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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
within the framework of transition state theory. The local thermodynamic functions are calcu
from vibrational density of states extracted using interaction potentials based on the embedde
method. We find that, as temperature rises to 600 K, vibrational contributions lead to a decre
the preexponential factor of about 2 orders of magnitude, a lowering of the barriers by about 10%
an increase in the activation free energy by about 20%. The net effect on the diffusion cons
significant. [S0031-9007(97)02361-2]

PACS numbers: 68.35.Fx, 65.50.+m, 68.35.Ja, 68.35.Md
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Migration of atoms on metal surfaces attracts mu
interest, both experimentally and theoretically, beca
of the important role that diffusion plays in the grow
of thin films, in the formation of epitaxial layers, an
in heterogeneous catalysis. For several decades
field ion microscopy (FIM) has provided very intrigu
ing and detailed information on adatom diffusion on
number of metal surfaces [1]. These and related stu
supplemented by a number of theoretical investigatio
ranging from detailed computer simulations [2–4]
ab initio electronic structure calculations [5,6] ha
yielded a good deal of insight into the characteristics
diffusion processes and barriers for several mater
With the exception of a few studies in which vibration
entropy effects were found to be significant [7,8], theor
cal investigations, while recognizing the role of surfa
vibrations in adatom diffusion, have ignored any su
contribution. Energy barriers have been calculated
static lattices, and diffusion prefactors have been assu
to be devoid of vibrational entropic effects. The cho
of the prefactors and the energy barriers derived fr
Arrhenius plots have thus involved an arbitrariness
the neglect of microscopic details of the system.

The goal of the present work is to examine the influe
of vibrational internal energy and entropy on single at
migration on perfect metal surfaces. As prototype s
tems we have chosen to study the process of self-diffu
via single hops between equivalent equilibrium positio
on Cu(100) and Ag(100). This simple hopping mec
nism is consistent with direct observations of atomic d
placements with the FIM for a number of bcc and
adatom-substrate combinations [1]. While on (100) s
faces of Al, Pt, and Ir there is evidence that diffusion
curs via an exchange mechanism [5,9], on Ag(100)
Cu(100) there has been some debate about the rel
mechanism, and no direct experimental data have b
reported to our knowledge. Earlier calculations [10]
ing the effective medium theory had predicted excha
to be the dominant process for the diffusion of Cu
Cu(100). However, a recent molecular dynamics st
0031-9007y97y78(6)y1086(4)$10.00
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[2] in agreement with previous studies based on emb
ded atom method (EAM) potentials [11] and also tho
based onab initio electronic structure calculation of sur
face diffusion of Cu adatoms on Cu(100) [12] and of A
on Ag(100) [13] came to the conclusion that hopping
energetically favorable over the exchange mechanism.

For an isolated atom migrating on a surface, t
intrinsic diffusion coefficientD may be obtained from the
Einstein relation, D  kDr2ly2at, for random walk,
where kDr2l  Nl2 is the mean-square displaceme
of the diffusing particle during the time periodt, a

is the dimensionality of the motion (here:a  2), andl is
the jump distance. The number of jumpsN is simply the
product of the time period and a hopping rateG, which for
thermally activated diffusion may be expressed accord
to transition state theory (TST) [14] as

G 
kBT

h
exp

√
2DF
kBT

!
, (1)

whereDF is the difference in the Helmholtz free energ
between the maximum (saddle point) and the minimu
(equilibrium site) of the potential energy curve. Th
essential feature in Eq. (1) is the dependence ofG on
the free energy of activation,F  F 1 fvib, where F

is the static potential energy of the system, andfvib 
Uvib 2 TSvib is the vibrational free energy, withUvib the
internal energy due to vibrations andSvib, the vibrational
entropy. The diffusion coefficient may now be written a

D  D0sT d exp

√
2EdsT d

kBT

!
, (2)

with

D0sT d 
kBT

h
nl2

2a
exp

√
DSvib

kB

!
and

EdsT d  DF 1 DUvib ,

whereDSvib , DUvib , and DF are the differences in the
respective quantities between the maximum and minim
© 1997 The American Physical Society
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of the potential energy curve andn is the number
of jump-equivalent directions available to the adato
(here n  4). In most calculations of the diffusion
coefficient, DSvib and DUvib are assumed to be zero
Experimentalists assume the preexponential factor to
independent of temperature. As we shall see, the prese
of DSvib in the preexponential term makes it indee
almost temperature independent. In the following w
will calculate explicitly Dfvib , DSvib , and DUvib for
self-diffusion on Cu(100) and Ag(100). Note that th
assumption of negligible recrossing of the barrier in TS
affects only the absolute values of the diffusion coefficie
and not the thermodynamic functions.

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

Uvib  kBT
Z nmax

0
Nsnd

√
1
2

x 1
x

ex 2 1

!
dn ,

Svib  kB

Z nmax

0
Nsnd

√
2 lns1 2 e2xd 1

x
ex 2 1

!
dn ,

(3)

wherex  hnykBT andNsnd is the vibrational density of
states. The notable quantity here is the vibrational den
of states which can be written asNsnd 

P
i Nisnd, where

Nisnd is the local density of states (LDOS) as project
onto the regioni. Depending on the location of th
adatom on the surface, it encounters a particular LD
which, as we shall see, is strikingly different for the bridg
and the fourfold positions leading to differences in t
local thermodynamic functions in these two regions.

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

Gsv2 2 ied  fsv2 2 iedI 2 HDg21, (4)

whereI is a unit matrix and the LDOS of regioni is given
by

Nisv2d  2
1
p

Ime!0 Tr Gsidsv2 2 ied . (5)

We use interaction potentials from the embedded at
method [16] to calculate the force constant matrix f
adatom positions along the diffusion path (equilibriu
and saddle point positions). For the adatom in the fo
fold equilibrium site the total energy was minimized usin
a conjugate gradient technique in the 3N-dimensional co-
ordinate space, whereN is the number of atoms in the cel
To keep the adatom in the bridge position from movi
back to its equilibrium position, and to avoid the who
crystal from shifting relative to the adatom position, w
fixed the coordinates of the adatom and those of th
edge atoms of the cubic cell in the direction of the rea
tion coordinate (x direction) and allowed minimization o
the total energy in the 3N-9 dimensional coordinate spac
be
nce
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FIG. 1. The LDOS for (a) Ag(100) surface atom, (b) adato
in fourfold site, and (c) adatom in bridge site, calculated w
e  0.1. Dashed line shows the total LDOS, dotted line thex
andy components, and solid line thez component.

The LDOS for a surface atom on Ag(100) presen
in Fig. 1(a) show that thez component (perpendicula
to the surface) has its major weight between 2–3 T
while the frequency distribution inx andy directions are
strictly degenerate and more bulklike [17]. The LDO
for an adatom in the fourfold position shown in Fig. 1(
differ significantly from the one obtained for an Ag(10
surface atom. The major weight for thez component
is now shifted towards higher frequencies and sho
1087
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three peaks, while the LDOS for the degeneratex and
y directions are now shifted towards lower frequenci
Finally, the frequency distribution for an adatom in t
bridge position on Ag(100), presented in Fig. 1(c), sho
a drastic change. The most striking feature is a nar
peak at high frequencies, which is exclusively contribu
by a vibration in thez direction. The LDOS in thex
and y directions are no longer degenerate, and the st
mode contribution of thex component is zero, consiste
with TST. The LDOS for an adatom on Cu(100) exhi
similar differences between the bridge and the fourf
positions.

Our calculated values of the static activation barri
for adatom self-diffusion on Cu(100) and Ag(100) a
0.51 and 0.48 eV, respectively. These values agree
well with a previous study using two different se
of EAM potentials [11]. For Ag(100) an activatio
energy ofs0.50 6 0.03d eV was derived from anab initio
calculation [18] which is close to that obtained by us. F
the hopping mechanism on Cu(100) the activation ene
we find is also similar to values derived with two versio
of the corrected effective medium potential (0.47 a
0.52 eV) [19], while from the effective medium theo
itself this quantity is 0.43 eV [10].

The calculated activation vibrational free energyDfvib,
the corresponding internal energyDUvib , and entropy
DSvib for hopping self-diffusion on Ag(100) and Cu(10
are shown in Fig. 2. The inset in Fig. 2(c) shows t
preexponential factorD0 (including DSvib) to be almost
constant. ForDUvib [Fig. 2(b)] the results for Ag and
Cu are almost identical and lead to a decrease of
diffusion barrier of about 10% at 600 K. This effe
is overcompensated by the negative vibrational entr
contribution, which leads to a drastic decrease of
preexponential factor by about 2 orders of magnitude
600 K [expsDSykd ø 0.03]. Both effects together lea
to a significant increase of the activation vibrational fr
energy of about 120 meV at 600 K, as can be s
from Fig. 2(a). At least for self-diffusion via hoppin
on Ag(100) and Cu(100) these results demonstrate cle
that vibrational contributions play an important role.

For self-diffusion on Cu(100) experimental stu
ies using He-atom scattering, report values ofEd 
0.40 eV andD0  s1.4 3 1024d cm2ys [20], while in a
subsequent study the extracted values areEd  s0.28 6

0.06d eV and D0  1025 cm2ys [21]. The temperature
interval ranged from 260 to 450 K [20] and from 17
to 250 K [21] in these two experiments. A third stud
using low-energy ion scattering proposed an activa
barrier Ed  s0.39 6 0.06d eV [22] and finally from
high-resolution low-energy electron diffraction expe
ments a value ofEd  s0.36 6 0.03d eV was suggeste
for self-diffusion on Cu(100) [23]. For self-diffusio
on Ag(100) a recent study reports an activation bar
of s0.40 6 0.05d eV [24], from the temperature for th
onset of diffusion at 160 K. In the temperature ran
260 to 450 K our calculated average activation bar
1088
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for hopping self-diffusion on Cu(100) is 0.48 eV, and th
preexponential factor iss3.2 3 1024d cm2ys. For Ag
we find an activation barrier at 160 K of 0.46 eV. Th
lowering of the activation barrier due to phonons th
leads to a better agreement with experimental values
Cu and Ag. Our preexponential factor for Cu which in
cludes vibrational entropy contribution is also in excelle
agreement with that suggested from the experimental d
Note that although usage of the harmonic approximat
may be problematic at high temperatures, previous w
[25] has shown that anharmonic effects on Cu(10
become significant only beyond 600 K. On recalcula
ing the thermodynamic quantities discussed here in
quasiharmonic approximation [26] we find that at 600
the calculated values of the preexponential factors for
and Ag change by 19% and 13%, respectively, from tho
obtained in the harmonic approximation. The vibration
contribution to the activation barrier is found to be th
same in both approximations, and the overall conclusio
reached here about self-diffusion on Ag(100) and Cu(10
remain unaffected in the quasiharmonic approximation.

FIG. 2. The temperature dependence of (a) the activation
brational Helmholtz free energyDfvib , (b) the activation vibra-
tional internal energyDUvib , and (c) the activation vibrationa
entropyDSvib. The inset in (c) shows the preexponential fa
tors includingDSvib .
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In the case of self-diffusion on Ag(100) [3,27] an
Cu(100) [2] molecular dynamics simulations have yield
Arrhenius behavior for the temperature dependence of
diffusion coefficients. The advantage of molecular d
namics simulations is that anharmonic vibrations
included automatically. Difficulties arise, however,
obtaining good statistics to extract accurate diffusion
efficients. Also, the temperature variation of the diffusi
coefficients cannot be assigned solely to contributio
from phonons. Nevertheless, for exchange mechan
on Cu(100) [2] molecular dynamics simulations find t
dynamic barrier to be about 18% lower than the sta
one. For hopping mechanism any lowering of the barr
lies within the statistical error range. Self-diffusio
studies on Rh(100) and Ag(100), on the other ha
report [3] very similar values for the static and dynam
activation barriers. However, as the statistical error
the dynamic barrier in these calculations is about 8
the effect of the vibrational internal energy is difficult
extract from this simulation. Molecular dynamics sim
lations for self-diffusion on flat fcc(111) surfaces have l
to debatable results. While for self-diffusion on Ag(11
and Au(111) [28] no difference was found for the dynam
and static barriers, significantly higher dynamic barriers
compared to the static ones have been reported for Ag(1
and Rh(111) [4]. For the latter case the higher barri
are shown to result from frequent recrossing events
the smooth (111) surface. These studies point to
timeliness of the subject and the need for detailed calc
tions of the vibrational contributions to self-diffusion in
systematic study as presented in this Letter.

To test the dependence of the results quantitatively
the interaction potential we have repeated our calculati
[26] with another type of EAM potentials as fitted b
Voter and Chen [29]. We find that while for Cu(100
the results are the same as those presented here, the
small differences in the preexponential factors calcula
for Ag(100). We have also made extensive comparis
[30] between our results using the two types of EA
potentials and available first principles results [13] f
static energy barriers, for several diffusion mechanis
on flat and stepped surfaces of Ag(100), to conclude
the results presented here are reliable despite the emp
nature of the interaction potentials.

In summary, our investigation of the role of phonons
self-diffusion on (100) surfaces of Cu and Ag establish
that vibrational effects should be included in any compl
description of the temperature dependence of the diffus
coefficient. We find that inclusion of vibrational intern
energy lowers the activation barrier by about 10% for
and Cu, as temperature rises to 600 K, while vibratio
entropy produces a decrease of the preexponential
tor of about 2 orders of magnitude. At 600 K, there
thus a vibrational free energy contribution of 120 me
and a diffusion constant that is lowered by about an or
of magnitude. The diffusion barriers and preexponen
factors arising from these results are in excellent agr
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ment with experimental data. Most importantly, thes
calculations provide for the first time a reliable method
for the calculation of preexponential factors which ma
then be used in any theoretical and experimental study
growth at crystal surfaces. Results of similar calculation
on Ni(100) [26] convince us of the generality of conclu-
sions reached herevis-à-visthe (100) surface. It will be
interesting to examine the dependence of the vibration
activation free energy on surface orientation.

U. K. thanks the Deutsche Forschungsgemeinschaft f
a postdoctoral grant. We thank S. Durukanoglu, P
Staikov, L. Weaver, and P. Kürpick for fruitful discus-
sions. This work was supported in part by the NSF
under Grant No. DMR-9120440 and computations wer
performed on a Convex Exemplar supported in part b
Grant No. DMR-9413513.

[1] G. Ehrlich, Surf. Sci.299y300, 628 (1994).
[2] G. A. Evangelakiset al., Surf. Sci.347, 376 (1996).
[3] D. E. Sanders and A. E. DePristo, Surf. Sci.260, 116

(1992).
[4] D. E. Sanderset al., Surf. Sci.264, L169 (1992).
[5] P. J. Feibelman, Phys. Rev. Lett.65, 729 (1990).
[6] R. Stumpf and M. Scheffler, Phys. Rev. Lett.72, 254

(1994).
[7] E. Kaxiras and K. C. Pandey, Phys. Rev. B47, 1659

(1993).
[8] L. B. Hansenet al., Surf. Sci.289, 68 (1993).
[9] G. L. Kellogg et al., Phys. Rev. Lett.64, 3143 (1990);

C. Chenet al., Phys. Rev. Lett.64, 3147 (1990).
[10] L. Hansenet al., Phys. Rev. B44, 6523 (1991).
[11] C. L. Liu et al., Surf. Sci.253, 334 (1991).
[12] C. Leeet al., Surf. Sci. Lett.306, L575 (1994).
[13] B. D. Yu and M. Scheffler, Phys. Rev. Lett.77, 1095

(1996).
[14] S. Glasstone, K. J. Laidler, and H. Eyring,The Theory

of Rate Processes(McGraw-Hill, New York, 1941);
D. A. King, J. Vac. Sci. Technol.17, 241 (1980).

[15] S. Y. Wu et al., Phys. Rev. B49, 7957 (1994).
[16] S. M. Foileset al., Phys. Rev. B33, 7983 (1986).
[17] G. Trégliaet al., J. Phys. (Paris)46, 987 (1985).
[18] G. Boisvertet al., Phys. Rev. B52, 9078 (1995).
[19] L. J. Perkins and A. E. DePristo, Surf. Sci.294, 67 (1993).
[20] J. J. Miguelet al., Surf. Sci.189y190, 1062 (1987).
[21] H.-J. Ernstet al., Phys. Rev. B46, 1929 (1992).
[22] M. Breemanet al., Surf. Sci.269y270, 224 (1992).
[23] H. Dürr et al., Surf. Sci.328, L527 (1995).
[24] M. H. Langelaaret al., Surf. Sci.352–354, 597 (1996).
[25] L. Yang et al., Phys. Rev. B44, 13 725 (1991).
[26] U. Kürpick and T. S. Rahman (to be published).
[27] G. Boisvert and L. Lewis, Mater. Res. Soc. Symp. Proc

317, 71 (1994).
[28] R. Ferrando and G. Tréglia, Surf. Sci.331–333, 920

(1995).
[29] A. F. Voter et al., Proc. Mater. Res. Soc.82, 175 (1986).
[30] U. Kürpick and T. S. Rahman, in “Surface Diffusion:

Atomistic and Collective Processes,” NATO-ASI Series
(to be published).
1089


