minimum energy position, and in the transiti
state. For exchange processes the LDOS is calculated a
sum of the LDOS for the two moving atoms, i.e., for adato
~1! and the terrace or the step edge atom~2!, both for the
minimum-energy and the transition-state configurations.

The technique described so far invoke the harmonic
proximation in the calculation of the force constant matric
Majority of the results presented here are obtained with
approximation and are suitable for quite a large range
temperatures. Previous work on several metal surfaces
shown that the harmonic/quasiharmonic approximation
mains valid to about half the bulk melting temperature, b
yond which enhanced anharmonic effects beco
significant.22,23,31 Our experience with molecular dynamic
simulations of Ag~100!22 and subsequent examination of th
n
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temperature variation of the mean-square vibrational am
tudes shows that the harmonic approximation may be pus
to about 450 K–500 K@bulk melting temperature for Ag
with EAM potentials is 1170 K~Ref. 32!#. For higher tem-
peratures, the quasiharmonic approximation should be u
In the quasiharmonic theory for surfaces,33 the system is al-
lowed to expand both in the bulk and at the surface, and
force constant matrix is calculated in the thermally averag
positions of the atoms. In principle, these mean position
the surface atoms may be obtained from a molecu
dynamics simulation of the system, at the desired temp
ture, having the bulk lattice constant appropriate for th
temperature. In practice, however, this is a formidable tas
the case of the system with the adatom in the equilibri
position~fourfold site!, and an impossible one with the ad
tom in the transition state. Since we would like to explore t
effect of thermal expansion on the activation barriers a
prefactors for surface diffusion, we have proceeded here w
a modified version of the quasiharmonic theory, which
feasible but limited in application to special cases. Our
proximation involves inclusion of thermal expansion in t
bulk, and in the surface plane, but not in the direction norm
to the surface. On Ag~100!, at 600 K, for which we have
performed these ‘‘quasiharmonic’’ calculations, the surfa
thermal expansion is small and our procedure below for
taining the force-contant matrices is reasonable. This met
would not be suitable for higher temperatures, or for syste
with large surface thermal expansion at the desired temp
ture. With these comments in mind we give details of t
calculations performed at 600 K~‘‘quasiharmonic’’!.

For calculations in the quasiharmonic approximation
first determined the lattice constant at the particular temp
ture using molecular-dynamics~MD! simulations. This was
done by allowing the bulk system, consisting of 1000 ato
per cell, to evolve over 10 ps under conditions of const
pressure~0 bar! and constant temperature~for each poten-
tial!. From the thermal expansion of the MD cell we dete
mined the lattice constant, at the desired temperature,
used it to generate the system with~100! surface orientation
plus an adatom. This system was allowed to relax to
minimum-energy configuration~in the expanded MD cell!,
as described above, and the force constant matrix and
vation barrierDFquasi calculated at the particular temper
ture.

V. RESULTS AND DISCUSSION

In this section we first examine the striking features a
the peculiarities of the calculated vibrational density of sta
with the adatom/accompanying atom in the specific sites
Ag~100! terrace, and at and near the^100& and ^110& step
edges. This is followed by a discussion of the results for
energy barriers, the preexponential factors for hopping
exchange processes, and the Arrhenius plots for adatom
fusion on flat Ag~100!. The thermodynamic functions
Schwoebel barriers, and the calculated preexponential fac
for descent from thê100& and^110& step edges are presente
in Sec. V C, together with a discussion of the implicatio
for growth on Ag~100!. Finally, the potential-energy surfac
and diffusion via hopping in directions parallel and perpe
dicular to the two types of step edges are explored in S
V D.
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A. Vibrational properties

In Fig. 4, the LDOS for the moving atoms~adatom for
hopping, adatom plus terrace atom for exchange, as
cussed above! in the minimum-energy and the transition
state positions are shown, for both diffusion mechanisms
flat Ag~100!. These LDOS are calculated using the FDB p
tential. The solid lines represent the LDOS for a crystal a
K ~lattice constant:ao54.09 Å!, while the dotted lines show
the results for an expanded lattice at 600 K (ao54.13 Å).
For both mechanisms we find a broad frequency distribu
for the LDOS for moving atoms in the minimum energ
positions@Figs. 4~a! and 4~c!#. These broad frequency distr
butions are quite different as compared to the LDOS for
Ag atom in the bulk or on the~100! surface.11,12 For the
LDOS calculated for the moving atoms in transition sta
positions@Figs. 4~b! and 4~d!# the most striking features ar
narrow peaks at high frequencies. For hopping processes
high-frequency mode is contributed exclusively by a vib
tion in the z direction ~perpendicular to the surface!, while
for exchange processes the high-frequency modes a
mainly from vibrations in thexy plane. The LDOS for the
moving atoms in the transition state possess one vibrati
degree of freedom less than those for the respec
minimum-energy configurations, in accordance w
transition-state theory. A comparison of the LDOS at 0
and the corresponding one at 600 K shows only slight
ferences for both processes. In Fig. 4~d!, the highest-
frequency mode is shifted slightly towards lower frequenc
at higher temperatures, otherwise the LDOS are very sim
The LDOS obtained using the VC interaction potential d
play very similar features to the ones presented in Fig. 4

FIG. 4. LDOS for the moving atoms on flat Ag~100! calculated
with the lattice constant for 0 K~solid line!; for 600 K ~dotted line!,
using the FDB potential:~a! adatom in the minimum-energy pos
tion, ~b! adatom in the transition state for hopping,~c! adatom and
surface atom in the minimum-energy position,~d! adatom and sur-
face atom in the transition state for exchange.
is-

n
-
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n
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-

ise
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-
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In Figs. 5 and 6 the LDOS and theirx, y, andz compo-
nents for the moving atoms for step descent~adatom for
hopping, adatom and step edge atom for exchange! via hop-
ping and exchange from â110& and a^100& step, respec-

FIG. 5. LDOS and theirx, y, and z components for descen
from a^110& step edge:~a! adatom in the minimum energy position
~b! adatom in the transition state for hopping,~c! adatom and step
edge atom in the minimum-energy position,~d! adatom and step
edge atom in the transition state for exchange. All curves are
culated using the VC potential.

FIG. 6. LDOS and theirx, y, and z components for descen
from a^100& step edge.~a! adatom in the minimum-energy position
~b! adatom in the transition state for hopping,~c! adatom and step
edge atom in the minimum-energy position,~d! adatom and step
edge atom in the transition state for exchange. All curves are
culated using the VC potential.
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57 2487DIFFUSION PROCESSES RELEVANT TO . . .
tively, are shown. These LDOS are calculated using the
potential but the corresponding results obtained with
FDB potential are similar, and their general features
analogous to the ones shown in Fig. 4. Note that thez com-
ponents in Figs. 5~a!, 5~c!, 6~a!, and 6~c! have major weight
at higher frequencies as compared to thex and y compo-
nents. The major weight of the LDOS for the moving atom
in their transition-state positions are again shifted towa
higher frequencies, due to the existence of additional hi
frequency modes. The polarization of the high-frequen
peaks is indicated in Figs. 5~b!, 5~d!, 6~b!, and 6~d!.

In Figs. 7~a! and 7~b! we show the displacement patte
for the high-frequency mode atn55.65 THz in Fig. 5~d! and
for the mode atn55.44 THz in Fig. 6~d!, respectively. Both
modes have vibrations in thexy plane. The length of the
arrows in Fig. 7 is proportional to the magnitude of the d
placement. The atoms for which only the tip of the arrow
shown have displacements only a few percent of the lar
displacement. Displacements less than 0.5% of the lar
one are not indicated. As one can see from Fig. 7, th
high-frequency modes are highly localized in the vicinity
the two moving atoms—a feature common to all cases s
ied in this paper. This behavior can be explained as follo
In general, atoms occupying the transition state have lo
coordination numbers as compared to the ones in
minimum-energy positions, which leads to a stronger bo
between the remaining nearest-neighbor atoms, resultin
modes with higher frequencies.

FIG. 7. Displacement pattern for the high-frequency mode~a! at
n55.65 THz in Fig. 5~d!, ~b! at n55.44 THz in Fig. 6~d!.
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In Figs. 8~a! and 8~b! we compare the LDOS for adatom
in the nonequivalent minimum energy positions, indicated
1 and 2 in Fig. 3, at thê100& step edge, using the FDB an
VC potentials, respectively. For both potentials we find t
major weight for the LDOS for the adatom in site 1, locat
at the step edge, to be shifted towards higher frequenc
while the total frequency range remains the same for b
sites. In Fig. 8~b! the highest-frequency mode is significant
enhanced compared to the other modes, but otherwise
potentials yield the same trend. This trend can also be un
stood in terms of the coordination number. The coordinat
number for an atom at site 1 is 6 while at site 2 it is 4. T
lower coordination again leads to stronger bonds and hig
vibrational frequencies. The difference in the binding ene
between site 1 and site 2 is 0.45 eV for the FDB, and 0.54
for the VC potential. We will come back to this point late

B. Diffusion on the flat surface

From the LDOS shown in Figs. 4~c! and 4~d! for ex-
change on the flat surface we have calculated the vibratio
thermodynamic functions, i.e., the free energyf vib , the in-
ternal energyUvib , and the entropySvib , which are presented
in Figs. 9~a!–9~c!, respectively. The lines represent the r
sults from the harmonic approximation and the circles
ones obtained in the quasiharmonic approximation applie
600 K. As one can see, the results from these two appr
mations do not differ much. The differences between
corresponding thermodynamic functions for the adatom
the terrace atom in the transition-state and in the minimu
energy position, as a function of temperature, are given
Figs. 9~d!–9~f!. Once again, the circles indicate the resu
from the quasiharmonic approximation at 600 K. The inse
Fig. 9~f! shows the preexponential factorD0 as a function of
temperature. It is almost constant. As for the negative val
for DSvib , they arise from two different factors affecting th
adatom~and the terrace atom in the exchange process! in the
minimum-energy and the transition-state locations: the
ference in the number of vibrational degrees of freedom,
the shift in the major weight of the LDOS to higher freque
cies. The contribution ofDSvib overcompensates the contr
bution ofDUvib leading to a significant increase of the vibr
tional activation free energy of up to 105 meV~at 600 K!, as
seen in Fig. 9~d!. Similar trends were found for hoppin
processes.11 Once again, for both mechanisms we find on
small differences between the thermodynamic functions
are calculated in the harmonic and in the quasiharmonic
proximation.

FIG. 8. LDOS for adatoms located in nonequivalent minimu
energy positions 1 and 2~Fig. 3! at the^100& step edge.
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Our results for the activation barriersDF and the preex-
ponential factorsD0 , for both diffusion mechanisms, for th
FDB and VC potential, using the harmonic and quasih
monic approximation, together with results forDF calcu-
lated from first principles15 and also an experimentally~low-
energy ion scattering! obtained value,34 are summarized in
Table I. Here we find the barrier calculated with the FD

FIG. 9. The vibrational thermodynamic functions for the adat
and the surface atom in the minimum energy and the transition s
for exchange on the flat surface. The quantities were calculated
the FDB potential. The lines show results in the harmonic appro
mation and the circles those in the quasiharmonic approximatio
r-

potential for exchange to be in better agreement with theab
initio results. Based on just the values forDF in the table,
hopping processes would be favored, in agreement with
vious work using EAM potentials.26 It is interesting to note
that the thermal expansion of the lattice causes an increas
the activation barrier for hopping@10.01 eV ~FDB!,
10.02 eV ~VC!#, but a decrease for exchange@20.06 eV
~FDB!, 20.07 eV~VC!#. Especially for the VC potential, the
barriers at 600 K for hopping and exchange are very cl
~difference: 0.02 eV!, which implies that at higher tempera
tures exchange processes may become almost as importa
hopping, on flat Ag~100!. The preexponential factors~which
containDSvib and DUvib! in Table I seem reasonable whe
compared with intuitive values that have generally be
assumed.35 Vibrational entropy contributions have a dra
matic effect on the preexponential factor@at 600 K, for ex-
ample, exp(DS/k)'0.05#. The net effect of all terms, how
ever, is to make the preexponential factor almost tempera
independent, as expected in the classical limit.30 From the
tables we see that for both potentials, and within the h
monic and quasiharmonic approximations, the preexpon
tial factors for exchange processes are always higher
those for hopping. Together with the lowering of the barrie
this effect would suggest that exchange processes bec
more important at higher temperatures. Figure 10 shows
Arrhenius plots for self-diffusion via hopping and exchan
on Ag~100!, calculated with both potentials. For the VC p
tential, in particular, one can see clearly that the diffus
coefficients for both mechanisms calculated in the quasih
monic approximation are more similar than those obtain
by neglecting the thermal expansion of the lattice.

Ever since the first observation of exchange mechan
on an isotropic surface by De Lorenzi and Jacucci,36 it has
become evident that self-diffusion on~100! surfaces of Al,
Pt, and Ir occurs dominantly via exchange.37,38 For self-
diffusion on Cu~100! and Ag~100! there has been some de
bate about the relevant mechanism. Static calculations b

te
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i-
.

-
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TABLE I. Diffusion on the flat surface: activation barriersDF calculated at 0 K~harmonic approxima-
tion! and for the expanded system at 600 K~quasiharmonic approximation!, and the corresponding preex
ponential factors. Theab initio results* were calculated by Yu and Scheffler and the experimental barrier
obtained by Langelaar, Breeman, and Boerma.

Process DF ~eV! D0 (cm2/s)

Harmonic approximation:
hop, FDB 0.48 8.131024

hop, VC 0.48 2.331023

exch, FDB 0.78 2.731023

exch, VC 0.59 3.531023

hop, LDA* 0.52
hop, GGA* 0.45
exch, LDA* 0.93
exch, GGA* 0.73
Quasiharmonic approximation at 600 K:
hop, FDB 0.49 9.331024

hop, VC 0.50 1.531023

exch, FDB 0.72 2.731023

exch, VC 0.52 2.131023

experiment (0.4560.05), 160 K
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on the effective medium theory had predicted exchange to
the dominant diffusion process on Cu~100!,39 but most pre-
vious work based on EAM potentials,26 as well as onab
initio calculations,15,40 favored hopping for Cu and Ag. Th
present study for Ag/Ag~100! reveals that the relative impor
tance of hopping and exchange processes changes with
perature.

C. Step descent fromŠ110‹ and Š100‹ steps

The vibrational contribution to the activation free ener
D f vib , activation internal energyDUvib , and activation en-
tropy DSvib for descent from â110& and a^100& step edge,
for hopping and exchange processes, calculated in the
monic approximation, are shown in Fig. 11. Quite clearly t
vibrational contributions to the respective quantities are v
similar for both mechanisms, as well as, for both types
steps. The curves in Fig. 11 are calculated using the
potential, but for the FDB potentials we obtain similar r
sults. Our calculated values for the activation barriers~at 0
K!, the Ehrlich-Schwoebel barriers and the preexponen
factors for both mechanisms, obtained from both types
EAM potentials, are summarized in Table II. Comparison
also made with barriers for descent from a^110& step ob-
tained fromab initio calculations.15 For the descent from a
^110& step, activation barriers from the VC potential sho
exchange to be energetically favored over hopping, while
FDB potential shows those for hopping to be somew
lower. The trend and the values for the barriers obtained w
the VC potential are in good agreement with theab initio
calculations,15 although the results from theab initio calcu-
lations are by no means unequivocal since LDA and G
versions of the calculations yield somewhat different resu
Unlike the case of the flat surface, for descent from a^110&
step the VC potential yields more realistic results. For
^100& step edge, on the other hand, the barriers for step
scent, from both EAM potentials are similar and those
exchange are significantly lower than those for hoppi
These barriers for exchange are also significantly lower t
all barriers for descent from the^110& step edge. As shown in
Table II, the VC potential also yields for both types of ste

FIG. 10. Arrhenius plots for hopping and exchange mec
nisms, calculated using the FDB and the VC potential. The li
show the results in the harmonic approximation and the symbols
ones in the quasiharmonic approximation.
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for both mechanisms, the same preexponential factor for
descent, while we find a higher value forD0 for exchange
~factor 2–3! from the FDB potential. These results indica
that exchange from thê100& step edge provides a path fo
interlayer diffusion on Ag~100! with a very low activation
barrier. In fact, it is a path with a negative Ehrlich
Schwoebel barrier. In a previous work Teichert a
co-workers13 have investigated the development of the m
phology of an Ag~100! single-crystal surface, bombarde
with 600 eV Ar1 ions and during homoepitaxial growth wit

-
s

he

FIG. 11. The activation vibrational free energyD f vib , internal
energyDUvib , and entropyDSvib for descent via hopping and ex
change from â 110& and a^100& step edge. The quantities wer
calculated with the VC potential.

TABLE II. Step descent: activation barriersDF, corresponding
Ehrlich-Schwoebel barriers~ESB!, and the preexponential factors
The ab initio results* were calculated by Yu and Scheffler.

Process DF ~eV! ESB ~meV! D0 (cm2/s)

^110& step:
hop, FDB 0.59 110 2.731023

hop, VC 0.70 220 3.331023

exch, FDB 0.64 160 8.431023

exch, VC 0.51 30 3.331023

hop, LDA* 0.70 180
hop, GGA* 0.55 100
exch, LDA* 0.52 0
exch, GGA* 0.45 0
^100& step:
hop, FDB 0.51 30 2.731023

hop, VC 0.55 70 3.331023

exch, FDB 0.38 2100 5.431023

exch, VC 0.31 2170 3.331023
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deposition rates of 1 and 2 ML per minute at 170 K and 3
K, using spot profile analysis of low electron energy diffra
tion ~SPA-LEED!. The authors also performed Monte Car
~MC! simulations of diffusion via hopping using pairwis
additive Morse potentials, to understand the variations
spot shapes with temperature. Their results predict the ba
for descent from thê100& step to be smaller than that for th
^110& step. They also conclude that under conditions of
bombardment and homoepitaxial growth both types of st
occur with the same frequency at 170 K, but there is a p
erence for thê110& steps at 300 K. Their result is consiste
with scanning tunneling microscopy~STM! experiments,14

in which Ag islands with a square shape and commo
rounded corners were observed at room temperature
Ag~100!. A previous theoretical study for Ag~100! based on
EAM potentials, however, shows the^110& steps to be ener
getically favored over thê100& steps41 at 0 K. These authors
find the energy per unit length to be about a factor& larger
for the ^100& step than for thê110& step. This result was
recently corroborated byab initio calculations,16 which pre-
dict the equilibrium shape of Ag islands on Ag~100! to be
octagonally shaped with an edge-length ratio for the^110&
and^100& step edges as 10:3, consistent with the experim
tal results.14 At 300 K, we find from our activation barrier
that the jump frequency is more than three orders of ma
tude higher for descent from â100& step edge than from a
^110& step. This leads us to the conclusion that the domin
path for interlayer diffusion on Ag~100! is descent via ex-
change from thê100& step edge.

D. Diffusion parallel and perpendicular
to Š110‹ and Š100‹ step edges

To explore possible preferences for approaching a p
ticular type of step edge, we have calculated the activa
barriers for diffusion parallel and perpendicular to^110& and
^100& step edges. The paths considered are labeled in F
as I–IV. For all barriers along the diffusion paths III and IV
we found values which are very close (60.02 eV) to the
barriers for diffusion on the flat surface. Thus, we do not fi
any preference to approach either type of descending s
on Ag~100!. In Figs. 12~a! and 12~b!, we show the potentia
energy surfaces, along paths labeled II in Figs. 3~a! and 3~b!,
for approaching an ascending^110& and^100& step edge, re-
spectively. The distance 0 Å corresponds to the fourfold sit
closest to the respective step edge. The dotted line show
potential-energy surface for diffusion on a flat surface. F
both types of steps we find that the site closest to the
edge is significantly more stable than the minimum-ene
positions for adatoms on the flat surface. As mentioned
lier, this can be understood in terms of a higher coordinat
number at the step edge. To diffuse away from these p
tions along path II towards the flat surface the atoms hav
overcome an activation barrier of 0.75 eV~0.69 eV, FDB!
and 0.78 eV~0.73 eV, FDB! for the ^110& and ^100& step,
respectively. For thê110& step edgeab initio electronic
structure calculations using GGA predict this barrier to
0.76 eV, while usage of LDA leads to a value of 0.96 eV.
diffuse towards the ascending step we find a lower bar
than for diffusion on the flat surface when the adatom
separated 2.89 Å from the step edge. This behavior is m
more pronounced for thê100& step. The activation barrier
0
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are 0.43 eV~0.46 eV, FDB! and 0.24 eV~0.28 eV, FDB! for
the ^110& and^100& steps, respectively. These features of t
potential-energy surfaces in the vicinity of an ascending s
edge are similar to the theoretical results for Pt~111! ~Ref.
42! and to experimental results for Ir~111!.43 They are also in
accordance with conclusions drawn from molecul
dynamics simulations for vacancy diffusion on Ag~111!.44

The activation barriers and the preexponential factors for
fusion parallel to thê110& and^100& steps, via hopping, are
shown in Table III, together with theab initio results15 that
are available. The corresponding diffusion paths are labe
as I in Fig. 3. The abbreviation (1→2) in Table III refers to
diffusion from site 1 to site 2 in Fig. 3~b!. As one can see
from the barriers, atoms located at the^110& step edge have a
high mobility parallel to the step edge, while atoms locat
at the^100& step edge have to overcome a high barrier. T
different mobilities along the two types of step edges mig
support reaching thermal equilibrium. Atoms located
^110& step edges are very mobile, which leads first to smo
^110& steps. An atom which reaches a corner between a^110&

FIG. 12. Potential-energy surfaces using the VC potential
diffusion via hopping along the paths labeled II in Figs. 3~a! and
3~b!, for the ^110& and the^100& step, respectively.

TABLE III. Diffusion via hopping parallel to step edges: act
vation barrierDF calculated at 0 K and preexponential factorsD0 .
The ab initio results* were obtained by Yu and Scheffler.

Diffusion path DF ~eV! D0 (cm2/s)

along ^110& step, FDB 0.26 1.531023

along ^110& step, VC 0.26 1.831023

along ^110& step, LDA* 0.30
along ^110& step, GGA* 0.27
^100& step, 1→2, FDB 0.73 1.131023

^100& step, 2→1, FDB 0.28 7.331024

^100& step, 1→2, VC 0.78 1.131023

^100& step, 2→1, VC 0.24 8.431024
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and^100& step is more likely to stick at thê100& step. Atoms
which descend from â100& step also get caught at the ste
edge. Thus thê100& steps might get filled and becom
shorter. It will be interesting to pursue these processes w
Monte Carlo simulations. In Table III, for diffusion paralle
to the ^100& step we find higher preexponential factors f
jumps from site 1 to site 2, than for jumps from site 2 to s
1. Since the bridge positions in both cases are equiva
this difference is solely due to the shift in the major part
weight in the LDOS for the adatoms located in the no
equivalent minimum-energy positions 1 and 2 as shown
Fig. 8. The major weight in the LDOS for atoms in site 1
shifted towards higher frequencies, compared to the LD
in site 2. Therefore the differences in the thermodynam
functions for an atom in site 1 and the transition state
smaller than the corresponding differences for an atom in
2, which leads to a higher activation entropy in the form
case and, therefore, to higher preexponential factors.

VI. CONCLUSION

In this paper we have investigated diffusion mechanis
that are relevant to homoepitaxial growth on Ag~100!. We
have calculated diffusion barriers and preexponential fac
along several paths for hopping and exchange processe
the flat surface and on surfaces with^110& and ^100& steps.
The local thermodynamic functions were calculated from
brational density of states within the harmonic and, at 600
in a modified quasiharmonic approximation. We show tha
600 K the local vibrational density of states, and hence
thermodynamic functions, calculated within these two a
proximations differ only slightly. In all cases considere
these LDOS for atoms located in the transition state c
tained high-frequency peaks arising from highly localiz
modes. We show that the striking differences in the LDO
for the adatom in the transition-state and in the minimu
energy position lead to entropy contributions which cont
the behavior of the preexponential factors. We also find t
the inclusion of thermal expansion, in the manner descri
in the text, leads to an increase of the activation barrier
ev
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hopping on the flat surface but to a decrease of the barrie
exchange processes. For the latter, thermal expansion y
significant lowering of the activation barriers~60 meV with
FDB and 70 meV with VC! at 600 K, as compared to thos
at 0 K. This means that for diffusion on the flat terrace e
change becomes almost as important as hopping at hi
temperatures. In general, we find the preexponential fac
for exchange processes to be higher or, at times, the sam
those for hopping. Our examination of descent from^110&
and ^100& step edges reveals that the dominant path for
terlayer diffusion on Ag~100! is descent via exchange from
the ^100& step edge with a negative Ehrlich-Schwoebel b
rier. Our investigation of diffusion barriers along sever
paths in the vicinity of ascending and descending st
shows that there exists no preference to approach one typ
descending steps. The potential-energy surfaces near as
ing steps show in both cases a very high barrier for diffus
from the step edge towards the terrace but a lower barrie
approach the step edge, as compared to barriers on the
surface. Finally, we find low barriers for diffusion parallel
an ascendinĝ110& step but high barriers for diffusion alon
the ^100& step with possible consequences for the isla
shapes on this surface.

The usage of two different types of EAM potentials sho
that, in general, they lead to similar trends with some diff
ences in specifics. Activation barriers calculated with t
EAM potentials lie in the same range as those calcula
with two different approximations to the density-function
theory.15 These comparisons give us confidence that our
sults are reliable despite the semiempirical nature of the
teraction potentials.
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