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Role of Lattice Vibrations in Adatom Diffusion
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We have examined the impact of the vibrational free energy on self-diffusion on Cu(100) and Ag(100)
within the framework of transition state theory. The local thermodynamic functions are calculated
from vibrational density of states extracted using interaction potentials based on the embedded atom
method. We find that, as temperature rises to 600 K, vibrational contributions lead to a decrease of
the preexponential factor of about 2 orders of magnitude, a lowering of the barriers by about 10%, and
an increase in the activation free energy by about 20%. The net effect on the diffusion constant is
significant. [S0031-9007(97)02361-2]

PACS numbers: 68.35.Fx, 65.50.+m, 68.35.Ja, 68.35.Md

Migration of atoms on metal surfaces attracts mucH?2] in agreement with previous studies based on embed-
interest, both experimentally and theoretically, becausded atom method (EAM) potentials [11] and also those
of the important role that diffusion plays in the growth based orab initio electronic structure calculation of sur-
of thin films, in the formation of epitaxial layers, and face diffusion of Cu adatoms on Cu(100) [12] and of Ag
in heterogeneous catalysis. For several decades nown Ag(100) [13] came to the conclusion that hopping is
field ion microscopy (FIM) has provided very intrigu- energetically favorable over the exchange mechanism.
ing and detailed information on adatom diffusion on a For an isolated atom migrating on a surface, the
number of metal surfaces [1]. These and related studigstrinsic diffusion coefficientb may be obtained from the
supplemented by a number of theoretical investigationsEinstein relation, D = (Ar?)/2at, for random walk,
ranging from detailed computer simulations [2—4] towhere (Ar?) = NI?> is the mean-square displacement
ab initio electronic structure calculations [5,6] have of the diffusing particle during the time period «
yielded a good deal of insight into the characteristics ofis the dimensionality of the motion (here:= 2), and! is
diffusion processes and barriers for several materialghe jump distance. The number of jumjgsis simply the
With the exception of a few studies in which vibrational product of the time period and a hopping r&tewhich for
entropy effects were found to be significant [7,8], theoreti-thermally activated diffusion may be expressed according
cal investigations, while recognizing the role of surfaceto transition state theory (TST) [14] as

vibrations in adatom diffusion, have ignored any such ksT —AF
contribution. Energy barriers have been calculated for r= o exp(ﬁ) @)
static lattices, and diffusion prefactors have been assumed B

to be devoid of vibrational entropic effects. The choicewhereAF is the difference in the Helmholtz free energy
of the prefactors and the energy barriers derived fronbetween the maximum (saddle point) and the minimum
Arrhenius plots have thus involved an arbitrariness andequilibrium site) of the potential energy curve. The
the neglect of microscopic details of the system. essential feature in Eqg. (1) is the dependencel’obn
The goal of the present work is to examine the influencehe free energy of activationf = ® + f.;,, where ®
of vibrational internal energy and entropy on single atomis the static potential energy of the system, gfyd, =
migration on perfect metal surfaces. As prototype syst/,;, — TS, is the vibrational free energy, witki,;;, the
tems we have chosen to study the process of self-diffusioimternal energy due to vibrations as¢y, the vibrational
via single hops between equivalent equilibrium positionsentropy. The diffusion coefficient may now be written as
on Cu(100) and Ag(100). This simple hopping mecha- —E,(T)
nism is consistent with direct observations of atomic dis- D = Dy(T) exp(*), (2)
placements with the FIM for a number of bcc and fcc ksT
adatom-substrate combinations [1]. While on (100) surwith
faces of Al, Pt, and Ir there is evidence that diffusion oc- kT ni2 AS..
curs via an exchange mechanism [5,9], on Ag(100) and Dy(T) = L exp( Vlb)
Cu(100) there has been some debate about the relevant h 2a kg
mechanism, and no direct experimental data have beeghq
reported to our knowledge. Earlier calculations [10] us-
ing the effective medium theory had predicted exchange Eq(T) = A® + AUuis,
to be the dominant process for the diffusion of Cu onwhereAS,;,, AUy, and Ad are the differences in the
Cu(100). However, a recent molecular dynamics studyespective quantities between the maximum and minimum
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of the potential energy curve and is the number 1.4
of jump-equivalent directions available to the adatom 12
(here n = 4). In most calculations of the diffusion )
coefficient, AS,;, and AU,;, are assumed to be zero. 1.0
Experimentalists assume the preexponential factor to be
independent of temperature. As we shall see, the presence
of AS,;, in the preexponential term makes it indeed
almost temperature independent. In the following we
will calculate explicitly Afyi,, ASyip, and AU, for
self-diffusion on Cu(100) and Ag(100). Note that the
assumption of negligible recrossing of the barrier in TST \
affects only the absolute values of the diffusion coefficient 0 1 2 3 4 5 6
and not the thermodynamic functions. Frequency (THz)

In this initial study we invoke the harmonic approxima-
tion of lattice dynamics to calculate the thermodynamic
functions needed in the evaluation of Eq. (2). The par-
tition function for harmonic or quasiharmonic vibrations
then yields the following equations:

Vmax 1
Uyip = kBT] Nw)| —x + s dv,
0 2 er — 1

Svib = kg N(v) <_ In(1 —e™™) + a )dl/,
0 er — 1

3)
wherex = hv/kgT andN(v) is the vibrational density of
states. The notable quantity here is the vibrational density 0 1 2 3 4 5
of states which can be written a&8») = > ; N;(v), where Frequency (THz)
N;(v) is the local density of states (LDOS) as projected
onto the regioni. Depending on the location of the
adatom on the surface, it encounters a particular LDOS
which, as we shall see, is strikingly different for the bridge
and the fourfold positions leading to differences in the
local thermodynamic functions in these two regions.

To calculate the LDOS we use the real space Green’s
function method which has been described in detail earlier
[15]. Very briefly, the Green’s function corresponding to
a force constant matrik” can be written as

G(w? — ie) = [(w? — ie)] — HP]!, (4) ’ .
wherel is a unit matrix and the LDOS of regiaris given : - ‘
by Jan=9 0 1 2 3 4 5 6
Frequency (THz)

1 .
Ni(@?) = ——Ime_TrG(w? — ie).  (5)
v
. . . FIG. 1. The LDOS for (a) Ag(100) surface atom, (b) adatom

We use interaction potentials from the embeddeq atorn] fourfold site, and (c) adatom in bridge site, calculated with
method [16] to calculate the force constant matrix fore — ¢.1. Dashed line shows the total LDOS, dotted line the
adatom positions along the diffusion path (equilibriumandy components, and solid line thecomponent.
and saddle point positions). For the adatom in the four-

fold equilibrium site the total energy was minimized using
a conjugate gradient technique in thid-8imensional co- The LDOS for a surface atom on Ag(100) presented

ordinate space, whef¢is the number of atoms in the cell. in Fig. 1(a) show that the component (perpendicular
To keep the adatom in the bridge position from movingto the surface) has its major weight between 2—3 THz,
back to its equilibrium position, and to avoid the whole while the frequency distribution im andy directions are
crystal from shifting relative to the adatom position, westrictly degenerate and more bulklike [17]. The LDOS
fixed the coordinates of the adatom and those of the &r an adatom in the fourfold position shown in Fig. 1(b)
edge atoms of the cubic cell in the direction of the reacdiffer significantly from the one obtained for an Ag(100)
tion coordinate £ direction) and allowed minimization of surface atom. The major weight for the component
the total energy in theN3-9 dimensional coordinate space. is now shifted towards higher frequencies and shows
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three peaks, while the LDOS for the degeneratand for hopping self-diffusion on Cu(100) is 0.48 eV, and the
y directions are now shifted towards lower frequenciespreexponential factor i€3.2 X 10~%) cn?/s. For Ag
Finally, the frequency distribution for an adatom in thewe find an activation barrier at 160 K of 0.46 eV. The
bridge position on Ag(100), presented in Fig. 1(c), showdowering of the activation barrier due to phonons thus
a drastic change. The most striking feature is a narrovleads to a better agreement with experimental values for
peak at high frequencies, which is exclusively contributedCu and Ag. Our preexponential factor for Cu which in-
by a vibration in thez direction. The LDOS in thex  cludes vibrational entropy contribution is also in excellent
andy directions are no longer degenerate, and the stablagreement with that suggested from the experimental data.
mode contribution of thea component is zero, consistent Note that although usage of the harmonic approximation
with TST. The LDOS for an adatom on Cu(100) exhibit may be problematic at high temperatures, previous work
similar differences between the bridge and the fourfold25] has shown that anharmonic effects on Cu(100)
positions. become significant only beyond 600 K. On recalculat-
Our calculated values of the static activation barrierdng the thermodynamic quantities discussed here in the
for adatom self-diffusion on Cu(100) and Ag(100) arequasiharmonic approximation [26] we find that at 600 K
0.51 and 0.48 eV, respectively. These values agree vethe calculated values of the preexponential factors for Cu
well with a previous study using two different sets and Ag change by 19% and 13%, respectively, from those
of EAM potentials [11]. For Ag(100) an activation obtained in the harmonic approximation. The vibrational
energy of(0.50 + 0.03) eV was derived from amb initio  contribution to the activation barrier is found to be the
calculation [18] which is close to that obtained by us. Forsame in both approximations, and the overall conclusions
the hopping mechanism on Cu(100) the activation energyeached here about self-diffusion on Ag(100) and Cu(100)
we find is also similar to values derived with two versionsremain unaffected in the quasiharmonic approximation.
of the corrected effective medium potential (0.47 and
0.52 eV) [19], while from the effective medium theory

itself this quantity is 0.43 eV [10].
The calculated activation vibrational free enety.;y, ’>'“12
the corresponding internal energyU,;,, and entropy 2
AS,;p for hopping self-diffusion on Ag(100) and Cu(100) o 8
are shown in Fig. 2. The inset in Fig. 2(c) shows the C'_g
preexponential factoD, (including AS,;,) to be almost o> 4
constant. ForAU,;, [Fig. 2(b)] the results for Ag and <
Cu are almost identical and lead to a decrease of the 0
diffusion barrier of about 10% at 600 K. This effect 100 200 300 400 ~ 500 600
is overcompensated by the negative vibrational entropy 0 Temperature (K)
contribution, which leads to a drastic decrease of the . b

preexponential factor by about 2 orders of magnitude at
600 K [exgdAS/k) = 0.03]. Both effects together lead

to a significant increase of the activation vibrational free
energy of about 120 meV at 600 K, as can be seen

AU, (1072 eV)

from Fig. 2(a). At least for self-diffusion via hopping -
on Ag(100) and Cu(100) these results demonstrate clearly 5
that vibrational contributions play an important role. -6
For self-diffusion on Cu(100) experimental stud- 100 200 Ten?g%ratu4r?(K) 500 600
ies using He-atom scattering, report values Bf = —~ 3
0.40 eV andDy = (1.4 X 10~%) cm?/s [20], while in a { 9 G 34 ¢
subsequent study the extracted values Bye= (0.28 * > § 3.2 | e
0.06) eV and Dy = 107> cn?/s [21]. The temperature <O ! 530
interval ranged from 260 to 450 K [20] and from 170 o 0 ;;2 8
to 250 K [21] in these two experiments. A third study Z1 )
using low-energy ion scattering proposed an activation 2 -2
barrier E; = (0.39 = 0.06) eV [22] and finally from 2 -3
high-resolution low-energy electron diffraction experi- 100 200 300 400 500 600
ments a value oE; = (0.36 = 0.03) eV was suggested Temperature (K)

for self-diffusion on Cu(100) [23]. For self-diffusion o )
on Ag(100) a recent study reports an activation barrie IG. 2. The temperature dependence of (a) the activation vi-
f (040 + 005) eV [24]. f the t t for th rational Helmholtz free energdf.:,, (b) the activation vibra-

of (0.40 * o _)e [24], from the temperature for the tional internal energ\AU,;;,, and (c) the activation vibrational
onset of diffusion at 160 K. In the temperature rangeentropyAS,;,. The inset in (c) shows the preexponential fac-
260 to 450 K our calculated average activation barrietors includingAS,;s.
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In the case of self-diffusion on Ag(100) [3,27] and ment with experimental data. Most importantly, these
Cu(100) [2] molecular dynamics simulations have yieldedcalculations provide for the first time a reliable method
Arrhenius behavior for the temperature dependence of thiar the calculation of preexponential factors which may
diffusion coefficients. The advantage of molecular dy-then be used in any theoretical and experimental study of
namics simulations is that anharmonic vibrations aregrowth at crystal surfaces. Results of similar calculations
included automatically. Difficulties arise, however, in on Ni(100) [26] convince us of the generality of conclu-
obtaining good statistics to extract accurate diffusion cosions reached hends-a-visthe (100) surface. It will be
efficients. Also, the temperature variation of the diffusioninteresting to examine the dependence of the vibrational
coefficients cannot be assigned solely to contributionsctivation free energy on surface orientation.
from phonons. Nevertheless, for exchange mechanism U. K. thanks the Deutsche Forschungsgemeinschaft for
on Cu(100) [2] molecular dynamics simulations find thea postdoctoral grant. We thank S. Durukanoglu, P.
dynamic barrier to be about 18% lower than the staticStaikov, L. Weaver, and P. Kirpick for fruitful discus-
one. For hopping mechanism any lowering of the barriesions. This work was supported in part by the NSF
lies within the statistical error range. Self-diffusion under Grant No. DMR-9120440 and computations were
studies on Rh(100) and Ag(100), on the other handperformed on a Convex Exemplar supported in part by
report [3] very similar values for the static and dynamicGrant No. DMR-9413513.
activation barriers. However, as the statistical error for
the dynamic barrier in these calculations is about 8%,
the effect of the vibrational internal energy is difficult to
extract from this_ simulation. Molecular dynamics simu- [1] G. Ehrlich, Surf. Sci299/300, 628 (1994).
lations for self-diffusion on flat fCC(ll]:) su_rfaces have led [2] G.A. Evangelakist al., Surf. Sci.347, 376 (1996).
to debatable results. While for self-diffusion on Ag(111) [3] D.E. Sanders and A.E. DePristo, Surf. S&60, 116
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