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Motion of vacancy islands on an anisotropic surface: Theory and kinetic
Monte Carlo simulations
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Recently, scanning tunneling microscopy results on the Brownian motion of two-dimensional vacancy is-
lands on A@110) were presented. While the detachment of adatoms from the island and their diffusion on the
terrace was permitted in the temperature range between 180 K and 220 K, the periphery diffusion of single
adatoms was prohibited. The Brownian motion of the islands was found to follow a simple scaling law with
terrace diffusion being the rate-limiting process. The scaling of the experimental results was confirmed by
kinetic Monte Carlo(kMC) simulations. Here, we elaborate on the results and especially present a detailed
derivation of the equation that relates the diffusivity of an anisotropic island to its size. Further details and
results on the kMC simulations will be presented as well. Our results shed light on the recently discussed issue
of attempt frequencies for surface diffusion. In this specific case of an anisotropic surface, we obtain prefactor
ratios for exchange and hopping mechanisms.
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[. INTRODUCTION of the adatoms. The experimental restiftdo not, however,
fulfill the simple universal scaling relation in E¢L) with an
The motion of two-dimensional islands has receivedinteger value for3. The same applies for the kinetic Monte
much attention in recent years because of its relevance t6arlo (kMC) simulations®® Rather noninteger and nonuni-
crystal growth. An island migrates since fluctuations in itsversal 8 values between 1.5 and 2.5 were found depending
shape cause random shifts of its center of mass. The mechan both temperature and substrate material. Only very re-
nisms for mass transport for small islands 10—1000 at- cently, kMC simulations based on a bond-counting ansatz
oms on metal surfaces are considered to (Beperiphery  resulted in a scaling law relation with the exponent 2 on a
diffusion, where adatoms hop along the step edge but do nsiquare lattice at least for low temperatut®#n the case of
detach from it,(ii) correlated terrace diffusion, where ada- periphery diffusion, the deviation from the predicted univer-
toms detach from the step edges, diffuse on the terraces, asdl scaling with intege exponents seems to be caused by
reattach to the step edge, afiid) uncorrelated terrace diffu- defects hindering the periphery diffusion, e.g., kinks, and the
sion, also called the evaporation recondensation mechanismifficulty of core breakug:*"*
where an additional barrier for adatoms to attach to a step We have recently studied a relevant model systethe
edge suppresses correlation. In the case of metal surfaces thigfusion of vacancy islands on an anisotropic(Ag0) sur-
prerequisite for the third mechanism does not exfst. face, where the terrace diffusion is the rate-limiting, atomic-
Substantial  effort, both  theoreticaly? ~and scale diffusion mechanism. We anticipate Efj) to hold,
experimentally,”’ has been devoted to the investigation of since no obstacles should impede terrace diffusion. For the
whether the island diffusion can be understood in terms ofmotion of vacancy islands in th€l10) direction our scan-
simple scaling law§.1t has been argued both from macro- ning tunneling microscopySTM) results clearly revealed
scopic theoriesand from simple scaling relation®that the  that a simple universal scaling is obeyed with an integer
diffusion coefficientD of an island should depend on its exponeni3=2 and an activation energy for the diffusivity of
diameterd via Ep=(0.41+0.06) eVv*?
In this paper, we present the details on how @g.can be
Docd ™. ) derived for terrace diffusion on an anisotropic surface. We
show that this equation is fulfilled both in experiments and in
The temperature-independent expongrdepends on the kMC simulations. The kMC simulation reproduces details of
rate-limiting mass transport mechanism. Exponents of 3 anthe experimental results. In particular, the simple scaling law
2 have been predicted for periphery diffusion and correlatederived theoretically exists in kMC simulations for the mo-
terrace diffusion, respectivety® tion of vacancy islands in thgl10) direction on the A¢L10
Experimentally, the Brownian motion of both vacancy surface independent of relative prefactors for the hopping
and adatom islands has mainly been studied onisthteopic ~ and exchange mechanism,/v,,. From the kMC simula-
surfaces of Ag and Ct.” On fca(111) and fe¢100) surfaces,  tions we derive an upper limit Of, /v, <5.
the energy barrier for adatom periphery diffusion is substan-
tially lower than the detachment energy of atoms from the
island edges. This finding is obtained from ripening experi-
ments where detachment rates are measufiéte observed The STM experiments have been performed in a UHV
island displacements are thus caused by periphery diffusiogystem equipped with a home-built, fast-scanning, variable-
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temperature STM as well as standard facilities for sample TABLE I. Energies(in eV) used in the kMC calculations. En-
preparation and characterizatibhThe anisotropic A¢L10) ergies were calculated yvith mol_ecular dyn_amics with thg program
surface is prepared by several sputteriigkeV Ne') and ~ artwork based on effective-medium potentieRef. 18. NN is the
annealing cycleg623 K) below the roughening temperature Number of nearest neighbors, i.e., neighbors in(tt) direction.
followed by a slow cool dowr(10 K/min). This procedure NNN is the number of next-nearest neighbors, i.e., the neighbors in

Its i | ll-ordered A0 f V . the (001) direction. NN/NNN, . before the motion, NN/NNRN,;
Ir:rsl(ljjssalrg ir(é:taer(;’ t\)l\;/ el-(lz(ra\/erﬁis ftﬁeriigr;tcféo a;ilgclz flcs); after the motion. All processes in t{801) direction are exchange

B - rocesses.

1-5 s. At these temperatures the single vacancies are sufﬁ-
ciently mobile to agglomerate into vacancy islands of mon{yn
atomic depth.

pre NNpost NNNpre - NNNpost <110> <001>

The mobility of the vacancy islands is studied in so-called0 - 0 2 - 2 0.21
STM movies, i.e., series of time-lapsed STM imades 0 - 0/1 0 - 0/1/2 0.28
(256x 256 pixels recorded at time intervals fron¥6 sto O - 0/1 1 - 1/2 0.28
~20 s. Special care was taken to ensure that the island mé- - 0/1 2 - 2 0.28
bility data was not influenced by the STM imaging procéss. 0 - 0/1 1 - 0 0.30

The kMC simulations have been performed on a grid of0 - 0/1 2 - 1 0.30
150x 40 atoms. The grid is sufficiently large that a vacancy0 - 0/1 2 - 0 0.32
will not encounter a border of the grid in any of the simula-0 - 012 0 - 0/1 0.39
tions. The program is written iDELPHIS and runs on a PC 1 - 1/2 0 - 0/1 0.39
with the standard random generator of Borland Delphi2 - 2 0 - 0/1 0.39
which we have thoroughly checked for correlations. We de0 - 012 1 - 0/1 0.41
fine one step in this standard KMC simulation as one millionl - 172 1 - 0/1 0.41
cycles. In each cycle an atom and a direction are choseh - 2 1 - 0/1 0.41
randomly and the atom is moved into this direction with al - 0/1 0 - 0/1/2 0.45
probability determined by the presence or absence of it - 0/1 1 - 1/2 0.45
nearest and next-nearest neighbors. The probabiltiese 1 - 0/1 2 - 2 0.45
calculated based on the energiebsted in Table | according 1 - 0/1 1 - 0 0.47
to P=ve¥kT assuming different prefactors for the hopping 1 - 0/1 2 - 1 0.47
motion along the atomic rows,, and for the exchange mo- 1 - 0/1 2 - 0 0.49
tion perpendicular to themy,,. For all hopping processes 1 - 0 0 - 0/1 0.56
and for all exchange processes, however, a single prefactor js - 1 0 - 0/1 0.56
assumed. These are scaled ig=e /T with Ep 1 ] 0 0 ) 0/1 0.58
=0.28 eV, the diffusion energy of an adatom on the terrace - 1 0 - 0/1 0.56

(see Table). Only motions between neighboring lattice sites
are included, i.e., no long jumps are allowed.

The initial configuration consists of a rectangular island
with a given aspect ratio. The island is placed in the center of 0 derive this equation for an anisotropic surface, we closely
the grid and several MC stefithe number of steps depend- follow the deduction for the isotropic case presented in Ref.
ing on temperatupeare run until an equilibrium aspect ratio -
is reached. In the temperature range investigated equilibra- Let us consider an island of lengtrand widthw as de-
tion of the adatom concentration within the island is alwayspicted in Fig. 1. For the island to move a distaniein the
much faster than equilibration of the island shape. A MC rurindicatedx direction, all material in the dark gray region has
is started and the island’s center-of-mass position and its a0 be moved into the light gray region. According to Pimp-
pect ratio are recorded at regular time intervals. The numbépelli et al* the relation between the shaded avedl and
of Monto Carlo steps between the recording of the positionghe numbemMN(ét) of atoms that move during the timé is
of the island depends on temperature and is chosen such ttgiven by
the center-of-mass displacement of the island is on average
at least half an atomic distance in th&10) direction. One — NS
KMC run consists of 100 island positions. The kMC results welns=yN(a) @

presented in this paper are based on a minimum of 10 runs, . _ - .
for each set of initial parameters with ng being the atomic densitin the surface layer. This

equation accounts for the fact that only some of the detach-
ing atoms will reach the opposite side of the vacancy island.
Most of the atoms will reattach to the same side causing no

lll. RESULTS AND DISCUSSION center-of-mass motion of the island as a whole. The number
A. Scaling law for an anisotropic surface of atoms that move during the time intervétl is given by

In the following, we will derive the simple scaling rela-
tion Eq. (1) for terrace diffusion on an anisotropic surface. N(6t)=Ngdt/, (©)]
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[170] it becomes evident that E¢) describes the random motion
of a vacancy island in the direction with the diffusivity,

A

1
/- 001) D«m=(ﬁ>-z. (8)
<\. W

This simple derivation shows that the diffusivity of the
T~ islands on an anisotropic surface scales with the square root
v of the island are& with a scaling exponent of 2.

- 3] |e Equation(5) is valid independently of the amount of mo-
tion in the(independenty direction. This equation, however,
requires an unhindered random motion of the single adatoms.
This is the equation that is not fulfilled in the case of periph-
ery diffusion on the isotropic surfaces discussed above lead-
ing to deviations from the simple scaling law behavior.

& ul
< Vl

FIG. 1. Sketch of the geometry of an anisotropic island moving
by terrace diffusion of the adatoms.

where 7 is the mean travel time for an adatom to diffuse

from one edge to the othémn x direction. The number of B. Experiments

adatomsN, which move at a certain timeis given by Figure Za) shows the first and the last image from a STM
movie recorded at 213 K over 10 min. The displacement of

No*psw! (4)  the vacancy islandgblack along the close-packed rows

({110, x direction is several nanometers on the time scale

with pg being the equilibrium concentration of surface ada-
toms on the surface. From the Einstein relation describing
the random motion of an atom in thedirection we obtain

of minutes.

Figure 2b) displays the relative motion of the center of
mass of two vacancy islands at 202 K. We always record the
9 relative motion of two islands to avoid errors on the mea-

7=1%/Ds, ) sured island diffusivities due to a possible thermal drift. Par-

where Ds is the diffusivity of atoms for terrace diffusion. @/l to the close-packed rows, the erratic motion extends
From Egs.(2)—(5) we obtain over about eight atomic distances within 1 h Smaller |slgnds
of about half the area move about 14 atomic distances in the
D x direction in the same time and at the same temperature

Sl 2 Spsat_ (6) [Fig. 2(c)]. The motion perpendicular to the close-packed

lwn? rows ((001), y direction is for the smaller islands less than

two atomic distances in both cases. This behavior indicates

If we compare this to the Einstein relation for a nano-qualitatively that the motion parallel to the close-packed
scopic object with diffusivityD, rows is random, also called Brownian, whereas the motion

perpendicular to the rows is not Brownian. Quantitatively, a
((A1)?)=2DAt, (7) Brownian motion must follow the Einstein relatipgqg. (7)].

0.409
(c)
%D FIG. 2. Experimental results:

E o000 A (a) first and last STM image of a
; S iz movie taken at 213 K over a time
A

interval of 10 min,U=-0.5 V,
1=0.04 nA; (b) and (c) relative
osg displacement of the center of mass
1Ee 2sz a XO-("r‘]’fn) 156 2312 of two islands at 202 KAt=19 s.
The grid represents atomic surface
01 positions of the adatoms in the
H surface layer.(b) A;=1.35 nn?
f and A,=1.67 nn?; (c) A,=0.71
nm? and A,=0.96 nn? (d) and
(e) relative mean-square displace-
ment versus elapsed timgt for
relative motion in(c); (e) diffusiv-
ity versus island size at 194 K.

D (nm/s)
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FIG. 3. Results of kMC simulationga) and(b) Trajectories of 10 vacancy islan¢different shades of gray represent different MC juns
(8 T=270 K,A=245 at,ve,/v,=1, At=1 000000 MC;(b) T=300 K,A=245 at,ve,/v,=1, At=50000 MC;(c)(d) Dependence of
diffusivity on island size atc) 270 K and(d) 300 K, respectively.

Indeed, Figs. @l) and Ze) demonstrate that for the motion in perpendicular motion is limited to less than two atomic dis-

x direction the relative mean-square displacenféaix)?) is  tances. With the same analysis procedure as utilized on the

proportional toAt, whereas foK (Ay)?) this relation is not ~experimental data the diffusivity is determined from the

fulfilled. mean-square displacement, plotted as a function of the
To analyze the experimentally measured Brownian mosquare root of the island aregA [Figs. 3c) and 3d)].

tion parallel to the rows, we determine the island diffusivity Again, the scaling of the diffusivityD (\/A) is consistent

D via D={(Ax)?)/4At with At being the time elapsed be- with Eq. (8) with a scaling exponent close to 2.

tween consecutive STM imagesFigure 2f) displays a For islands smaller thag'(A)~2.0 nm, i.e.,A~35 at-

double-logarithmic plob versusy/A for 194 K. The slope of oms, we find that the kMC simulations deviate from this

the linear fit to the STM data is very close to the integerscaling behavior. This is hardly surprising. An island of this

value of 2, consistent with the scaling thedgccording to  size with an equilibrium aspect ratio ef3 (Ref. 15 has a

Eq. (8)]. width of only three vacancies. An atom diffusing within such

a small vacancy island will therefore very often encounter

the periphery of the islan@vith every second motion in the

y direction. This hampers unhindered terrace diffusion and
Figure 3 displays results from the kMC simulations at 270Eq. (5) is no longer fulfilled. Indeed, the much stronger fluc-

K and 300 K. In order to have comparable motion at 270 Ktuations of the aspect ratio suggest a different process to be

and 300 K the time constant for 270 K is 20 times as manydominant in this case. A close inspection of the experimental

MC cycles as the one at 300 K. The trajectories of simulatediata shown in Fig. @) reveals a deviation from the scaling

vacancy island$Figs. 3a) and 3b)] show qualitative simi- law for smaller islands as well.

larities to the experimental dafé&igs. 2b) and 2c)]. The Molecular-dynamics simulations show@dhat indepen-

motion parallel to the close-packed rows is random while thelent of the number of nearest and next-nearest neighbors, the

C. Kinetic Monte Carlo simulation
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(O] 47 atom motion follows a different process along and perpen-
46 dicular to the close-packed rows. Motion in tkedirection
45 | proceeds via the hopping mechanism, while the perpendicu-
44 | lar motion proceeds via the exchange mechanism. The latter

mechanism requires the correlated motion of two atoms. It

s, :z ‘ has recently been suggested that exchange processes have an
=) attempt frequency,, that is more than one order of magni-
& 4 tude larger than the ordinary hopping attempt frequencies for
> 40 surface diffusionvy,.*® An enhanced prefactor ratio,/ vy,
39 =20, has been calculated for the case ofXD0). It has been
38 suggested that this may be a general phenomenon valid also
37 for exchange processes for other surfaces. We have therefore
36 . investigated the influence of the attempt frequencies on the
90 92 94 96 98 100 102 104 106 108 110 island’s diffusivity in the kMC simulations by varying the
x (at.u.) prefactor ratiove, /v, from 1 to 70. The enhanced prefactor
0.14 ratio leads to an enhanced island motion perpendicular to the
(b] close-packed rowgFig. 4@)]. The diffusivity in they direc-
0.12 |- - I T tion shows a linear dependence op,/vy, [Fig. 4b)]. In
0.10 E—f I 9 contrast, the variation af.,/ v, does not have any influence
m on the diffusivity for the motion of the island in the
§ 0.08 | direction[Fig. 4(b)].
r The equilibrium aspect ratio for the islands also changes
T with ve, /vy, [Fig. 4(c)]. For the case of a vacancy island of
\D; 165 vacancies at 300 K the aspect ratios drop exponentially
S from 3.24 to 1.22 going fromvg,/vy=1 to ve,/v,,=70. Fur-
Q thermore, the simulation of the change in aspect ratio by
temperature shows that the aspect raicoreaseswith de-
o i o1 ® i oW Wi creasin_g temperatur_[E_Fig. 4(c), insef. Experimentally, we
0 10 20 30 40 50 60 70 80 determined the equilibrium aspect ratio at 250 K to be 2.9
v,/ +0.41° This deviates from the aspect ratio fog,/v,= 20.
Instead, it suggests that the prefactors differ by less than a
(C] 35 5 factor of 5. However, to finally decide this issue, calculations
sof of the different prefactors similar to the calculations done for
30 e Cu(100 (Ref. 16 are required.
E 20 |
§15 | '\Hi\i L
£ 25 ' IV. CONCLUSION
g “u m @ w m w We have presented kinetic Monte Carlo simulations for
20 e vacancy island diffusion on A§10. These demonstrate that
<‘f’ the Brownian motion of vacancy islands on the(At0) sur-
15 | face parallel to the close-packed rows follows a simple uni-
versal scaling law. The scaling exponent of 2 is consistent
i6 ol 4 4 yvith the fact that terrace diffusion is the rate-limiting step
0 10 20 30 40 50 60 70 80 m_dependent of the prefactor for exchz_inge_ motion perpen-
dicular to the close-packed rows. The diffusivity perpendicu-
Vol Vi lar to the rows depends linearly on the prefactor ratio. A

shape analysis sheds light on the much discussed prefdctors

FIG. 4. Test of relative attempt frequencyT£300 K, A and suggests that the prefactor ratio is certainly smaller
=165 at~=19 nn?): (a) Trajectories of 10 vacancy islanddiffer- than 5.
ent shades of gray represent different MC pung,/v,=70, At
=50000 MC; (b) Dependence of diffusivity on relative attempt
frequency, vey/vy. Dy (circles, Dy, (up triangles, and ACKNOWLEDGMENT
Dy /(vex/vn) (down triangleg with linear fits. (c) Dependence of . ) )
aspect ratio on relative attempt frequency. Shaded area represents We acknowledge the financial support by the Danish Na-
experimental valuéRef. 15. Fit is exponential. Inset: Dependence tional Research Foundation through the Center for Atomic-
of aspect ratio on temperature for an island of 150 atoms and &cale Materials Physic€ AMP) and from the VELUX and
relative attempt frequency of 1. Knud Hbgaards Foundations.
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