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Density-functional theory calculations of hopping rates of surface diffusion
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~Received 17 August 1998!

Using density-functional theory we compute the energy barriers and attempt frequencies for surface diffu-
sion of Ag on Ag~111! with different lattice constants, and on an Ag adsorbate monolayer on Pt~111!. We find
that the attempt frequency is of the order of 1 THz for all the systems studied. This is in contrast to the
so-called compensation effect, and to recent experimental studies. Our analysis suggests that the applicability
of simple~commonly used! scaling laws for the determination of diffusion and growth parameters is often not
valid. @S0163-1829~98!02444-8#
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The determination of the microscopic parameters t
govern the evolution and morphology of a growing structu
during epitaxy is the focus of a large number of theoreti
and experimental studies. However, experimentally dedu
values for the diffusion barriers and attempt frequencies
ten are not measured directly, but result from an analysi
experimental data on the basis of some theoretical mo
For example, it isqualitativelywell established that the den
sity of islandsNis in growth experiments follows the scalin
law1

Nis5C0S D

F D 21/3

. ~1!

HereF is the deposition flux,D is the diffusion constant, and
C0 is a dimensionless quantity that is determined by g
metrical factors and parameters that describe the captur
ficiency of an island. Recently, Eq.~1! has been applied for a
quantitativedetermination of diffusion constantsD for dif-
ferent systems from experimentally measured isla
densities.2–4

Relation~1! is derived under several assumptions, parti
larly that adatoms are the only species that can diffuse o
the surface, i.e., dimers and larger clusters are immobile,
that there is only one mechanism for atomic diffusion, ty
cally assumed to be the hop to a nearest-neighbor lattice
Then the diffusivityD is related to the hopping rate of sing
adatoms byD5D0exp(Ed /kT), whereEd is the energy bar-
rier for surface diffusion andD05G0l 2/(2a) is the preexpo-
nential factor. HereG0 is called the attempt frequency,l is
the jump length of the diffusing adatom, anda reflects the
dimensionality and symmetry of the motion~for a square
lattice a52). It is commonly assumed thatG0
;101221013 s21, which is a typical surface phonon fre
quency. We also note that Eq.~1! is based on the assumptio
that the so-called critical nucleus isi * 51, which means tha
dimers and small clusters are stable against breakup. Th
the case for typical growth experiments as long as the t
perature is low enough or the deposition rate is high enou5

In a recent scanning tunneling microscopy~STM! study
Bruneet al.4 found that for growth of Ag on a Pt~111! sub-
strate the size and density of Ag islands changes significa
when 1 ML of Ag ~that grows pseudomorphically on top o
the Pt substrate! has been deposited. The density of islands
PRB 580163-1829/98/58~19!/13163~4!/$15.00
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both cases is different again from the density of Ag islan
on top of clean Ag~111!. The authors of Ref. 4 analyzed the
experimental data with Eq.~1! with the assumption that the
mechanism for surface diffusion is hopping of a single a
atom to a nearest-neighbor site. They obtained the ene
barriers and attempt frequencies quoted in Table I, wh
shows that the attempt frequency found for Ag on 1 ML A
on Pt~111! is much smaller than that for Ag on Ag~111!. A
lower attempt frequency for a system with a lower diffusi
barrier is not an unexpected result, and is known in the
erature as the compensation effect.6 It can be understood
with simple physical arguments that are illustrated in Fig.
Consider the solid and the dashed line that are the pote
energy curves for a system with a low and with a high b
rier. It is evident that the curvature of the potential with t
higher barrier is larger at the bottom of the potential well. A
atom in a well with a higher curvature vibrates faster, a
thus the attempt frequency is larger.

In a molecular-dynamics study7 that employed empirica
potentials and the embedded-atom theory it was found t
indeed, for homoepitaxial diffusion on different metal su
faces there is a systematic compensation effect, i.e., sys
that have a larger energy barrier for surface diffusion hav
larger attempt frequency. Values forG0 are obtained that
vary from 331012 s21 to 531013 s21, while for the same
systems the energy barriers for diffusion increase from 0
eV to 0.7 eV. The magnitude of the effect forG0 is in the
range of typical surface phonon frequencies, and it does
compensate completely~for typical growth temperatures! the

TABLE I. Results forEd andG0. All theoretical values are with
3N515, except for Ag on Ag/Pt~111!, where 3N527. We consid-
ered an Ag~111! substrate with tensile (t), compressive (c), and
without strain. The substrate Ag~111! (c) was compressed to th
lattice constant of Pt.

Substrate Experiment~Ref. 4! Theory ~this work!
Ed ~meV! G0 ~THz! Ed ~meV! G0 ~THz!

Ag~111! (t) 106 0.25
Ag~111! 100 0.2 82 0.82
Ag~111! (c) 60 1.3
Ag/Pt~111! 60 0.001 60 5.9
Pt~111! 160 10 150
13 163 ©1998 The American Physical Society
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increased diffusion barrier. In particular, we note that
attempt frequency is always much larger than the repo
value ofG05109 s21 for Ag on 1 ML Ag on Pt~111!, which
is about threeorders of magnitudesmaller than what one
would expect. Despite this puzzle, we note that previous
oretical studies seem to suggest that the system 1 ML Ag
Pt~111! behaves rather normally and that, with respect
surface diffusion, it behaves essentially like a laterally co
pressed Ag~111! substrate.4,8

The diffusion constant is determined by the diffusion b
rier and preexponential factor, but for the latter noab initio
calculations have been reported so far. This applies in g
eral, not just to the system of concern in this paper. In vi
of the above-mentioned puzzle, and similar enigma that s
to exist for other systems, we performed density-functio
theory calculations of the attempt frequencies for Ag dif
sion on Ag~111! with different lattice constants, and on
ML adsorbed on Pt~111!. We find that in all cases the a
tempt frequency is of the order of 1 THz, so that claims o
large variation ofG0 are not supported. We then discu
various mechanisms which become operative in syst
with low-energy barriers.

We employ density-functional theory with the loca
density approximation.9 More details are given in Ref. 8
Unless noted otherwise, we use a supercell with four lay
a (232) surface cell, and the adatom placed on only o
side of the slab. Tests have shown that such a cell is la
enough.8

The energetically most favored adsorption sites are
threefold coordinated fcc and hcp sites, and an adatom
diffuses from one site to another will pass over the brid
site as the transition state.10 In principle, the effective diffu-
sion constant on a surface with several adsorption s
within one unit cell needs to be calculated as a combina
of the different rates for the motion between the differe
sites. However, for all the systems studied here the fcc si

FIG. 1. Schematic illustration of the compensation effect a
the anticompensation effect. When the barrier increases~dashed
line compared to solid line!, the potential becomes stiffer, and th
vibrational frequencies increase. However, when an increase o
barrier is due to an increase in the lattice constant, the curvatu
the potential might very well decrease~dashed-dotted line!, and as a
result the vibrational frequencies decrease. In this simplified pic
it is assumed that all the vibrational frequencies at the saddle p
increase~decrease! similarly to the ones at the lattice site, and th
all the increases~decreases! of the frequencies in Eq.~1! cancel,
except one that corresponds to a vibration in the lattice site.
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always slightly favored over the hcp site~by 5–10 meV!, but
the barrier to hop from an hcp site to an fcc site is alm
identical to the one to hop from an fcc site to an hcp s
This provides justification that only the fcc site is consider
as the~stable! adsorption site. Transition-state theory~TST!
within the harmonic approximation is used, and the attem
frequency is calculated from11

G05
) j 51

3N n j

) j 51
3N21 n j*

. ~2!

The n j (n j* ) are the normal-mode frequencies of the syst
with the adatom at the fcc site~bridge site!, and 3N is the
number of degrees of freedom of the system.

We have calculated these normal mode frequencies
first evaluating and then diagonalizing the force-constant m
trix. The elements of this matrix are obtained by displaci
each individual atom in the cell and calculating the forc
that act on all the atoms. An important issue is how largeN
should be for constructing the force-constant matrix. The
sults obtained for different 3N are summarized in Table I
for Ag on Ag~111!. If we change 3N from 3 to 15, i.e., take
into account the adatom and all atoms in the first layer,
attempt frequency changes from 1.55 THz to 0.82 THz. W
also developed a scheme to include a larger number of
grees of freedom, and given in Table II is a value for 3N
599 that corresponds to a (434) surface cell with vibra-
tions of the adatoms and two layers of the substrate.
(99399) dynamical matrix was constructed as follows: W
use the same force constants as in the 3N515 situation in
the corresponding subspace. For the other force constant
use bulk values~for atoms in the second and deeper laye!,
and clean-surface values~for farther surface atoms!. Tests
with a (333) cell revealed that force constants of surfa
atoms due to the displacement of atoms that are further a
than nearest neighbors are negligible. Similarly, force c
stants of atoms in the second layer~and below! that result
from the displacement of atoms that are further away than
nearest neighbors can be neglected. We estimate tha
influence of these negligible force constants on the atte
frequency is less than a factor of 2, and therefore set them
zero. The attempt frequency for 3N599 decreases very little
compared to the 3N515 treatment, namely, to 0.71 THz
and thus our result obtained when only the adatom is allow
to vibrate is correct within a factor of 2.

As argued earlier,4,8 the main difference between an A
atom on a clean Ag~111! surface and on 1 ML Ag on Pt~111!
is due to strain in the Ag adlayer. We therefore studied
attempt frequencies for Ag on Ag~111! as a function of
strain. The results are given in Table I. An increasing latt
constant implies that the diffusion barrier increases,8 so, ac-
cording to the compensation effect, the attempt freque
should increase. Surprisingly, the opposite is the case: W
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TABLE II. The calculated attempt frequencyG0 for Ag on
Ag~111! for different numbers of degree of freedom considered

3N 3 15 99

G0 ~THz! 1.55 0.82 0.71
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the barrier increases from 60 meV to 106 meV, the attem
frequency decreases from 1.3 THz to 0.25 THz. We und
stand this ‘‘wrong trend’’ as follows: When the diffusio
barrier increases because the lattice constant increases
curvature of the potential decreases, so that the attempt
quency decreases. This anticompensating effect is sket
schematically in Fig. 1 by the dashed-dotted line.

Our result for Ag on unstrained Ag~111! differs by a fac-
tor of ;4 from that obtained in the analysis of the expe
mental data. This difference is partially due to the fact t
the analysis of the experimental data ignored that an a
that hops from an fcc site to a neighbor fcc site first visits
hcp site. When the difference in adsorption energies betw
the fcc and hcp sites is very small, the adatom needs to m
~on average! three times as many hopping attempts to ge
one of the six adjacent fcc sites than it needs to hop to on
the three adjacent hcp sites. Thus, the attempt frequen
given in Ref. 4, which are also noted in Table I, should
multiplied by a factor of 3.

For the diffusion of an Ag adatom on 1 ML Ag adlayer o
Pt~111! the experimentally deduced attempt frequency
more than twoorders of magnitudesmaller than that for the
Ag~111! surface, but such a reduction is not found in o
calculations~compare Table I!. When only the adatom an
the Ag layer are included we obtainG0.3.8 THz (3N
515), and upon inclusion of the top Pt layer we obtainG0
.5.9 THz (3N527). As mentioned earlier, with respect
diffusion energy barriers, the Ag monolayer on Pt~111! be-
haves very much like a compressed Ag~111! surface. We
now find that this also holds for the attempt frequency. T
disagreement with the experimentally deduced value, wh
is three order of magnitude smaller, is significant, and
consider this disagreement a most important result. It d
onstrates that the understanding of surface diffusion
growth is far from being complete, although often this is n
appreciated. In this regard we note that Eq.~1! is derived
under several assumptions, and that often some of them
not met. We will now discuss six different problems th
may have troubled the experimental analysis and/or our
oretical results.

~i! It is a concern whether the harmonic approximation
used is valid for all the systems under consideration. Fr
the calculation of the forces we find that for the syste
studied here the harmonic approximation is indeed a ra
good approximation for displacements up to 0.2 Å.

~ii ! It is known that TST is only working when the fol
lowing conditions are met: The adatom spends enough t
at the adsorption site so that it can equilibrate there. T
aspect is connected to the phononic friction, i.e., the stren
of the coupling of the adatom vibration to the excitations
the substrate. Additionally, once an atom has crossed
transition site there should be no recrossing before the a
has been equilibrated again. While it is clear that the frict
should not be too small or too large, a quantitative criter
when TST is valid is not known.12 We expect that equilib-
rium might not be reached when the temperature is too h
but the experiments of Ref. 4 were carried out at tempe
tures that are smaller than half of the Debye temperature

~iii ! Diffusion of small clusters on a metal surface can
significant,14 but Eq.~1! is only valid when the only mobile
species are adatoms. In fact, it has been shown15 that the
pt
r-

the
re-
ed

t
m
n
en
ke
o
of
ies
e

s

r

e
h
e
-
d
t

re
t
e-

e
m
s
er

e
is
th
f
he
m
n
n

h,
a-

scaling exponent in Eq.~1! changes when small clusters a
allowed to move and that the island density decrea
dramatically.16 This effect cannot explain the discrepancy w
find for the diffusion on Ag/Pt~111!: If cluster diffusion were
important on Ag/Pt~111! and not~or less! on clean Ag~111!,
the preexponential factor for diffusion on Ag/Pt~111! should
be bigger, not smaller, as observed in the experiments. S
we do not rule out that cluster diffusion plays a role, beca
it is possible and likely that the diffusivity of cluster diffu
sion is ~very! different from that of single-atom diffusion
and we also note that the exponent in Eq.~1! may change.
We are not aware of the direction and size of this effect,
note that cluster diffusion may be particularly important f
strained systems and thus Ag diffusion on Ag/Pt~111! is in-
deed a good candidate.

~iv! It has been shown that on metal surfaces the diffus
length may be a multiple of the lateral lattice constant.17,18

This becomes more relevant when the corrugation of the
tential energy surface is less pronounced and the diffus
barrier becomes small,13 as it is the case for Ag on Ag
Pt~111! and Ag on a compressed Ag~111! substrate. The ad
atom becomes more delocalized and we speculate that ra
than hopping over the surface from one lattice site to
adjacent one, the adatom is ‘‘flying’’ over the surface ov
several lattice sites. For this process TST is strictly no lon
applicable. Moreover, it is conceivable that Eq.~1!, particu-
larly its exponent, changes when several diffusion mec
nisms are operative. We are not aware of the size or direc
of such an effect, but under the speculative assumption
the exponent is reduced by 20%, the discrepancy betw
the results of Ref. 4 and our calculations could be explain
The analysis of the experimentally measured island den
would then yield an activation barrier that is 20% large
which is supported by experimental18 and theoretical19 re-
sults for the double-jump of a Pt adatom on Pt~110!. This
would also explain the good agreement between our ca
lated and the experimentally deduced diffusion barriers. A
ditionally, an exponent that is 20% smaller yields an attem
frequency of 1 THz, in agreement with our calculated val

~v! We also note the possibility of diffusion by atom
exchange over long distances. The Ag adlayer is compre
and we speculate that atomic exchange could work such
an atom of the Ag adlayer pops up, becoming an adsorb
atom. Then the vacancy moves towards another adatom~e.g.,
a long row of Ag adatoms in the Ag adlayer may move!.
Similar effects have been observed in embedded a
simulations.20

~vi! Another problem is knowledge of the dimensionle
quantityC0 in Eq. ~1!. An uncertainty inC0 of one order of
magnitude translates into an uncertainty forG0 of three or-
ders of magnitude wheni * 51. The value ofC0 is essen-
tially determined by the surface geometry and capture e
ciency of islands, and with the self-consistent approach
Bales and Chrzan21 one obtainsC0.0.25, which has been
used in Ref. 4. A recent STM study for Pt on Pt~111! used an
alternative method to determineEd andG0.22 It is found that
G055 THz ~an expected result!, and from the data in Ref. 22
we deduceC0.0.28. Earlier work23 suggested thatC0
should be of the order of unity. It is known that often there
funnelingof adatoms toward step edges. This attraction w
become more significant for systems with low diffusion ba
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riers @as it is the case for Ag on 1 ML Ag on Pt~111!#, and
when surface states are important and affected by ada
and/or steps.

We conclude that attempt frequencies of single-atom h
ping diffusion are indeed of the order of 1 THz and repor
deviations from this value, as, for example, the reduction
three orders of magnitude,4 are only apparent and actuate
by the low-energy barrier of diffusion. This implies that a
atoms should be described by a more delocalized nuc
wave function. Long-range adatom-adatom and atom-step
e
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teractions become noticeable, and atomic diffusion proce
more by ‘‘flying’’ over several lattice constants rather tha
by hopping to nearest-neighbor sites. For strained syste
also cluster diffusion may be enhanced. The importance
these effects is difficult to assess by theory, but we trust t
more experiments will help to clarify the situation.
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