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Monovacancy diffusion on Ag100), Cu(100), and Ni(100): Prefactors and activation barriers
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Our calculated activation barriers and preexponential factors show that monovacancy diffusion is an impor-
tant constituent of mass transport on(Ag0), Cu(100), and N{100 and competes well with adatom diffusion.
The contribution of lattice vibrations to the temperature dependence of the diffusion coefficient is incorporated
through activation functions calculated in the harmonic approximation, invoking transition state theory and
many-body interaction potentials from the embedded-atom method. On all three surfaces activation barriers are
found to increase with the inclusion of lattice thermal expandi60163-182€09)01016-4

. INTRODUCTION case of C(100), both pair potentiafs’ and many-body
potentiald arrive at the same conclusion. However, apart
Diffusion on metal surfaces remains a subject of considfrom the case of C00 for which molecular-dynamics
erable interest because of its inherent relevance to thermalgimulations have been used to obtain the diffusion
activated processes. On the one hand, a fundamental undé&eefficient] these studies do not take into account the dy-
standing of atomistic processes responsible for surface diffyramical contributions to the diffusion coefficients. Instead,
sion is necessary as it uncovers the nature of the temperaturéey focus on the energetics, i.e., the calculation of activation
dependent potential-energy surface experienced by thlgarriers at 0 K, which is the first step in any calculation. The
diffusing entity. On the other hand, diffusion plays a crucialother, and more challenging, step is the evaluation of the
role in many technologically important processes like thin-Preexponential factof‘prefactor” for simplicity) in the dif-
film and crystal growth, catalysis, and chemical reactionsfusion coefficient that depends also on the dynamical aspects
Recent technical advances in several experimental tect®f the potential energy surface. The tendency in molecular-
niques like scanning tunneling microscopy, He atom-surfacélynamics simulations, as in experiments, is to extract nu-
scattering, and field ion microscopy, coupled with easy acmerical values for both the prefactor and the activation bar-
cess to enhanced computational power and calculation&ler from an Arrhenius plot. Since the origin of activation
methods, have led to a surge of activity in studies of surfacarriers is easier to comprehend and their magnitude may be
diffusion. As precursors to developing an understanding opbtained from other considerations, it is the prefactor that
complex and technologically important systems, these work&emains largely a fitting parameter, rather than an entity with
have concentrated on examination of the diffusion of adaPhysical significance.
toms, atomic clusters, and vacancy islands. In contrast to T0 understand the dependence of the prefactor on atom-
many studies of bulk- and grain-boundary diffusion in whichistic properties of systems, we have recently developed a
the mobility of vacancies plays a central roléhe issue of ~calculational schente™*%in which this quantity is evaluated
monovacancy migration has remained on the sidelines bewithin the validity of transition state thedryand the har-
cause of the lack of definitive experimental evidence in itsmonic approximation of lattice dynamics. Our calculated
favor. This is not surprising since in growth processes, parprefactors for adatom self-diffusion on flat and stepped sur-
ticularly at low temperatures, the density of vacancies orfaces of N{100), Cu100), and Ag100 have shown the re-
surfaces may not be significantly high to compete with de-sults to be reasonable and the method to be reliable. The aim
posited adatoms for mass transport. If vacancies do exist, thig this paper is to extend the technique to a comparative
guestion naturally raised is the following: for what systems,study of the coefficient for vacancy diffusion on these three
and under what conditions, is the mobility of monovacanciesnetal surfaces, as a function of the surface temperature, and
a serious contender for surface self-diffusion? For the lowthereby evaluate the relative preference for vacancy and ada-
Miller index surfaces of Ag, Cu, and Ni, several theoreticaltom diffusion. As in the case of adatoms, we also examine
studies have addressed this issue partfafiyAdatom diffu-  the effects of lateral thermal expansion on activation barriers
sion appears to be favored over monovacancy’'s di0Q), and prefactors for vacancy diffusion by performing a set of
Ni(111, and N{110,* and on Cll1l) and C{110,>~’ calculations in a restricted quasiharmonic approximation in
while vacancy diffusion is predicted to dominate on(@0)  which we include thermal expansion in the bulk and in the
(Ref. 3 and Ag100).2 Recently, an experimental study has surface plane, but not along the surface normal.
also hailed migration of monovacancies as the most likely
source .of O;twald ripening oflohomoepitaxially grown two- Il. THEORETICAL DETAILS
dimensional islands on C100).™" Hannonet al. explain the
increasing growth of larger-sized clusters at the expense of The top view of two essential stages in the diffusion of a
the smaller ones by assuming mass transport between islandeonovacancy on a f€£00) surface are sketched in Fig. 1. At
via the diffusion of vacancies instead of adatoms. the left of the figure is a minimum-energy configuration in
These results have been informative and, at least in thevhich a monovacancy is shown surrounded by four surface
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wherex=hwv/kgT. To examine the contributions from differ-
monovacancy hopping diffusion. Black circles indicate surface at'n|(v) is the local density of statedDOS) in region!. To
oms, white circles represent atoms of the second layer. The grayaiculate the LDOS we solve the secular equation for the
circles represent the tagged surface atame of four equivalent ¢ o constant matrix for the entire system and obtain the
atoms for the interc_hangén its _o_riginal (minimum-energy site eigenvaluesy; and eigenvectoray(v;) from which the
position, at left, and in the transition state, at right. LDOS at sitel in Cartesian directior8 is calculated as

atoms. Vacancy diffusion proceeds when one of these other-

wise equivalent atoms jumps towards the vacancy and even- N ) )

tually exchanges its position with the vacancy thereby caus- N p(v) =2 —|uy g(wy)|2e @), )

ing the latter to diffuse. We have shaded such an atom light b

gray in Fig. 1 and will refer to it as the tagged atom in the

rest of the paper. The intermediate stage in this processyhere a governs the width of theS function and the sum

shown at the right half of Fig. 1, is the transition state inruns over allN eigenvalues; .

which the tagged atom is located between its original site We shall see that these LDOS depend strikingly on the

and the vacancy. The vacancy moves over the surface Hgcation of the tagged surface atom along the reaction coor-

subsequent jumps of neighboring surface atoms into the vadinate (minimum-energy site or in the transition statnd

cant region. The net result of these jumps is a random walkead to differences in the local thermodynamic functions in

of the vacancy over the surface. these two configurations. The input for calculations of LDOS
The diffusion coefficient of an entity performing random is the force-constant matrix that we obtain from interaction

walk may be written within the validity of transistion state potentials based on the embedded-atom méth@&AM). In

theory as? our work on adatom self-diffusion, usage has been made of
two different sets of EAM potentials: one obtained by Faoiles,
—AD Baskes, and Datff (FBD) and the other by Voter and Chén
D=Dy(T) exp( kB—T) (1)  (VC). The latter has the advantage that it has been fitted to

reproduce correctly the bond strength and bond length of the
dimer, in addition to several properties of the bulk metal.
Since it is not cleama priori which EAM potential is more
T ni2 A _AU suitable for examinatio_n of monovacancy diffusion on
Do(T)= "B n—ex;{ S"ib>exp< vib) Cu(100, Ag(100), and Ni{100, we use both sets of poten-
h 2« kg kegT /' tials and judge the extent to which the results depend on
specific choice. The procedure for the calculation of the
whereAS,;,, AU,;,, andA® are, respectively, the differ- LDOS for the vacancy and tagged atom is very similar to
ences in the vibrational entropy, internal energy, and statithat already described for the adatotfs.
(structural energy, for the system with the diffusing entity at  The model system consists of 999 atoms arranged in ten
the maximum- (saddle point and the minimum-energy layers, such that a missing atom in the surface layer is the
points on the potential-energy surface. These are also callagcancy. This system is large enough that finite-size effects
the activation functions. When the diffusing entity is a va-can be ignored. Periodic-boundary conditions are applied in
cancy, the saddle point refers to the maximum-energy pointhe surface X-y) plane only. Structural total energies are
on the potential-energy surface for the tagged surface atomvaluated using a conjugate gradient technique with all at-
shown in Fig. 1. Heren is the number of equivalent possi- oms relaxed in their minimum energy configuration, in the
bilities for atom-vacancy interchangkjs the jump length, 3N-dimensional coordinate space, whétdés the number of
and « is the dimensionality of the process. Note that in theatoms in the cell. In the transition state, we fix the position of
classical limit the equations above are equivalent to thoséhe tagged atom and of the eight edge atoms of the cubic cell,
proposed by Vineyar® Our usage of the quantum- along the reaction coordinate, and carry out the minimization
mechanical vibrational partition function has interesting con-of the total energy in the I8—9-dimensional coordinate
sequences foD, at low temperatures, as we shall see. space. This prevents the tagged atom from returning to the
In the harmonic/quasiharmonic approximation of latticeminimum-energy position and the whole crystal from trans-
dynamics, the thermodynamical quantities appearing in théating along the reaction coordinate. Force-constant matrices
above equations assume standard forms that exhibit their désr atomic configurations along the diffusion pdthinimum
pendence ol(v), the vibrational density of states as a func- energy and transition statare then calculated from the spe-
tion of frequencyv. For example, cific configurations.

with
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FIG. 2. LDOS for Ag, Cu, and Ni, for the tagged atom in its minimum-energy|sipg@er row,(@—(c)] and in the transition staféower
row, (d)—(f)], calculated in the harmonic approximatitolid line) and for an expanded lattice at 600(#otted ling, using FBD potentials.
The values ofx were chosen to be(Ag)=0.1, a(Cu)=0.05, anda(Ni) =0.03.

Ill. RESULTS AND DISCUSSION compensates that &fU;, leading to a net increase in the

The local vibrational density of states for the tagged atomwbratlonal free energyabout 100 mevV, at 600 K This

(and the vacandyin its minimum-energy site have charac- ncrement inAf,, is smallest for Ni100) and highest for
teristic appearances regardless of the surface and the potefid(100, which can again be traced to the characteristics in
tial type, as seen in Figs(2-9 and Figs. 8a—9. Not sur- the LDOS in Figs. 2 and 3. In_ the_ case of(N00), the pro-
prisingly, these LDOS's resemble those of atoms on fedhounced Iow-_frequency contributions in the LDOS for the
(100 surface'? since the vacancy is a minor perturbation ont@gged atom in the transition state give rise to larger vibra-
the surface. At the same time, a common feature of thdional entropy and smaller differences in the vibrational
LDOS in the transition state, Figs(®-f), and Figs. &d—f), quantities for the minimum-energy and transition state con-
is the presence of high-frequency peaks contributed byigurations. Trends in the LDOS also explain the lack of
atomic vibrations along the surface normaldirection re-  noticeable differences in the thermodynamic functions re-
sulting from a strong bond between the tagged atom and thgulting from the harmonic and the expanded lattice cases.
two atoms in the second layer between which it is locatedrhis difference is found to be smallest for(l00), under-
(see Fig. 1L This is analogous to the case for an adatomstandably because of Ni's significantly higher melting tem-
located in a bridge sitéransition state for the hopping pro- perature as compared with Cu and Ag. In the same spirit,
cess on a fcd100) surface, as discussed in earlier wotk$? ~ Af,;, is smaller for the expanded lattice than for the har-
Despite this similarity, the LDOS'’s for the tagged atom in monic one for Ni100) and Cy100), but not for Ag100).
the transition state exhibit remarkable differences for the The preexponential factors for vacancy diffusion on
three metal surfaces. Each one of these is also strikinghAg(100), Cu100), and Ni100), calculated with both poten-
different from the respective one in the panel above it. Intertials in the harmonic approximation, are shown as a function
estingly, the LDOS's for the transition state for both(CR0  of temperature in Fig. 4. The prefactors are largest for
and Ni100 display enhanced contributions at lower fre- Ni(100), followed by Cy{100) and Ag100), in accordance
guencies, which are most pronounced in the case @@9  with the contributions of the respective activation entropies
with the FBD potential[Fig. 2(f)]. These features do not discussed above. The general trends in the three curves show
appear in the case of Ag00) and have consequences for its prefactors increasing with temperature until about 200 K be-
activation entropies and preexponential factors, as we shajlond which they become almost temperature independent, as
see. expected in the classical limit. The behavior at temperatures
We find the qualitative features of the thermodynamic acbelow 200 K is reflective of the usage of the quantum-
tivation functions calculated using the LDOS in Fig. 2 andmechanical partition function.
Fig. 3 to be similar to the corresponding ones for adatom The values for the prefactofat 600 K are summarized
diffusion}?13 On each surface the contributiaxS,;, over-  in Table I. These values are within a factor of 2 of each



PRB 59 MONOVACANCY DIFFUSION ON Ag(100, Cu100), . .. 11017

v)

v

]

(¢}

it

n

Y

o

2

[72]

c

[

Q

®

o

o

-

0o 1 2 3 4 5 6 123456789 2 4 6 8 10
Frequency (THz) Frequency (THz) Frequency (THz)

] .

8| —— harmonic approx. | | .

8| expanded lattice Cu Ni

n

o A

2 g

‘n

c

[ )]

(]

E " A

U Yy

(o] i

-

© 1 2 3 4 5 6 123456789 2 4 6 8 10
Frequency (THz) Frequency (THz) Frequency (THz)

FIG. 3. LDOS for Ag, Cu, and Ni, for the tagged atom in its minimum-energy[sip@er row,(@—(c)] and in the transition staféower
row, (d)—(f)], calculated in the harmonic approximatitsolid line) and for an expanded lattice at 600(&otted ling, using VC potentials.

other. In fact, the values are comparable to those for adatoi®.9 (VC), while for Ni(100 they are 3.7(FBD) and 1.1
diffusion on the these surfaces. A quick comparison with(VC). Note, that in Ref. 12 the definition of the prefactors
Table 2 in Ref. 12 reveals that the prefactors for monovadid not includeAU,;,, and hence the values need to be

cancy diffusion on C(@00 are 2.9(FBD) and 3.6(VC)
times higher than for adatom diffusion. For A0 and

multiplied by 2.72 for comparison with those in Table I.
Table | also shows that at 600 K the calculation with the

Ni(100), the comparison depends more strongly on the formexpanded lattice gives somewhat higher values of the pref-
of the interaction potential. The ratio of the prefactors foractors for vacancy diffusion on €100) and Ni(100 [lower

vacancy and adatom diffusion on Ag0) are 2.5(FBD) and
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on Ag(100], than the one with the 0-K lattice constant. The

effects are, however, small and may be ignored as a first

approximation.

The effect of lateral thermal expansion on activation bar-
riers is documented in Table Il in whicA® is the barrier
calculated with the 0-K lattice constant, and942%'is that
with lattice constant at 600 K. As the lattice expands later-
ally, we find a general increase in all barriers. This trend was
also observed for adatom hopping on {1€0 surfaces of
Ag, Ni, and Cu(Refs. 12 and 18and on Ad111).*® Further,

a comparison oA® from Table Il with the corresponding
activation barriers for adatom diffusioisee Ref. 12, Table

TABLE I. Preexponential factor®, andDJ"%', which include
contributions fromAS,;, and AU,;, calculated at 600 K. Here
Dg"®'includes lateral thermal expansion of the lattice.

cn?ls Do Dguas!
Ag 2.0x10° % (FBD) 1.6x 102 (FBD)
2.1x103 (VC) 1.6x10°3 (VC)
Cu 2.5x10°2 (FBD) 3.0x10°2 (FBD)

FIG. 4. Temperature dependence of the preexponential factors
for vacancy diffusion on AGL0O0), Cu(100), and Ni100), calculated Ni
in the harmonic approximation: FBD potentialpper figurg, and

VC potential(lower figure.

3.2x10°2 (VC)
3.4x10°2 (FBD)
3.8x10°2 (VC)

4.3x1073 (VC)
4.0x 102 (FBD)
4.0x1073 (VC)
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TABLE II. Activation barriersA® andA®9“2s calculated with  for vacancy diffusion in mass transport. It is proposed to be
the lattice constant fo0 K and 600 K, respectively. the dominant mechanism in previous theoretical
calculationd® and analysis of experimental d&taOur re-

ev Ao Agauas! sults suggest that vacancies compete well with adatoms in
Ag 0.47 (FBD) 0.53 (FBD) surface migration on Q@00). Whether or 'not they are fa-
0.45 (VC) 0.50 (VC) vored over adatoms depends on the relative concentration of
Cu 0.44(FBD) 0.50 (FBD) vacancies and adatoms at a specific temperature. It should be
0.46 (VC) 0.52(VC) pomted_that. our calculated preexponenthl faqtors for va-
Ni 0.55 (FBD) 0.67 (FBD) cancy dn‘fusmn_ are _smallgr than .thc.)se obtameq in recz_ant mo-
0.59(VC) 0.63(VC) lecular dynamics simulatiosThis is not surprising, since

the simulations were performed in a temperature range of
650 K to 980 K. At these high temperatures enhanced anhar-
1) shows that for C(L00) and Ni100) the former are about monicity plays an important rof&2?with consequences for
13% smaller than the |atter, irreSpeCtive of the type of EAMprefactorS’ as demonstrated by Suni and Seébaur
potential. In the case of Ag00), these barriers are of com-
parable strengthdifferences: 0.01 eMFBD) and 0.03 eV
(VC) lie within the error margins in EAM o _ V. SUMMARY

The above results for prefactors and activation barriers
indicate that if adatoms and vacancies are both present on the We have calculated activation barriers and preexponential
surface, vacancy diffusion competes quite well with that offactors for monovacancy diffusion on A0, Cu(100, and
adatoms for mass transport. In general, the values of thNi(100) surfaces, by including explicitly the contribution of
prefactors and activation barriers for both types of speciethe activation vibrational free energy, which was calculated
are comparable, although some differences may be merirom the local vibrational density of states of the tagged
tioned. Our results indicate that vacancy diffusion may beatom in its two relevant positior{sninimum energy and tran-
favored on C@00 and Ni{100. For Ag(100 the relative sition stat¢. The results for the three metal surfaces show
rates for the two processes appear to be similar: FBD poterthat the vibrational entropy contributions, and hence the pref-
tials give vacancy diffusion an edge, while VC potentialsactors, depend on particular features of the LDOS. We find
yield quite comparable rates for the two. Given the limits ofthat at temperatures beyond 200 K diffusion prefactors be-
accuracy of empirical potentials like the EAM, however, it is come almost constant. Below 200 K they decrease with de-
best to emphasize here the qualitative similarities rather thaareasing temperature to vanish at 0 K, as a consequence of
the small differences in the magnitudes of various diffusionthe usage of the quantum-mechanical partition function. In
coefficients that we have calculated. It should also be regeneral we find the differences in the results obtained from
membered that in reaching these conclusions about prefethe harmonic approximation and from that for the expanded
ences for vacancy or adatom surface diffusion we have ndattice to be small. The most noticeable impact of the ex-
taken into account the respective formation energies, sincganded lattice calculations is on the activation barriers that
our aim was to compare only their migration rates. In makingncrease with lattice expansion for all three metal surfaces
connection with specific experiments, it would be importantand independent of the potential type. Although the quanti-
to know more details like sample preparation technique, anthtive details may depend on the details of the interaction
the presence of islands, steps, or kinks, as the availability gbotential, we find for all three surfaces the diffusion coeffi-
adatoms and vacancies on surfaces may depend on thenients for monovacancies to be comparable to that of ada-
Both species may also be created as vacancy-adatont®pairsoms, if not larger. Thus in consideration of mass transport
yielding the same amounts of each. on surfaces, the role of vacancies cannot be ignored. These

Of the three surfaces studied here,(T10 has been the results await verification by further experimental data and
subject of most intense discussion vis-a-vis the preferencemore sophisticated theoretical calculations.
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