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Universal growth of islands driven by ion beams: Theory and measurements on Pt(111)
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We report quantitative measurements of island growth on Pt(111) driven by irradiation with self ions. These
processes take place on pans or mesas that isolate the active terrace from the remaining crystal by a surround-
ing step bunch. The observed evolution takes a universal form common to both growth and shrinkage, depen-
dent on the ion beam energy, for both adatom and advacancy islands. We explore both the functional form and
the absolute time scale of the island development. A theory that includes defect reactions is presented to
explain the universality, using a quasistatic approximation for the transient defect population. For reasons that
are explained, neither the functional form nor the absolute time scale of the evolution depends on the defect
diffusion coefficient. Within the uncertainties, the experiments confirm the predicted universal form of the
driven island evolution. The quantitative agreement makes studies of island growth an attractive future means
for determining the number of surface thermal defects created per incident ion. It also confirms the precision
of the molecular dynamics simulations that were employed in earlier research to calibrate the rates at which
mobile thermal defects are created during irradiation by self-ion beams of various energies.
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I. INTRODUCTION

A beams of self-ions can be used to grow new crystal, as
in epitaxial growth from a beam of low-energy ions,'= or to
erode a crystal surface by sputtering, using a beam of high-
energy ions.* ° In effect, the low-energy beam places mobile
adatoms onto the surface and, under appropriate conditions,
these accrete to form islands from which new crystal planes
grow.”® Self-ion impacts of high energy, on the other hand,
create excess mobile advacancies, left behind as atoms sput-
ter from the surface into vacuum, and these can accrete to
form advacancy islands that grow to erode entire crystal
planes.g’11 In a third process, termed sublimation, advacan-
cies are formed as atoms sublime spontaneously into the
vacuum'? at temperatures sufficiently close to the melting
temperature 7, and processes of accretion and erosion result
similar to those during sputtering. Sublimation thus creates a
beam of substrate atoms of thermal energy, traveling in the
opposite direction, away from the surface. This paper con-
cerns the universality of island evolution among these three
processes of sublimation and beam-induced growth and ero-
sion, subsequent to island nucleation, and in the regime of
high temperatures in which adatoms and advacancies are
mobile.

Both beam-induced growth!>7# and beam-induced
erosion*~%%-1! have been widely studied, and the microscopic
evolution of surfaces during sublimation'>!3 has been a topic
of recent interest for elemental semiconductors'*!> and clean
metal surfaces.!®!” Each of the phenomena attract both sci-
entific and technical interest®!'? particularly the pattern for-
mation that decorates the surfaces as it evolves in the differ-
ent cases.!! Sublimation is, of course, generally confined to
the highest temperatures, but growth and erosion may occur
at both high and low temperatures. It was recognized in early
publications'®!® that the consequences of the Gibbs-
Thompson effect, by which the stiffness modifies the chemi-
cal potential, differs in the two temperature ranges, and that
the critical radius for nucleation becomes small at low tem-
perature, where much research focuses.!’
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Several papers report that island radii grow almost lin-
early with time (with possible sublinear corrections), at least
in the later stages of growth at high temperatures. Examples
of representative data for metals and semiconductors that
support this viewpoint are referenced and reproduced in Fig.
1. There remains a need for investigations that cover evolu-
tion over the entire range of island size, and for detailed
comparisons among the behaviors observed in the three
separate processes.

This paper reports efforts to document the evolution of
island growth under the driving force of a steady self-ion
beam of fixed energy. We are concerned with both the func-
tional form of the time variation and its absolute time scale.
The observations were made possible by a low-energy elec-
tron microscope (LEEM),? in whose images the step edges
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FIG. 1. Growth of advacancy island radius a with time 7 is
approximately linear for reported cases of sublimation at 1410 K
(triangles) on Si(001) (Ref. 14), on Cr(001) (Ref. 16) at 1186 K
(square points), and growth on Pt(111) at 1125 K (Ref. 17) (circles).
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that form the perimeters of islands can be made visible by
interference contrast. The instrument was fitted with an ion
accelerator that offered tunable ion energy such that surface
processes driven by a selected beam could be followed over
a wide range of conditions.”! Given both adatom (low-
energy) and advacancy (high-energy) beams, and both ada-
tom and advacancy islands, it is possible to examine the
driven growth and shrinkage for islands of both signs. Ob-
servations of the resulting behavior are presented in Sec. II D
below. A theoretical discussion in Sec. III, following earlier
results,?? predicts universality in driven growth, and is com-
pared to the experimental results in Sec. IV. Sufficient details
of the equipment to make the experiments comprehensible
are included below in Sec. II A, and Secs. II B and 11 C,
respectively, discuss sample handling and experimental pro-
cedures. The manner in which a beam of self-ions initially
causes islands to nucleate is a separate topic, described in
some detail elsewhere.?

Driven island growth includes diffusion behavior in which
surface defects are transported across the sample surface.>’:8
Without doubt, the transport is sensitive to boundary condi-
tions established by the sinks at which these point defects
equilibrate,?? typically surface steps.>’ It is apparent that
similarities of behavior among diverse processes can be then
established only to the degree that the perturbations caused
by redundant surface structures, such as free step edges,
strains, or blemishes, can be made negligible. In the present
work, an effort has been made to control such extraneous
influence by confining the growth studies to islands near the
centers of roughly circular pans or mesas. Mesas are formed
when a single terrace is surrounded by a bunch of outward-
directed steps that isolate it above the level of the remaining
lattice. Pans are similar, but with inward-pointing steps, that
isolate the terrace below the level of the nearby surface. In
recent work?> we show how pans and mesas can be created
by means of ion beam processing from typical clean metal
crystal surfaces. Here we examine island growth on pans and
mesas that decouple the island evolution from defect sinks
located outside the step bunches that contain these structures.
The theory of driven island growth, presented in Sec. III and
Appendix, is adapted to this chosen geometry.

The system selected for study is clean Pt(111) bombarded
by Pt™ ions. This is a surface well adapted to the require-
ments of surface cleanliness required by the experiments. It
also offers the advantages of earlier detailed measurements
of surface diffusion on Pt(111) both by step fluctuation
spectroscopy? and by the decay of Fourier step profiles syn-
thesized using ion beams.?® The former investigations deter-
mine, in addition, the temperature- and orientation-
dependent step stiffness on Pt(111). A known complication is
the fact that the life cycles of adatoms and advacancies under
the present conditions are dominated by pair processes of
spontaneous creation and recombination on perfect
terraces,”>?” rather than by independent processes for the two
species at fixed sinks. A theoretical description of transport
over the surface is accordingly modified. The theory of uni-
versal evolution in driven growth, outlined in Sec. III and
Appendix, accommodates the need to describe transport in a
reacting defect assembly.
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II. EQUIPMENT AND EXPERIMENTAL RESULTS
A. Equipment

In the research reported below, the surfaces under exami-
nation were observed using a LEEM designed and built by
Tromp®® at IBM Corp., Yorktown Heights, NY. The impor-
tant features for the present work is that the LEEM main-
tained a vacuum of 107'° torr while operating on a Pt(111)
sample at temperatures up to 1400 K, and produces images
with about 10-nm resolution of atomic step edge structures.
The LEEM was fitted post manufacture with a SNICS II
negative ion accelerator, built by National Electrostatics
Corp, that provided an intense beam of Pt™ ions on the
sample. The accelerator operated by Cs* ion sputtering of a
Pt metal target. It provided Pt™ ion impact rates on the crystal
up to ~0.2 ML/s over a circular target area | mm in diam-
eter, collimated to the sample center by a liquid nitrogen-
cooled beam dump located axially inside the objective lens.
Fluxes of this magnitude were available with mean impact
energies tunable from O to 5 keV, with 50 eV half width of
energy spread, while the system remained within the vacuum
constraint stated above. It was possible to image the surface
during actual irradiation. Some complication of imaging con-
dition was apparent at the highest ion fluxes, owing to space
charge effects arising from the coincidence of paths between
the electron beam used for imaging and an intense ion beam
operating close to its space charge limit.

A full description of the tandem machine is available
elsewhere.?!

B. Materials

The Pt single crystal used in this work was purchased
from the Surface Preparation Laboratory, The Netherlands. It
was 9 mm in diameter and 0.9 mm thick, cut within 0.2° of
the (111) plane. The required surface cleanliness was
achieved® by cycles of 1-keV Ar* ion bombardment, fol-
lowed by annealing at 1300 K, with occasional treatment in
1075 Pa O,, first in an external chamber and later in the
LEEM vacuum. These methods are detailed elsewhere.?> The
eventual surface exhibited sharp (1< 1) LEED reflections
with no trace of impurities detected by LEED or Auger probe
with 1% sensitivity. The Pt target used by the SNICS II
source was 99.99% Pt with principal impurities of other
noble metals. It is a characteristic of the source that the ex-
iting beam contains a fraction ~107* of Cs atoms. In our
equipment these were removed from the beam by deflection
into a beam dump cooled to liquid nitrogen temperature.

No sign of Pt(111) surface contamination attributable to
the ion beam was observed in our experiments.

C. Experimental procedures

It will be shown in Sec. III and Appendix that the evolu-
tion of islands is sensitive to the geometry of the surrounding
sinks that drain off part of the excess thermal defects created
by the ion beam. For this reason it is important that mesas or
pans can be created to isolate the island kinetics within a
reproducible step bunch boundary.
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FIG. 2. LEEM image of pan with maximum dimension
~6 um, created on Pt(111) by irradiation with 515 eV Pt” ion
beam (see text) using 6.9 wA cm™2 at 1140 K. A vacancy island
nucleated by an increase in ion beam intensity is seen on the pan
terrace. Atomic planes that form the structure shown are indicated
schematically below the image. The LEEM impact energy is 17 eV.

A pan comprises an atomically flat surface terrace con-
tained by a high peripheral bunch of steps that step-up with
increasing radius; a mesa is the same but with a step bunch
that steps down.?* A LEEM micrograph of a pan is shown as
an example in Fig. 2, with a cartoon of the profile below. The
pan is shown with a freshly nucleated vacancy island near its
center, also present in the cartoon. It is reported elsewhere
how, with the aid of the SNICS II ion beam, it is possible to
create mesas and pans from local maxima and minima on an
initially clean, almost flat surface. The trick is simply to ad-
just the irradiation parameters over time in order to inhibit
the nucleation of new islands. The behavior is detailed and
explained elsewhere.?*

Once the structure is formed, it is a simple matter to
nucleate either new adatom or advacancy islands as shown,
by means of an increase in intensity of a beam of suitable
energy. New islands generally form near, but not exactly at,
the center of the structure, as shown in Fig. 2, for reasons
that are understood.?? Off-center islands shift as they grow.
There is sufficient scatter of location that the two factors of
position and shift generally limit the radius up to which
growth can be sensibly universal. Upon exposure to a con-
tinued beam, adatom islands grow when driven by a beam
with energy less than a “neutral” value ¢ (i.e., an “adatom
beam,” yielding hyperthermal epitaxial growth), and shrink
under a beam with energy greater than & (an “advacancy
beam” that causes erosion). For Pt(111), e =250 eV.!

The driven growth of an adatom island on a mesa causes
only slight enlargement of the mesa because of the small
ratio of net defect precipitation between the island and the
peripheral step bunch, given that the step bunch accommo-
dates fresh adatoms on a large number of levels.”* Similar
comments hold for the growth of advacancy islands on pans.

In the two converse cases (e.g., adatom island on a pan)
the adatom beam causes the island to grow but causes an
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inward motion of the step bunch. Specifically, it detaches the
innermost step from the bunch and causes its radius to de-
crease progressively with time.”* Consequently there is a
limited experimental period available to observe a central
adatom island grow under an adatom beam before the en-
croaching step materially alters the effective geometry of the
perimeter. This characteristic makes the two converse cases
somewhat more difficult to investigate.

It will be evident that a sufficient mobility of the thermal
defects created by the beam is required for island growth to
occur. The ability to purposefully create isolated individual
islands using the beam is itself a criterion that the mobility is
sufficient since roughening (spontaneous formation of many
small islands) is thus absent. The perspective from which
these effects are viewed in Sec. III is that the thermal defect
population, created by the beam, establishes position-
dependent defect concentrations on the terrace. The flow of
defects down the gradients then follows from the surface
mass diffusion coefficients D of adatoms and advacancies. In
earlier independent studies, the net surface mass diffusion
coefficient D, has been determined>-¢ for Pt(111) over a
large variation of a factor ~10° between 710 and 1520 K and
processes at steps determined to be diffusion-(rather than
reaction-) limited. The present investigations were carried
out within this range, where the defect mobility is sufficient.
We show later, however, that the rate at which islands evolve
is independent of the surface diffusion coefficient. The ex-
planation for this curious fact is that the defect distribution
builds up to a steady state in which defect creation is exactly
balanced by the flow of excess defects to sinks. Controlled
observations of island growth within these constraints are
reported in what follows.

D. Experimental results

Figure 3(a) identifies two orthogonal lines AB and CD
drawn through a diameter of an adatom island on a mesa of
dimension ~6 um. This typical island, used here for the
purpose of illustration, exhibits the threefold symmetry ex-
pected of the (111) plane of fcc Pt metal. The anisotropy is
nevertheless small and will be neglected in this discussion.
In particular, the intersections of the chosen diameters with
the island step are employed here as measures of the island
radius, a(t), during growth.

In the experiments reported below, two alternative proce-
dures were followed. For islands and arenas (i.e., pans or
mesas) of the same sign, the beam intensity was gradually
increased in small steps until the central island nucleated.
Growth could thus be followed, if desired, from the instant
of nucleation (a=0, within the available resolution) through
the entire growth until the island merged into the peripheral
step bunch. From the video record of one such sequence we
have extracted the pixels of the particular rows represented
by the chosen diameters. In Fig. 3(b) these are presented with
vertical displacements, to form a single figure. The resulting
images, successively displaced in Fig. 3(b), provides a visual
record of the island radius, marked by the contrast change
caused by the step, as a function of time, #, from the nucle-
ation event (r=0) onwards. White bands are blanks during
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FIG. 3. (a) Two diameters AB and CD of an adatom island on a
mesa are shown, as employed here to determine a “radius” a(z) of
the evolving island. Note that the actual island shape has threefold
symmetry characteristic of Pt(111). (b) Image rows along the diam-
eters extracted from successive images and displaced vertically.
These provide clear traces of island evolution with time following
nucleation, at 1130 K, by 65 eV Pt ions, at flux density
5.5 wA cm™2. Blank intervals occur where the microscope was ad-
justed. (c) Expanded view of growth near r=0 immediately after
nucleation. The almost linear growth observed at larger radii in (b)
does not extend through the early regime.

routine machine adjustments. Realignments, using defect or
step bunch images as reference points, were occasionally
needed to compensate for image drift. In the case shown, the
island nucleated somewhat off-center of the area, and the
trace of the two radii departs from exact symmetry as a con-
sequence. After an initial period, the radius is seen to change
with time almost linearly, just as in earlier reports of subli-
mation and of driven growth cited above. Near =0, how-
ever, the evolution in Fig. 3(b) departs markedly from the
linear trend. This is revealed more clearly in Fig. 3(c), which
presents an enlarged view of the behavior along diameter AB
shortly after nucleation. The growth of a(r) near t=0 appears
more parabolic than linear. This is in evident contradiction
with theories that predict a linear variation.'

In the second of the alternative procedures, an island was
created, say for example an adatom island, under the influ-
ence of an adatom beam, as in Fig. 4(a). At a selected size,
the beam energy was increased, changing the irradiation to
an advacancy beam. The island then shrank and its shape
was followed until it vanished at radius zero. Once more the
video record could be employed to create a trace of the time
sequence of island radii. Figure 4(b) gives an example of the
observed evolution close to a=0. The trace there is again
more parabolic than linear.
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FIG. 4. (a) Adatom island with a~0.5 wm, grown on a mesa.
(b) Evolution of island diameter at 1130 K during shrinkage caused
by a 515-eV advacancy beam (i.e., energy greater than neutral en-
ergy). Note, as in Fig. 3, that the evolution is no longer linear in
time as the island vanishes. Flux density 5.5 uA cm™.

An important observation connects the two cases of
driven growth and driven shrinkage of islands. Figure 5 in-
cludes the growth of adatom islands as crosses and the
shrinkage of adatom islands as open circles. The ordinate is
x=a/R with R the average radius of the (generally noncircu-
lar) terrace on which the process occurs. The time is reversed
for shrinking, with the time axis scaled to make the evolu-
tions as similar as possible. This comparison is very success-
ful, with the two time evolutions both approximating a single
path. The scaling factors required to attain the most similar
evolutions were recorded for use in a subsequent discussion
of absolute rates. The features noted in these illustrative ex-
amples are characteristic of all data taken in the present in-
vestigations of driven island processes, for both adatom and
advacancy species. A global comparison of both the func-
tional forms and the absolute rates is presented in Sec. IV
below.

While satisfactory when a is small relative to R, the
present experiments lose precision for large islands, as
a— R. The experimental problem is that islands rarely nucle-
ate at the exact center of a terrace. Moreover, the islands
observed in our research are almost circular, augmented by a
weak threefold character that is derived from anisotropy of
the step energy on Pt(111) at these temperatures. This sym-
metry contrasts with the terrace shape, which retains compli-
cations from the specific surface topology from which the
pan or mesa was initially created. As the island step and the
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FIG. 5. Growth and shrinkage of adatom island shown super-
posed. Time is shown reversed for shrinkage. The ion beams em-
ployed had energies of 65 eV (growth using adatom beam) and 515
eV (shrinkage using advacancy beam). With the times scaled to
match, the two evolutions follow closely similar paths in reverse
directions. The time interval for the growing island is 0-90 s, for
the shrinking island 0-380 s.

terrace perimeter have generally differing shapes, a growing
island must necessarily make contact with the perimeter step
bunch at different times that depend on the angular position
of the contact point around the circuit defined by the step
bunch. For this reason, the above data plots that show growth

of the scaled radius a/R employ an effective (rms) radius R
that is averaged over angles.

III. THEORY OF ISLAND EVOLUTION

The observation that the evolution takes a similar form for
growth and shrinkage of islands suggests that the driving
mechanisms are identical as a function of island geometry,
fixed by the radius, a. The discussion given here presumes
that the precipitation process is known? to be diffusion lim-
ited (rather than influenced by defect reaction times at steps),
for reasons clarified below. A reasonable inference is that the
diffusion field is quasistatic, since it is evidently not greatly
affected by the growth velocity (which changes sign between
growth and shrinkage) with which the island radius is chang-
ing. Quasistatic here means that the rates at which the radius
and concentrations change give a negligible contribution to
the fluxes, which thus arise predominantly from existing gra-
dients. A cartoon in Fig. 6(a), limited to radii r<R, suggests
how concentration gradients near islands are generally in-
creased by growth (arrow pointing right) and decreased by
island shrinkage (arrow pointing left). Also, in the Gibbs-
Thompson effect, the step curvature changes the chemical
potential at the step by Su*, and causes adatoms to evaporate
onto the terraces from adatom islands, and advacancies from
advacancy islands. This process evidently favors island
shrinkage. It is indicated in Fig. 6(b) how the added chemical
potential at the step changes the gradients that drive evolu-
tion. Broken lines indicate chemical potentials for an adva-
cancy beam (lower) and adatom beam (upper) with Su*=0.
With Su*, the gradient for an advacancy beam (solid line,
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advacancy
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FIG. 6. Sketches showing gradients of concentration (a) and
chemical potential (b) for r<<R, near an island step, in order to
clarify two effects on growth: (a) Arrow directions show radius
changes in growth (right) and shrinkage (left); solid lines indicate
the resulting defect concentration profiles. Growth increases the
gradient and so increases the rate, whereas shrinkage decreases the
gradient and slows the rate. (b) The Gibbs-Thompson effect
changes the chemical potential at an island by Su*, with opposite
effects on the gradients driving growth by an adatom beam (upper
solid line) and an advacancy beam (lower solid line). The arrows
represent the directions of advacancy flow in the two cases. The
processes shown in (a) and (b) both tend to break universality.

with left pointing arrow showing vacancy flow) is now larger
than that for an adatom beam (right pointing arrow and solid
line). From the similarity of observed growth and shrinkage
rates we infer also that the Gibbs-Thompson effect plays a
negligible role under the conditions of the experiments. In-
deed, this is confirmed, first by the observation that island
radii remain fixed in the absence of a beam, and second by
calculations using known step stiffness to estimate the flux
driven by the Gibbs-Thompson potential, which proves to be
negligible under the present conditions.

By this reasoning we are thus drawn to a description of
the process in which the diffusion field is quasistatic, with all
evolution stemming from the spatial distribution of defect
concentrations thus defined, and neglecting defect evapora-
tion from the island.

On the basis of a recently published theory,?? it is shown
in Appendix that the flux of atoms over the surface at r,
driven by creation rates K; and K, per surface site per second
of adatoms and advacancies, respectively, is

J(r)=—D1VS1+D2V52=(K1—K2)Vf(r).

[see Eq. (A3)]. Here, f(r) is the solution of the Poisson equa-
tion V2f=1 with the boundary condition f=0 for the step
edge sinks at r=a and r=R. These boundary conditions are
appropriate when defect reactions at steps are fast enough
that they play a negligible role in limiting the kinetics. This
is known to be the case from the wavelength dependence of
relaxation observed for Pt(111) by step fluctuation
spectroscopy.?® In the present case the solution inside the
island (i.e., for r<a) is

f<(r)=(r* = a*)/4,

[see Eq. (Ada)]. For a<r<R on the terrace outside the is-
land, the solution is
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B r?*—=R*> (a*-R*In(r/R)
f>( = 4 4 In(a/R)

[see Eq. (A4b)].

In the flux density given by Eq. (A3), the gradient term
from r<<a, using Eq. (A4a) cancels the first term on the right
of Eq. (A4b) for r>a, to leave the entire flux density deter-
mined by the Laplacian term

R*-a?

" 4a In(a/R)” )

V[f< +f >]r:u
The rate of step advance for an adatom island with an ada-
tom beam is now obtained from the area A added per pre-
cipitated adatom as

daldt = J(a)A (2)
or from Egs. (A3) and (1),
a_(eo1)
dr  xlhhx’
x=alR; 7=(AK/4)t, (3a)

in which AK=K,—K,. A second form of this result is

s _s-1
dr’ InS’
S=x*=(a/R)*; 7 =AKt. (3b)

Equations (3a) and (3b) have solutions related to the loga-
rithmic integral li(x) and cannot be written in a finite number
of terms. Power series solutions for the (scaled) time 7 re-
quired to attain an island size x, S, are as follows:

2 o]
T=—4x2!1nx2 al E ! ], (4a)

p=0 2(17 + 1) - p=0 4([’ + 1)2

r'=—slln52 sl -> s ] (4b)

P+l S+ 1)?

The forms of these two solutions are shown in Fig. 7 for the
relevant domain 0 <x, §<<1. It is notable that the behavior of
x(7) near 7=0 clearly resembles the island evolution docu-
mented above in Sec. II D. We return to this topic below.

It is a remarkable result that neither the pathway nor the
absolute rate of the island evolution predicted by Egs. (3a)
and (3b) depends on the diffusion coefficients of the mobile
thermal defects that transport the surface atoms involved in
the growth. The result is purely geometrical, but does depend
on diffusion-limited flow. This remains true provided that the
mobility is large enough to avoid roughening, and is constant
throughout the process. The explanation is that the defect
concentrations built up by irradiation rise to levels inversely
proportional to the diffusion coefficient, which thus cancels
from the flux ~DAc. In the steady state, the net flux to sinks
exactly equals the net creation rate of defects, independent of
diffusion rates.
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FIG. 7. Scaled island radius x=a/R and scaled island area S
=a?/R? both shown as functions of scaled time 7=(AK/4)t using
the expansion in Eq. (4a). The first term of x(7), x* In x, is indicated
by a broken line to show how it correctly approximates the behavior
near 7=0.

The leading terms of the expansions in Egs. (4a) and (4b)
are not analytical near 7=0, in keeping with the way the
differential equations [Egs. (3a) and (3b)] behave there. In
Fig. 7, the magnitude of the leading term, 7~2x?In x, is
indicated by a broken line to show that near 7=0 it faithfully
predicts the full result. Thus the rounded evolution for small
radii observed in the experiment originates directly from this
nonanalytical term.

IV. UNIVERSALITY

It is clear from Egs. (3a), (3b), (4a), and (4b) that the
predicted growth behavior is entirely universal for the case
treated, in which a circular island grows or shrinks at the
center of a circular terrace. S is the island area, scaled by the
terrace area, and 7, 7 are times rendered dimensionless in
Egs. (3a) and (3b) by factors related to the rate of net defect
creation AK. No parameters other than S (or x=/S) and 7, 7/
determine the island evolution for this universal form. Note
that for the growth of advacancy islands, a minus sign must
be inserted on the right of Eq. (2) because the adatom flux
causes shrinkage (da/dt negative); but as AK must also now
be negative in Egs. (3a) and (3b), the growth equations re-
main unchanged. In the converse cases where the combina-
tion of island sign and beam sign result in shrinkage, a single
minus sign enters the growth equations and the sign of the
derivative they describe is reversed. Then the system travels
the same universal growth trajectory but in the opposite di-
rection, as the radius decreases with time. This is the case for
adatom islands in an advacancy beam and for advacancy
islands in an adatom beam. We note in connection with Eqs.
(3a) and (3b) that the growing island captures a larger share
of the defects created by the beam than its area alone ex-
plains, relative to the terrace area. Specifically, at radius a,
the island absorbs a fraction

S-1
f(a)=m (5)

of the entire defects created on the pan or mesa, of which
only a fraction § are created directly inside the island. As a
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FIG. 8. Universality of data for scaled growth and shrinkage at
early times, shown by the superposition of scaled data from 10
cases, including adatom and advacancy islands, and both growth
and shrinkage. The times are scaled to make the data coincide with
the predicted functional form of the evolution (see text).

— R we find, by writing a=R(1- ), that the fraction be-
comes approximately

6=(R-a)/R—0. (6)

1
M= en

When, in the opposite limit, the island is small, S<<1 and
fla)~1/InS, a—0. (7)

This enhancement of island growth arises from defects that
are created outside the island and precipitate on the island by
diffusion. We find that the multiplier by which the number
actually created within the island is increased as

R-a  S-1
2a*In(a/R)  SInS’

(8)

This ratio diverges as a— 0. Evidently for the diffusion field
on a terrace, it is a poor approximation to assume that those
mobile species that precipitate on the island during driven
growth originate mainly from processes that take place
within the step edge that surrounds the island. Instead, for
islands that are small compared to the terrace, the preponder-
ance of the defects that attach to the island diffuse there from
initial locations outside the island.

The final topic for discussion here is the extent to which
the theoretical evolution, Egs. (4a) and (4b), of island radius
under driven growth, agrees with the experimentally ob-
served processes reported in Sec. I D. There are two parts to
this comparison, as will now be explained. The first concerns
the functional form of the scaled evolution, for which an
initial comparison is provided in Sec. II D. A global perspec-
tive is offered in Fig. 8, where data from numerous runs
include both adatom and advacancy islands with both growth
and shrinkage for each case. Each set of data is scaled in
time to best conform to the predicted evolution, which is
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indicated by the solid line. The required scaling factors A are
compared later to factors predicted directly from beam cali-
bration and the beam currents employed. It is clear in Fig. 8
that the scaled data follow a common trend with good accu-
racy. The results for longer time lines exhibit the linear trend
noted above and depart to a more rounded evolution at short
times.

There appears no doubt that the theory provides a reason-
able description of the observed behavior at those early times
for which universality remains possible because the effect of
detailed boundary conditions at the perimeter step bunch is
relatively weak. The experimental results do follow a more
linear trend than that predicted when the island grows to
a/R~0.5. The linear results resemble earlier reports of ad-
vacancy islands driven by sublimation (see, e.g., Fig. 1). We
interpret the deviations as arising from experimental depar-
tures from the ideal geometry because the actual island and
terrace perimeters are neither exactly circular nor exactly
concentric.

The second point for discussion in this connection is the
recognition that both experiment and theory determine abso-
lute rates of evolution. The question then arises as to whether
or not these two rates are in quantitative agreement. In this
regard it is a significant point that an island radius relative to
a terrace radius, specifically a/R, is a ratio accurately deter-
mined from the microscope images independent of the mi-
croscope magnification. For each video sequence, i, the evo-
lution of this ratio was scaled to the predicted form in Fig. 7
by multiplying actual time by a chosen factor \;. On the
other hand, Eq. (3a) is an exact prediction for the model
described in Appendix,?? given values of the beam calibra-
tion AK; and the actual current density for the ion beam used
for the particular irradiation, i. In earlier investigations'” we
have obtained absolute values of AK per incident ion for all
energies by comparing the energy dependence of our ob-
served creation rate of thermal defects with the mass yield
values predicted by careful simulations using molecular dy-
namics (MD).!”-?® For the specific beams employed here the
values are AK=K,;-K,=0.82 at E=65 eV and AK=-1.04 at
E=515 eV. From these calibration results, upon multiplying
by the ion current employed in each present experiment, i,
we obtain a second scaling factor A/ that is predicted by
theory to bring the different observations i onto a common
time scale 7. Provided that both the MD simulations and the
above theory of the surface processes are accurate, then the
values of \; and \ should be identical for all i.

To investigate the degree to which the experiments con-
firm the calculations we have therefore determined \;/\; for
the experiments reported in Fig. 7. Neglecting one value that
deviated from the remainder by a factor three for undeter-
mined reasons, the remaining ratios average to

(NN =1.0%02

in place of the expected value of unity. This has a satisfac-
tory degree of agreement among measurements widely
spaced in time. The absolute rates of island evolution are
thus predicted to a degree comparable with the universality
of the functional form.
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V. SUMMARY AND CONCLUSIONS

In this paper we report the evolution of adatom and adva-
cancy islands driven by beams of Pt ions on clean Pt(111).
For islands less than half the terrace size, the observed
growth or shrinkage closely follows a universal form. This
form is predicted accurately in functional form and absolute
time scale by a theory with a quasistatic approximation to the
beam-induced distribution of mobile adatoms and advacan-
cies, and neglects Gibbs-Thompson evaporation of thermal
defects from the islands.

Elements in this comparison are results, from molecular
dynamics, of the surface defect populations created by self-
ion beams of various energies. Our results suggest that for
Pt(111) these methods have predictive accuracy, since they
contribute as proportionality factors in an accurate prediction
of the absolute rates of island growth. From the reverse per-
spective, it appears from the present results that measure-
ments of island evolution alone may provide an accurate
calibration for the rates AK=K,—K, at which an ion beam
creates excess point defects. This is a significant opportunity
that deserves attention in future research.

Because the functional form of the island evolution is
predicted correctly, it is established by the present results that
as the island radius decreases, an increasing fraction of the
growth takes place by defects that originate from beam-
induced creation on the terrace external to the island. There
is no evidence that the nucleation process that precedes the
quasistatic growth regime has any material effect on island
evolution in the later processes investigated here.
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APPENDIX: DEFECT FLUXES IN A DRIVEN ASSEMBLY
OF REACTING THERMAL POINT DEFECTS

Here the goal is to predict the time evolution of island
size on a terrace that has its thermal defect population driven
by a uniform flux density J of ions. Suppose that the beam
creates adatoms at a rate K, per surface site per second, and
advacancies at a rate K,, such that the equilibrium concen-
trations ¢, C,, per site, of adatoms and advacancies are modi-
fied to values ¢ (r,7), c,(r,7). These depend on time t and
position r on the terrace. The desired result is achieved by
solving, for the particular case of interest here, equations that
are given explicitly in an earlier publication.?> The boundary
condition?’ at fixed sinks such as step edges requires that the
concentrations there take their equilibrium values: c;(r,?)
=c;, i=1,2. This choice ensures that the step edges at those
locations create thermal defects at rates that correspond to
thermal equilibrium. We must calculate ¢,(r,7) to find the
chemical potential w*(r,7) that is consistent with the bound-
ary conditions for the uniform defect production defined by
K, K, above.
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FIG. 9. Quasistatic concentration profiles [Eq.( A4)] for three
different ratios of island to terrace size, a/R. The results are shown
for ratios of 0.2, 0.5, and 0.8.

The theory includes reactions between antidefects, such
that c; obeys

¢, = DA c; - T)) = K1o(€,8y — 1)) = Ky (r,1),

Cr— D2V2(6’2 —-0) = Kp(€16 = ¢jcy) = Ky(r,1). (Al)

Here, K, is the rate constant for antidefect reaction, with
K ,c ¢, the rate per lattice site at which pairs are created, and
Ki>cic, the annihilation rate. D; and D, are the hopping
diffusion coefficients of the two species so that the first two
terms of Egs. (Al) comprise the diffusion equation for a
species in the absence of reactions and driving terms.
When the nonlinear Egs. (A1) are linearized by writing
c1=C1+S), ¢,=Cr+5,, and solved simultaneously for the
steady state with K, K,, constant, the general solutions are

Dc\(K, - K) A g,r)
151= " _ —f0)+ | ——-1],
Dic; + Dy, k| g(p)

DycH,(K; - K A
5, DK = K) f(r)+_2[gk<r)_l],
Dici + Dy, k| g«(p)

K2 = K12(DIEI + DZEZ)/DIDZ (AZ)
in which A is a constant given elsewhere,?” f(r) is the solu-
tion of the Poisson equation V2f=1 that has f(r)=0 for r
=p, with p the locus of r that corresponds to sink sites, and
(V2-k?)g(r)=0, with g=1 at fixed sinks. For the reader’s
reference, Egs. (A1) and (A2) are labeled Egs. (1) and (13) in
Ref. 22. Owing to the form, the second terms in Egs. (A2)
makes no net contribution to the atomic flux, leaving

J(r)=—D1VS1+D2V52=(K1—K2)Vf(r). (A3)

We now adapt this result to the particular geometry of
interest in the experiments reported in the text. In an ideal-
ized description, a circular island of radius a is concentric
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with a circular terrace surrounded by a step bunch at radius
R. Therefore the constraints on the solutions s(r) have circu-
lar symmetry and s;=0 at r=a and r=R. The required solu-
tion for r<<a is

f<(r)=(r-a*)4,

(Ada)

and for a <r<R the solution is

PHYSICAL REVIEW B 78, 075420 (2008)

B *—R*> (a®>-R?In(r/R)
- = 4 4 In(a/R)

(Adb)

The second term on the left of Eq. (4b) is a solution of
Laplace’s equation V2g(r)=0. It is then quickly verified that
the functions in Egs. (A4a) and (A4b) solve the Poisson
equation and satisfy the stated boundary conditions. The
form of these solutions is illustrated for three values of a/R
in Fig. 9.

These results are employed in Sec. III to obtain the rate of
driven island growth on Pt(111) caused by a beam of Pt~
ions.
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