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Self-diffusion of single adatoms on the (100), (110), (111), (311), and (331) surfaces of fcc metals is investigated with the
embedded atom method (EAM). The general trend of activation energies for these surfaces is consistent with experimental
observations. The calculated activation energies for Ni are in excellent agreement with experimental data, but those for Al and Pt
differ from experimental values by up to a factor of 3. The estimated pre-exponential factors are in the range of 10~#-10"2 cm?/s, in

good agreement with experiment.

1. Introduction

Diffusion of single adatoms on metal surfaces
is important in understanding surface-related phe-
nomena, such as thin-film and crystal growth,
sintering, corrosion, and surface chemical reac-
tions. A major tool for investigating surface diffu-
sion is the field ion microscope (FIM), since it is
capable of resolving individual atoms. The first
comprehensive surface diffusion study utilizing
FIM was reported by Ehrlich and Hudda [1].
Following their pioneering work many extensive
FIM experiments were carried out. These efforts
have been primarily limited to a few metals:
tungsten [1-6], rhodium [7], platinum [8,9], nickel
[10], and iridium [2,8,11-14]. Some data on the
self-diffusion of single aluminum adatoms have
been obtained by measuring the onset tempera-
tures at which surface diffusion begins [15].

In general, FIM experiments determine the dif-
fusion constant (D) of single adatoms at several
temperatures and fit the results to an Arrhenius
form,

D =D, exp(—Ey/kgT), e))

where E, is the activation energy, D, is the pre-
exponential factor, and kg is the Boltzmann fac-

tor. The experiments are usually restricted to a
narrow temperature range. Below this range no
discernable diffusion occurs, while above it the
diffusion rate is too high to be measured (adatoms
pass beyond the edge of the narrow FIM tips).
Thus, small error bars in D can result in large
error bars in E; and D,. For example, experimen-
tal D, values for the diffusion of impurities on the
W(211) surface have ranged over five orders of
magnitude. However, a recent study by Wang and
Ehrlich [16] showed that experiments with better
statistics yielded a much smaller variation in D,
(only one order of magnitude). Typical values of
the pre-exponential factor were in the neighbor-
hood of 1073 cm? /s.

Many theoretical studies of diffusion on metal
surfaces have been carried out [17,18]. Most of
these involved the use of Morse or Lennard-Jones
potentials. These results are not usually satisfac-
tory. For example, calculations with Morse poten-
tials yielded reasonable values of activation en-
ergies for Pt and Rh, but very poor data for Ni
[17).

The purpose of the present paper is to de-
termine if the new many-body potentials are more
reliable for surface diffusion studies. The chosen
potentials were derived from the embedded atom
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method (EAM) developed by Daw and Baskes
[19]. Previous work with the EAM potentials has
shown impressive agreement between calculated
and experimental properties of fcc metals [20,21],
including bulk diffusion [22] and surface structure
[23]. The EAM has been applied to self-diffusion
on the Ag(100) surface [24,25], but no experimen-
tal data are available for comparison.

This paper offers the results of a comprehensive
study of surface self-diffusion of single adatoms
on seven fcc metals using two different sets of
EAM potentials. These results are compared with
all of the available FIM data. Section 2 briefly
discusses the EAM and section 3 outlines the
computational procedures. The results are given in
section 4. The conclusions appear in the final
section.

2. The embedded atom method

The EAM is a model developed by Daw and
Baskes [19] for calculating the total energy of an
arbitrary arrangement of atoms in a metal. It is
based on density functional theory, which asserts
that the energy of a solid can be written as a
unique functional of the electron density distribu-
tion. In the EAM this is assumed to be the local
density at each atomic site. This energy is further
divided into an electrostatic pair interaction plus
an embedding energy. Thus, the total energy of an
arbitrary arrangement of atoms is given by

Emt=zF(Pi)+% Z ¢(Rij)' (2)
! i,
(i*jj)

Here, F(p) is the embedding energy, p is the local
electron density, ®(R) is the short-range electro-
static interaction, and R is the distance between
atoms. The sums in eq. (2) are over all atoms. This
form of potential is also known as the second
moment model [26] and the glue model [27].

The EAM functions were determined em-
pirically by fitting to several measured properties,
namely: the equilibrium lattice constants, sub-
limation energy, bulk modulus, elastic constants,

and vacancy formation energy. For this study we
have used two different sets of EAM functions.

One set of functions (AFW) was developed by
Adams, Foiles and Wolfer [22]. These functions
are nearly identical to the standard ones devel-
oped by Foiles, Baskes and Daw (FBD) [28], but
they are fit to more accurate estimates of the
vacancy formation energy. The Al functions for
the AFW set are taken from Foiles and Daw [29].
The second set of functions (VC) was developed
by Voter [24,30] and Voter and Chen [31]. The
primary difference between the VC potentials and
the AFW potentials is that the experimental prop-
erties used in the fit included diatomic molecular
data for the VC potentials. The results obtained
from the two sets of EAM functions are listed
separately.

3. Computational method

The desired diffusion parameters, E; and D,
were determined via molecular statics techniques.
Using a finite slab of atoms with periodic
boundary conditions in the two directions parallel
to the surface, two stationary points were found.
These points correspond to the adatom at its
minimum energy in a binding site and the adatom
at the saddle point between two binding sites.

Given the energy of these two configurations,
E ., and E_,, the diffusion constant in the
harmonic approximation is customarily written as
(32]

D=

nVlz (Esa _Emjn)
T exp[ dkBT ] 3)

In this equation, v is the attempt frequency
(roughly the vibrational frequency of the adatom
as discussed below), / is the jump length to an
adjacent site, a is the dimensionality of the space
(a=1 for a channelled surface, a =2 for typical
surface diffusion), and » is the number of jump
directions available to the adatom. Implicit in eq.
(3) are the assumptions of transition state theory,
i.e., that no recrossings or multiple jump events
occur — the adatom makes randomly oriented
single jumps. Eq. (3) also assumes that the attempt
frequency » is temperature independent, and that
quantum mechanical effects are not important. All
three of these are good assumptions in the temper-
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ature range of the FIM experiments, where the
time between adatom jumps is about 1-100 s. At
high temperatures, recrossings [33], multiple jumps
[34-36], and anharmonic effects [37] can become
important, while classical mechanics breaks down
at very low temperatures [38]. The desired diffu-
sion parameters are thus

2
Eq=Eq,q—Ep,, and Dy= %- 4)

The computational approach for determining
E 4. Enn, and v differed slightly for the AFW
and VC potentials. For the AFW potentials, the
N-atom slabs were 15 layers thick with roughly 30
atoms per layer and a free surface on two sides.
The adatom was moved in steps from one binding
site to the adjacent one, allowing all atoms to
relax fully to their minimum energy along the
3N —1 other coordinates at each step. E,_;, and
E., were taken as the minimum and maximum
points on the energy-position curve as shown in
fig. 1. The attempt frequency was computed from

1 C ’ (5)

=2V m

where ¢ is the force constant (F= —cx) of a
parabola fitted to the region of the curve near
E_.., and m is the mass of the adatom.
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Fig. 1. A typical energy displacement curve for self-diffusion of
a Ni adatom on the Ni(110) surface along the surface channel.

For the VC potentials, the slab consisted of an
adatom and a number of layers that were free to
relax (for a total of N moving atoms) attached to
a section of layers frozen at the bulk geometry, so
that the slab had one free surface. This approach
was also used for the Lennard-Jones calculations
and the (110) exchange mechanism using the AFW
potentials. The thickness of the frozen section was
greater than the cutoff distance for the potential.
The number of moving layers and the size of each
layer were increased as necessary to achieve con-
vergence of the properties. The minimum and the
saddle points were found using a 3-dimensional
Newton—Raphson search for the stationary points.
The 3N X 3N dynamical matrix was diagonalized
to obtain the normal mode frequencies {#;} at
each stationary point. It was verified that exactly
one imaginary frequency existed at the saddle
point, while none did at the minimum. Following
Vineyard [39], the full harmonic attempt frequency
was then determined from the nonimaginary fre-
quencies by

3N-1

3N
v=TIr™/ IT »™. (6)
i i

Typically, between 2 and 6 free layers were re-
quired to achieve convergence of E; to less than
0.01 eV.

For the (111) surface, which has two slightly
different binding sites, the D, values in the tables
correspond to T'=0 K. Adatom memory loss is
assumed in the higher energy site.

4. Results and discussion

Surface energies for all of the surfaces consid-
ered in this study were determined and the results
are listed in table 1. The AFW values are close to
those found by Foiles, Baskes and Daw [28] on the
(100), (110), and (111) surfaces for Ni, Cu, Ag,
Au, Pd, and Pt. Experimental values for the “aver-
age” surface [40] are also listed in table 1. The
values from the AFW and the VC potentials are
about 10-40% lower than the experimental data.
Yet, the trend across the elements is good, with
the surface energies increasing in the order of Al,
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Table 1

Surface energies (ergs/cm?) at 7= 0 K calculated using the AFW potentials (upper values) and the VC potentials (lower values) for
the surfaces of all the fcc metals examined in the present work. The experimental values are from ref. [40]

Surface Ni Cu Al Ag Au Pd Pt
(100) 1626 1321 546 703 927 1452 1710
1755 1330 855 880 891 1641 1549
(110) 1777 1487 585 756 990 1736 1823
1978 1472 959 967 969 1806 1681
(111) 1492 1215 498 618 797 1300 1606
1624 1232 824 803 768 1514 1341
(311 1773 1443 584 759 976 1564 1800
1973 1466 956 961 954 1797 1658
(331 1746 1422 517 741 947 1536 1758
1937 1445 950 945 923 1776 1610
Average face 1638 1378 558 715 927. 1518 1739
1853 1389 909 911 901 1707 1568
Experimental 2380 1790 1140 1250 1510 2000 2490

Ag, Cu, Pd, Ni, and Pt. Additionally, the order of
increasing surface energy with respect to crystal
face is (111), (100), and (110), which agrees closely
with that predicted by Tyson’s model [41].

Fig. 2 shows the surface normal views of the
five surfaces studied [(100), (110), (111), (311), and
(331)]. Besides the standard in-channel diffusion
on the (110) surface {(110),}, diffusion can occur
perpendicular to the channel {(110),} via the
exchange mechanism shown in fig. 3. An exchange

mechanism, depicted in fig. 4, can also operate on
the (100) surface {(100).}. Both of these ex-
change mechanisms are discussed below.

The results of the calculations for the self-diffu-
sion of single adatoms of the fcc metals Ni, Al,
Cu, Ag, Au, Pd, and Pt on the (100), (110), (111),
(311), and (331) surfaces are displayed in table 2.
The experimental data and theoretical values from
other models are listed in tables 3 and 4 for
comparison. Note that the values for Ni appear

fcc(100) fee(110) fece(111) fcc(311) fee(331)
n=4 n=2 n=3 n=2 n=2
oa=2 a=1 a=2 oa=1 a=1

Fig. 2. Top views of the five surfaces considered in the present study. The adatom (shaded) is in the binding site in each case. The
values of n and a [egs. (3) and (4)] are given for the “standard” diffusion mechanism.
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separately as table 3, because the experimental
data were reanalyzed as discussed in the appendix.

A general trend of activation energies calcu-
lated with the EAM potential is found. On the
smooth (111) surface (most close-packed) the
migration of a single adatom requires a very low
activation energy, while the rougher surfaces ex-
hibit higher barriers. Of the five surfaces investi-
gated, the lowest activation energy corresponds to
self-diffusion on the (111) surface and the highest
on the (100) surface (nonexchange). The calcu-
lated activation energies on the (110), (311), and

Table 2

(331) surfaces are similar, particularly on the (110)
and (331), as seen in table 2. This can be under-
stood by inspection of fig. 2, which shows that
diffusion on fcc(331) is along a tilted (110) facet.
The general trend of activation energies across the
surfaces discussed above is consistent with the
available experimental data, as seen in tables 3
and 4. However, the activation energy on the (111)
surface is usually one order of magnitude lower
than that on the other surfaces. FIM shows very
low values for E; on Rh(111) (0.16 eV), but a
moderate value on Ni(111) (0.33 eV). It should be

Activation energy E, and pre-exponential factor D, at T=0 K calculated using the AFW potentials (upper values) and the VC

potentials (lower values) in the present work; E, is in eV and Dy is in cm?/s

Element (100) (100),, (110), (110) , a1y (311) 331)
Ni
E, 0.63 0.93 0.44 0.49 0.056 0.34 0.45
0.68 1.15 0.39 0.42 0.063 0.38 0.46
D, 1.6x 1073 23x1073 3.7x107? 5x1074 14x1073 1.4x 1072
54x1073 4x1072 40%1073 28x1072 6.2x107% 44x1073 42x1073
Cu
E, 0.38 0.72 0.23 0.30 0.026 0.26 0.28
0.53 0.79 0.28 0.31 0.044 0.28 0.33
D, 1.2x1073 g§x10~* 32x107? 3Ix10™* 1.2x1073 1.0x1073
52x1073 2x1072 44x1073 27x1072 46x107* 31x1073 30x1073
Al
E, 0.40 0.69 0.26 0.30 0.074 0.20 0.27
0.46 0.25 0.15 0.054 0.24 0.24
D, 20x1073 1.8x107°3 6.0x1072 9x10™4 20x1073 20x1073
1.5x1072 4x10°2 24x1072 1.6x1073 6.7x 1073 5.4x1073
Ag
E, 0.48 0.75 0.32 0.42 0.059 0.26 0.34
0.48 0.60 0.25 0.31 0.044 0.26 0.29
D, 12x1073 1.0x 1073 40x10~? 5x107¢ 1.0x 1072 1.0x 1073
39x1073 2x1072 2.7x1073 25%x1072 41%10~¢ 30x1073 20x1073
Au
E, 0.64 0.30 0.25 0.40 0.021 0.35 0.26
0.84 0.32 0.34 0.42 0.038 0.42 0.34
D, 8§x 1074 6x107* 25%x1072 2x107% 8x107* 6x1074
35x1073 1x107?2 1.6x1073 13x107? 37x1074 36x1073 9.6 104
Pd
E, 0.71 0.61 0.28 0.42 0.031 0.37 0.33
0.74 0.59 0.30 0.34 0.059 0.41 0.37
D, 12x1073 4x10"4 33x1072 5x10~* 12x1073 §x107*
6.0x1073 3Ix 1072 3.5%x1073 24%x1072 45%x1074 31x1073 20x1073
Pt
E, 0.44 0.31 0.25 0.43 0.007 0.43 0.28
1.25 0.64 0.53 0.68 0.078 0.63 0.54
D, 8x104 4x10~* 7x1073 1.0 x 10~* 8x1074 6x1074
50x1073 1%x10°2 14x1073 15x1072 35x10°° 28 %1073 8.5%x 1074
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noted that the E; value for Ni(111) is a rough
estimate based upon onset temperature measure-
ments {10].

Table 3 shows that both the AFW and VC
results are in excellent agreement with the re-
analyzed (see appendix) FIM data for Ni on the
(100), (110), (311), and (331) surfaces. However,
the calculated activation energy for the Ni(111)
surface differs from the experimental value by one
order of magnitude.

The FIM results for Pt, Al, and Rh, the only
other fcc metals on which self-diffusion has been
studied, have been entered into table 4. The only
theoretical results given for Rh derive from the
Lennard-Jones and Morse potentials, since no
high-quality EAM potential exists for Rh. The
values of E; and D, are consistent with both the
Pt and Al EAM results for most of the crystal
faces. Still, the EAM barrier heights are lower
than FIM measurements, by as much as a factor
of three. For Pt, the VC potential gives better
agreement than the AFW potential.

The cross-channel diffusion on the (110) surface
for Ni and Pt has been observed in FIM experi-
ments [8-10]. The present EAM study favors the

Table 3

on fcc metal 339

exchange mechanism proposed by Bassett and
Webber [44] and later refined by Halicioglu and
Pound [45], but with a little difference as depicted
in fig, 3. An adatom is most likely to diffuse along
the surface channel, since it requires a slightly
lower activation energy. In this case the adatom
jumps from one potential site to an adjacent one
along the channel. An adatom also can jump in
the direction perpendicular to the channel, if it
gains enough energy. Here, the adatom replaces a
wall atom and the wall atom subsequently moves
to an adjacent potential minimum, as shown in
fig. 3. Note that there are two saddle points along
this exchange pathway, with a shallow local
minimum (< 0.06 eV) at the symmetric geometry.
This agrees with previous observations using Len-
nard-Jones potentials [46].

The search for an in-channel stationary point
with one imaginary frequency was unsuccessful
using the VC potential for Al(110). It appears that
for this VC potential, the cross-channel exchange
saddle lies lower than the in-channel saddle. Con-
sequently, in-channel diffusion occurs via the same
saddle point as for cross-channel diffusion. The E,
values obtained for diffusion along the channel

Activation energy E, and the pre-exponential factor D, for surface self-diffusion of Ni. E, is in eV and Dy is in cm?/s. The
Lennard-Jones values were computed using the Rh potential in ref. [42] and scaled for Ni with the parameters in ref. [43]

Surface Exp. [10] Exp. EAM(AFW) EAM (VC) L-J Morse [17]
(100)
E, 0.63 0.63 0.68 0.80 0.29
D, 1.6 x 1073 54x1073 69x1073
(110),
E, 0.23 0.45 0.44 0.39 0.96 0.02
D, 1x10°° 1x1073 23x1073 40%x1073 8.5%x1073
(110) ,
E, 0.32 0.45 0.49 0.42 1.02
D, 1x1077 1x1073 3.7%x10°2 28x1072 1.0%x 107!
(111)
E, 0.33 0.056 0.063 0.15 0.02
Dy 5%x1074 62x1074 9.0x 1074
(311)
E, 0.30 0.37 0.34 0.38 0.50 021
D, 2x10°¢ 1x1073 14x1073 44x1073 58x1073
(331)
E, 0.45 0.45 0.45 0.46 1.01 0.15
Dy 2x1073 1x1073 14x 1073 42x1073 7.9%x1073

* Reanalyzed data.
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and across the channel are very similar for Ni, Pt,
and Al, in qualitative agreement with experiment.
The calculated E; (0.49 and 0.42 eV) for the
Ni(110) cross-channel diffusion are very close to
the experimental value (both 0.45 eV). However,
the E,; computed for Pt (0.43 eV and 0.68 ¢V) and
Al (0.30 eV and 0.15 eV) differ from the experi-

Table 4

mental values of 0.76 eV (for Pt) and 0.43 eV (for
Al) by up to a factor of 3.

The exchange diffusion mechanism on fcc(100)
(see fig. 4) was recently proposed by Feibelman
[47,48] based on local density calculations for Al
If an adatom on a (100) surface diffuses exclu-
sively by this mechanism, it executes a random

Activation energy E4 and pre-exponential factor D, for Pt, Al and Rh. E, is in €V and Dy is in cm?/s. Except where noted, the
experimental values for Pt are from ref. [8], Al are from ref. (15}, and Rh are from ref. [7]. The Lennard-Jones results were computed
using the Rh potential in ref. [42] and scaled for Pt and Al using the parameters in ref. [43]. The Morse results for Pt are from ref. [8].
The Morse Pt results in parentheses and the Rh values are from ref. [17]

Element Surface Exp. EAM(AFW) EAM(VQO) L-J Morse
Pt (100) Eq 0.44 1.25 1.05 0.82
D, §x1074 5.0x107° 49 x1073
(100),, Eq 0.47 [48,49] 0.31 0.64 3.97
D, 1.3 x 1073 [49] 1x1072 4x1072
(110), Eq 0.84 0.25 0.53 1.26 0.64 (0.58)
D, 8x1073 4x107* 1.4x1073 60x1073
110) . Eg 0.78 0.43 0.68 1.34 1.97
D, 1x1073 7x107? 1.5%x107? 7.4x 1072
(111) Eq 0.007 0.078 0.19 0.07
Dy 1x107* 3.5x107° 63x107*
(311) Eq 0.69 0.43 0.63 0.65 0.50 (0.50)
D, 8§x107* 28x1073 40x1073
(331) Eq 0.84 0.28 0.54 1.33 0.77 (0.63)
D, 4x10™4 6x1074 8.5x 104 55%x1073
Al (100) E, 0.40 0.46 0.60
D, 2x1073 1.5x1072 1.0x 1072
(100)., E, 0.69 0.25 2.28
Dy 4x1072 9x1072
(110), E, 0.43 0.26 0.72
D, 23x1073 1.3x 1072
(110) , Eq 0.43 0.30 0.15 0.77
D, 6.0x1072 24x1072 1.5%x107!
(111) Eq 0.074 0.054 0.11
D, 9%x107* 1.6x107* 1.3x1073
(311) Eq 0.48 0.20 0.24 0.38
D, 20%x1073 6.7x1073 8.5x1073
(331) Eq 0.46 0.27 0.24 0.76
D, 20x107? 54x1073 1.2x1072
Rh (100) Eq 0.88 1.04 0.70
D, 1x1073 6.5x1073
(110), E, 0.60 1.24 0.48
D, 3x107! 8.0x 1073
111) Eq 0.16 0.19 0.05
D, 2x107% 84x107*
(311) E, 0.54 0.64 0.44
D, 2x1073 54x1073
(331) Eq 0.64 1.31 0.62

D, 1x10°2

74%x1073
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E=0.42eV

(a) (b)

(©) )

Fig. 3. Ni(110) cross-channel exchange mechanism {(110) , }. Plots and energies are for VC Ni, but 13 of the 14 potentials display the
same qualitative behavior: (a) minimum; (b) saddle point; (¢) local minimum; (d) minimum. Note that the adatom could just as
easily end up one site to the right along the channel. The AFW potential for Pt has only one (symmetric) saddle point.

walk on a V2 X v2 square lattice rotated 45° (i.e.,
the black squares of a checkerboard), so that only
half the lattice sites are visited. This rotated visita-
tion lattice was subsequently observed using FIM
by Kellogg [48,49] for Pt/Pt(100) and by Chen
and Tsong [50] for Ir/Ir(100). It is thus very likely
that Pt and Ir undergo exchange diffusion on the
(100) surface. The present study shows that only
certain metals favor this mechanism. Both the
AFW and VC potentials (and the FBD potentials
[51]) predict that Pt favors the exchange mecha-
nism, in agreement with experiment. Both sets of
potentials also predict that Au and Pd will favor

)
(1

(@)
Fig. 4. Pt(100) exchange diffusion mechanism {(100)., }. Plots are for VC Pt. This mechanism is favored for Au, Pd and Pt using the
AFW potentials and Al, Au, Pd and Pt using the VC potentials.
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exchange, while the VC potentials additionally
predict that Al favors exchange. The (100),,
mechanism seems to offer an exception to the
general trend that the E; values maintain the
same ordering with respect to crystal face regard-
less of the metal. The E; values for (100),, swing
above and below the E; values for (100) by as
much as 0.5 eV.

The calculated effective vibrational frequencies
are between 10'! and 10" s~!. These frequencies
yield pre-exponential factors of 10~4-107% cm? /s,
which are in good agreement with experimental
values. The similarity of the D, values is con-
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sistent with the recent clarification made by Wang
and Ehrlich [16] concerning the diffusion of Re,
W, Mo, Ir, and Rh on the W(211) surface. The
values of the pre-exponential factors found with
the VC potentials are generally higher than those
obtained using the AFW potentials. The VC D,
values are more reliable because the pre-exponen-
tial factors were determined using eq. (6).

The reason for the excellent agreement for Ni
fexcept for Ni(111)] and the poor agreement for Pt
and Al between EAM estimates and FIM experi-
mental data is not fully understood. It may be
because the band structure of Ni is relatively
simple in comparison with other transition metals,
making Ni more suitable for the current EAM
model. Other studies, such as those that have
examined impurity diffusion [22], have suggested
that the EAM models are more accurate for Ni
than those for Pt. In fact, while the EAM models
are quite good for Ni, simple Morse potentials
provide better values of the activation energies for
Pt. Surface self-diffusion on many of the fcc metals
considered in this work (Cu, Ag, Au, and Pd) have
not been explored using FIM. Thus, the reliability
of our EAM predictions for these metals remains
unproven. However, recent EAM calculations of
the surface phonons of Cu and Ag [52] are in good
agreement with experiment. This may imply that
the EAM predictions for surface self-diffusion
rates for Cu and Ag are relatively reliable.

For adatoms on the (111) surface of a fcc
metal, there are two unique binding sites, corre-

Fig. 5. The two types of adatom binding sites on fcc(111).
A = fcc site, B = hcp site.

Table 5
Extra stability of the fcc binding site relative to the hep site on
the foc(111) surface; the energy differences are given in eV

Metal (Ehep — glecyvC (Ehep _ plec yAFW
Ni 0.017 0.002
Cu 0.008 —0.003
Al 0.007 0.002
Ag 0.006 0.000
Au 0.002 0.001
Pd 0.005 0.001
Pt —0.0007 0.000

sponding to fcc or hep stacking of the next layer.
These are marked as A (fcc) and B (hep) in fig. 5.
It has been inferred from experiment {10} that
there are two different binding sites on Ni(111).
Furthermore, Wang and Ehrlich [13] concluded
that the hcp site is favored over the fcc in their
work on Ir(111). The calculated energy differences
between the two sites using the two potentials are
very small. The fcc site on the (111) surface is
favored using the VC potentials except for Pt, as
presented in table 5. For the AFW potentials, the
sites are near the cut-off distances of the func-
tions. Hence, it is not proper to predict the extra
stability on the (111) surface using the AFW
potentials.

5. Conclusions

A systematic study of surface self-diffusion of
fcc metals has been performed with the embedded
atom method. We draw the following conclusions:

(1) The general trend of the activation energies
across the surfaces obtained with the EAM for the
fcc metals Cu, Al, Ag, Au, Pd, and Pt is consistent
with the experimental observations. The activation
energies are the highest on the (100) surfaces
(ignoring the exchange mechanism), the lowest on
the (111) surfaces, and similar on the (110), (311),
and (331) surfaces.

(2) The EAM calculations of the activation en-
ergies for Ni [including cross-channel diffusion on
the (110) surface] are in excellent agreement with
the experimental values for all of the surfaces
except the (111). However, the calculated activa-
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tion energies for Al and Pt (including cross-chan-
nel diffusion on the Pt(110) surface] are lower
than the FIM data by as much as a factor of 3.

(3) The exchange mechanism is favored for the
(100) surface of Pt, as observed in experiment. The
barrier for this exchange mechanism follows a
different scaling behavior than the other diffusion
mechanisms. It can be lower or higher than the
traditional diffusion barrier on the (100) by as
much as 0.5 eV.

(4) The EAM potentials yield values of the
pre-exponential factor between 1 X 10™* and 3 X
102 cm?/s, in good agreement with experiment.

(5) Previous EAM calculations of the surface
phonons of Cu and Ag match experimental results
well. Thus, it is expected that predictions for dif-
fusion rates on these metals are relatively reliable,
although no detailed experimental studies for
surface diffusion on Cu, Ag, Au, or Pd have been
reported.
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Appendix: reanalysis of surface diffusion data on
Ni

The data for Ni are listed separately in table 3
since we have performed a reanalysis of Tung and

Graham’s experimental data [10]. Their original
analysis involved fitting an Arrhenius form to
their data. The problem with this approach is that
they only had a few data points over a limited
temperature range. Thus, small errors in D can
translate into large fluctuations in D, and Ej.
This led to estimates of D, ranging over six orders
of magnitude. As discussed by Wang and Ehrlich
[16], similar large fluctuations in D, on the W(211)
surface were greatly reduced when D was de-
termined more accurately. Therefore, we re-
analyzed Tung and Graham’s data by fitting it to
an Arrhenius form with Dy=1X10"> cm’/s, a
standard value. We discussed this reanalysis with
Prof. Graham, and he found it to be a reasonable
one. For some surfaces, this yielded a significant
change in the value of E,4, as shown in table 3.
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