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Abstract
The technique of low-energy electron microscopy (LEEM) pioneered by Bauer has been
adapted here to the investigation of ion beam processes on crystal surfaces by the incorporation
of an intense and tunable source of selectable, energetic ions into a LEEM designed by Tromp
et al. In this paper we explain principles that constrain the design of this tandem instrument, to
permit observation of surfaces during irradiation. We also describe experiments that probe the
driven steady state of surfaces subject to the perturbation of a uniform and constant flux of
self-ions. The emphasis is on the example of Pt− ions irradiating the Pt(111) surface. We
explore a regime of linear response at elevated temperature in which the driven nucleation and
universal driven growth of surface islands, and the driven cycling of Bardeen–Herring sources
and other surface clocks, may be understood in a fully quantitative manner.

1. Introduction

Bauer and his collaborators not only developed the low-
energy electron microscope as a preeminent tool for surface
microscopy, but also employed the instrument for pioneering
investigations in almost all areas of surface science on
which subsequent work has focused [1–12]. These include
surface doping and growth [13–17]; sublimation [18], surface
reactions [19] and reconstructions [20–22]; structure and
kinetics of boundaries among surface phases [18, 23, 24];
the evolution of surface micro-topography defined by
step structure [18, 25–27]; and the behavior of surface
magnetism [28–32]. It is towards a recognition of his major
contributions to this field that the present paper is dedicated.

The topic addressed here is the application of LEEM
to the in situ investigation of surfaces that are driven from
equilibrium by irradiation, using a beam of energetic ions.
A feature new to LEEM research is the incorporation into a
LEEM of an intense beam of energetic self-ions that permits
observation in real time of surface response to the disturbance

1 Author to whom any correspondence should be addressed.
2 Present address: National Center for Supercomputing Applications,
University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA.

caused by the ion beam. Ion beams cause complicated
modifications of surfaces that depend on the energy and
chemical identity of the perturbing ions, and also on their
direction [33–37]. Incident ions of sufficiently low energy
add material to a crystal, while ions above a ‘neutral’ energy
ε0 cause a net loss of material by sputtering. At sufficiently
low ambient temperatures an ion beam can cause a surface
to disorder and even become amorphous. These complex
effects vary from one surface orientation to the next, even for a
given crystal. Quantitative understanding of surface evolution
has been achieved in few, if any, practical cases. This rich
variety of accessible surface phenomena amply justifies efforts
to explore their character afresh using the established power of
low-energy electron microscopy.

With these complications in mind, a significant part
of our effort has been spent on the simplification of the
phenomena for the purpose of rendering them comprehensible
in quantitative terms. Four particular simplifications have run
through the breadth of our research. These are: (1) the use
of self-ions to eliminate chemical reactions; (2) the use of
elevated temperatures at which the diffusion processes on a
surface respond to the ion beam to create a driven steady state
that can be probed using LEEM; (3) a limitation to the regime
of modest perturbations, in which the response of the surface

0953-8984/09/314021+10$30.00 © 2009 IOP Publishing Ltd Printed in the UK1

http://dx.doi.org/10.1088/0953-8984/21/31/314021
mailto:wswiech@illinois.edu
http://stacks.iop.org/JPhysCM/21/314021


J. Phys.: Condens. Matter 21 (2009) 314021 W Swiech et al

to the driving force is linear [38]; and (4) the use of simplified
surface conditions under which the complex response to local
surface nanotopography is carefully controlled [39]. These
four topics are amplified in the brief remarks that follow.

It must be understood that even a simple surface, almost
flat, supports a complex of processes at elevated temperatures.
Adatom–advacancy pairs form and annihilate spontaneously
on open terraces. These species of thermal point defect are
each created and annihilated continually also at step edges [40].
Together these processes establish equilibrium densities of
point defects on the terraces, and the defects are in turn
responsible for the transport of matter over the surface by
diffusion [41]. The surface mass diffusion coefficient can
be determined accurately from the resulting fluctuations of
the step profiles, using ‘step fluctuation spectroscopy’ with
video sequences obtained by LEEM [42–51]. In this dynamic
equilibrium, foreign ions create a formidable complication.
They alter the energetics of defect formation and diffusion, and
change step edge stiffnesses and fluctuation amplitudes, all in
imperfectly predictable ways. Such processes are inevitable
when a surface is irradiated with foreign ions. In contrast, a
beam of self-ions causes no chemical complications. At low
impact energies a beam of self-ions adds host atoms to the
surface, while at high energies there is a net loss of host atoms
by sputtering. The desire to avoid chemical complication of
the surface mixing has confined our initial investigations to
processes that employ only beams of self-ions.

A second important simplification takes place at high
temperatures where the surface mixing (measured by the
surface mass diffusion coefficient) is rapid. The critical
point here is that fast diffusion causes rapid healing of the
damage from the impact of energetic ions. Each ion impact
creates numerous adatom–advacancy pairs, in addition to bulk
vacancies and interstitials, together with a local ‘thermal
spike’, which however cools rapidly in a period of some
picoseconds. The conceptually simple regime occurs when
the resulting excess of thermal defects, both surface and
bulk, disappears rapidly by reaction both with each other
and at extended defects (surfaces, damage sites, step edges,
etc) [52, 53]. When recombination is complete the net effect
of a beam of self-ions with energy less than ε0 is just to inject
excess adatoms onto a surface, thereby perturbing the dynamic
equilibrium of surface defect reaction in a way which is, at
least in principle, capable of accurate discussion. Similarly,
the net effect of a beam of self-ions with energy greater than
ε0, so that a net sputtering of ions takes place each impact,
is to inject a net excess of advacancies onto the surface, with
comparably tractable consequences. For this simplified context
we refer in what follows to the beams in these two categories
as an ‘adatom beam’ and an ‘advacancy beam’, respectively.

A third, equally necessary, restriction is to the use of weak
beams for which the response of the surface to the ion beam
perturbation is linear in the ion beam flux. As equilibrium
is determined in part by reaction among antidefects, the
equations that determine beam-induced perturbations are
certainly nonlinear, and in fact the nonlinear terms prove
dominant at the high temperatures of the present investigations.
Specifically, the lifecycle of thermal antidefects under the

conditions of our experiments are dominated by the pair
processes of spontaneous creation and annihilation, rather than
by events for adatoms and advacancies separately at step edges
or other sinks. It is nevertheless always the case that processes
close to equilibrium respond linearly to small perturbations and
can be expressed in terms of linear hydrodynamic equations
for diffusion, etc, with well-defined flow parameters such as
equilibrium diffusion coefficients. By confining the present
research to this regime it becomes possible to describe and
interpret the results quantitatively using the theory of linear
response [38].

Simplification of the material surface employed in
experiments is also essential to reproducible surface response.
Defect reactions, and hence also irradiation effects, are
sensitive to the defect sinks associated with surface
steps. Uncontrolled variations of surface step configurations
therefore present major geometrical complications in the
interpretation of surface response (as a crude illustration of
this critical factor, the change of defect density depends
on the square of the step spacing). To gain control of
this experimental problem we have devised means, using
the self-ion beam, for creating large, approximately round,
arenas formed by perfect surface terraces [39]. These
are isolated from the surrounding surface structure by a
peripheral step bunch. Bunches of steps pointed outward
create ‘mesas’ isolated above the surrounding surface, while
bunched steps pointing inward create ‘pans’ isolated below
their surroundings. The step bunches isolate driven processes
inside these arenas from any perturbation of chemical potential
caused by steps exterior to the step bunch. An example of
such a mesa is shown in figure 1. In our research, pans and
mesas up to ∼10 μm in size have been synthesized by ion
beam methods, as explained in detail elsewhere [39]. For the
applications discussed in this paper, pans and mesas provide
ideally simplified surface conditions under which fundamental
investigations of surface response to the driving force of ion
beam irradiation may be undertaken.

In what follows we provide, in section 2, practical
information about the LEEM–ion beam tandem and its use in
experiments. Results for driven processes on pans and mesas
are described in section 3. Some introductory comment about
the theoretical framework that underpins the interpretation is
also provided.

2. Experimental matters

Here we first recount in section 2.1 the design principles
and some practical details pertinent to the LEEM–ion beam
tandem, and then in section 2.2 explain its practical use.

2.1. The LEEM–ion beam tandem

While ions with high energies, up to ∼50 keV, are of technical
value for implantation doping, particularly for semiconductor
materials, much smaller ion energies are of principal interest
for surface processes. The neutral energy for metal surfaces
is typically ∼200 eV [52]; self-ion impacts of larger energy
produce net loss of host atoms from a surface by sputtering,
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Figure 1. LEEM micrographs showing the evolution of a mesa from a local surface maximum on Pt(111) under irradiation by 4.6 μA cm−2

of 65 eV Pt− ions at 1190 K. The initial structure exhibits step geometries shaped by earlier processes of screw dislocation slip. The (adatom)
ion beam causes the step contours to expand, with the inner islands overtaking the outer steps to create a step bunch surrounding a perfect
raised terrace. The process can be continued, and the mesas expanded, as long as nucleation of a new island is avoided.

up to ∼10 atoms per impact for energies of several keV, while
one ion per impact is, of course, added to the surface by a low-
energy beam as the impact energy tends to zero. Interest for
surface processes is mainly confined to energies ∼1 keV and
below.

In conventional LEEM designs [9] the sample is at
∼Vs = −15 keV, in grounded surroundings. This renders
impractical any proposed arrangement with positive ions for
impacts of ∼1 keV; negative ions are thus essential. Also,
as negative beams at grazing incidence must necessarily
suffer large deflections, the use of negative ions at normal
incidence and energy >|Vs| becomes an attractive choice. In
this scheme, the negative ions are decelerated from 15 +
ε keV to the required low energies of ε keV by the sample
potential. For our design, the source chosen for these negative
ions was a SNICS II accelerator purchased from National
Electrostatics Corp. [54–57] (with added differential pumping)
to be integrated into a Tromp LEEM I [58]. It provided a
beam of energy spread ∼65 eV FWHM, independent of mean
energy [59]. The ion beam from the slits was relayed to a
second focus near the sample by a 90◦ spherical deflector. It
passed into the LEEM vacuum through the magnetic bending
sector field, between the gun and imaging columns, and shared
the electron path to the sample through a 1 mm hole in the
objective lens. The lens was protected from the beam by a

Ti tube that formed a beam dump, cooled by LN2 from a
Dewar, in order to efficiently re-condense unwanted sputtered
material. A schematic diagram showing the main details is
provided in figure 2 [59]. In operation the LEEM was used
at sample temperatures up to 1700 K, with vacua ∼10−10 Torr,
even with the ion source operational. Beam intensities varied
up to ∼0.1 ML s, depending on the ion species, and could
be monitored using the current to the beam dump. Absolute
calibrations were made occasionally by measuring the LEEM
sample current through the 1 mm aperture.

The space charge interaction between the electron beam
and intense ion currents could cause the imaging capability of
the LEEM to deteriorate at large ion beam currents [60]. This
was accommodated when necessary by chopping the ion beam
and monitoring the LEEM image only during the off period
of the ion beam. By this method it was possible to monitor in
real time (i.e. 30 video frames s−1) the evolution, caused by the
ion beam, of the undistorted LEEM image, up to the maximum
available levels of irradiation.

2.2. Experimental details

The experiments described below require the best possible
surface cleanliness. Some emphasis was therefore placed
on sample preparation. As the results in section 3 concern
the Pt(111) surface, we summarize here the procedures,
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Figure 2. Sketch showing the SNICS II ion source configured so that the negative ion beam is relayed by an electrostatic spherical analyzer
(ESA) to a focus near the LEEM sample [59]. The LEEM and SNICS II share a common vacuum, interconnected through the magnetic
bending sector field chamber. Differential pumping introduced between the SNICS II and the ESA, together with the beam dump at LN2

temperature in the LEEM anode space, maintained the 10−10 Torr vacuum capability of the LEEM.

as refined in this research, for the Pt(111) surface. The
crystal employed in the work was purchased from the Surface
Preparation Laboratory, The Netherlands. It was a single
crystal of platinum, 9 mm in diameter and 0.8 mm thick,
with a polished (111) front surface. The same crystal was
used in earlier studies of mass diffusion by step fluctuation
spectroscopy [44, 61]. Initially it was cycled repeatedly with
1 kV Ar+ ion sputtering and 10−7 Torr O2 exposure at 1100 K
before introduction into the LEEM, where cleaning cycles
were continued. The eventual surface exhibited sharp LEED
reflections and no trace of impurity scattering or diffraction.
The base vacuum for this work was in the low 10−11 Torr range,
and the pressure remained at about 10−10 Torr for operating
temperatures of 1300 K.

Large areas of the Pt surface with miscut <0.1◦ gave
well-spaced and relatively straight step edges. In gross
structure the crystal surface nevertheless contained minor
minima and maxima spaced by ∼10’s of μm, and these
provided the loci for the initial preparation of pans or mesas,

respectively, using the ion beam as described in a detailed
report [39]. Once a suitable arena was grown, the effort was
redirected to the specific experiments of the type described in
section 3 below.

3. Quantitative experiments on driven surfaces

Three distinct types of experiment are described. First, the
ion beam could be employed to raise or lower the chemical
potential on the arena until an island nucleated near the
center of the pan or mesa [53]. This work is described in
section 3.1. Second, various beam strengths and energies
could be employed to make islands grow or shrink. We find
in our studies that these processes share a time evolution
that has a universal form that agrees with new theoretical
predictions [62]. The work is described in section 3.2. Finally,
active structures other than islands may be captured on an
arena and their operation under the driving force of an ion
beam examined. The case of a Bardeen–Herring source is
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described in section 3.3. Structures of this type act as ‘clocks’
that determine the net change of crystal volume caused by ion
irradiation. For these structures, as for islands, the observations
determine the net addition (or loss) of host atoms per ion at
any particular impact energy, and this valuable calibration of
surface response now becomes available for the interpretation
of driven processes and for comparison with the predictions of
molecular dynamics (MD) simulations [63].

The discussion of experimental observations in what
follows is made possible by a general theory of linear surface
response to ion beam irradiation [38], about which further
remarks are offered as appropriate throughout the text.

3.1. Driven nucleation of adatom and advacancy islands

An adatom beam (i.e. ε < 250 eV) of self-ions on Pt(111)
naturally raises the chemical potential μ∗ of an irradiated arena
and establishes a defect distribution in which the steady state
chemical potential μ∗(r) depends on position r. The boundary
conditions at the peripheral step bunch maintain μ∗ = 0 there,
so μ∗ rises to a maximum near the center of the arena at
r = 0. (Here we recognize that the Gibbs–Thompson effect
is negligible in the present range of measurements. The critical
radius for nucleation is a few Ångströms, and this is where
the driving force of irradiation balances the Gibbs–Thompson
potential. For the larger radii observed here, the Gibbs–
Thompson effect is reduced, in the ratio of the radii, by some
orders of magnitude, below the driving force of the irradiation.)
In the converse case of an advacancy beam (ε > 250 eV) the
chemical potential is lowered throughout, and with a negative
extremum near r = 0. With increased beam intensity of
either type the chemical potential μ∗ increases proportionately
(in linear response) until, for a sufficiently intense beam, μ∗
exceeds the critical value μ∗

c at which an island is nucleated.
This happens first near the center of the arena, where adatom
beams nucleate adatom islands and advacancy beams nucleate
advacancy islands. In either case, the island nucleation can be
observed in real time by LEEM during actual irradiation. We
thus acquire a method by which the conditions under which the
nucleation of precipitates by an irradiating beam of either sign
of antidefect can, for the first time, be examined under tightly
controlled conditions, for comparison with the predictions of
fundamental theory.

Some discussion is needed of the theoretical framework
inside which the driven steady state on the terrace prior to
nucleation can be treated [38]. The theory augments the
diffusion equations for the adatoms, site occupancy c1, and
advacancies, site occupancy c2, first by pair reaction terms
K12(c̄1c̄2 − c1c2), in which c̄1, c̄2 are thermal equilibrium
values, and second by beam production rates per site for the
two antidefects, specifically K1 and K2. When linearized about
the equilibrium condition the resulting equations can be solved
generally for the static linear response to the ion beam terms
K1 and K2. For a uniformly driven system, the steady state in
which the defects react on an arena, and the excess diffuses in
two dimensions to the peripheral step bunch leading to a time-
independent distribution, is associated with an excess chemical

potential [53]:

μ∗(r) = kBT (K1 − K2)

4(D1c̄1 + D2c̄2)
[R2 − r 2]. (1)

This falls to zero as required when r reaches the radius R of the
step bunch at the boundary of the arena. Here, D1c̄1 + D2c̄2 =
Ds is the surface mass diffusion coefficient and K1 − K2 =
�K , linearly proportional to beam intensity, is the excess rate
per surface site of adatom creation over advacancy creation by
the ion beam. Both are known from experiments discussed
later, the former from step fluctuation spectroscopy [45, 46]
and the latter from calibration experiments that observe the
motion of surface clocks (see below). Thus the value of μ∗
near r = 0 is known from equation (1) for any given value
of the ion beam intensity (and hence of �K ). Experiments in
which the ion beam intensity is slowly raised until nucleation
is observed by LEEM thus determine, for comparison with
fundamental theory, the critical chemical potential μ∗

c required
to cause nucleation [53].

The chemical potential μ∗ in this discussion is the
value for the assembly of reacting antidefects. The separate
antidefects have opposite chemical potentials because the
addition of an adatom has precisely the same effect on the
reacting assembly as the removal of an advacancy, and vice
versa. As a consequence of this symmetry, the chemical
potentials at which adatoms and advacancies nucleate are
predicted to have the same magnitudes but opposite signs.
Any discussion of the two species precipitating independently
would arrive at a different prediction, with distinct values of μ∗

c
that depend individually on the energetics of the two species of
defect.

In practical experiments the method just outlined has been
performed over a range of temperatures from 750 to 1260 K.
As made apparent by figure 3, the observed μ∗

c scatter about a
systematic variation through this range [53]. Three significant
observations can be made from the data. First, throughout the
range of results it is experimentally verified that the values of
chemical potential required for the nucleation of adatom and
advacancy islands are of equal magnitude but opposite sign.
The prediction thus confirmed was based on linear response
but needed, in addition, a simplified description of the island
energetics in terms of step energies, which from the results also
appears sufficiently valid. Second, μ∗

c/kBT � 1 in the range
970 K < T < 1260 K. This critical finding means that the
perturbation required for nucleation is small, so that the linear
response theory, on which the interpretation is based, is in fact
valid. It is also of interest that the values for T < 970 K do
not satisfy this requirement so the interpretation is not valid
there (see below). Finally, the dotted line in figure 3 that
falls below the experimental points is the absolute prediction
of μ∗

c , consistent with measured values of the step stiffness β̃ ,
using the theory of nucleation for two-dimensional structures
such as islands developed by Pimpinelli and Villain [64]. The
predicted μ∗

c resembles that observed but evidently identifies
values that are somewhat too small. The reasons that underlie
this inaccuracy of the theory have not yet been identified.

For temperatures above about 1060 K, the available ion
beam intensity falls short of the value required for nucleation

5



J. Phys.: Condens. Matter 21 (2009) 314021 W Swiech et al

Figure 3. The inset is a LEEM micrograph of an island freshly
nucleated on a pan. The data below show as functions of temperature
the scaled chemical potentials μ∗

c/kBT at which adatom islands
(solid points) and advacancy islands (open circles) are seen to
nucleate under the driving force of ion irradiation [53]. At
temperatures above about 970 K, μ∗

c/kBT � 1. Thus the linear
response theory employed to interpret the result is valid. The
observations nevertheless differ from theoretical predictions of
Pimpinelli and Villain (broken line) [64]. Below 970 K the data are
in error, as the kinetics are slow, and the experiments allowed too
little time to observe nucleation. Note that the common behavior of
adatom and advacancy data confirm an earlier prediction.

and no islands could form. In the opposite limit of low
temperatures, the surface kinetics slow down so that islands
are unable to nucleate and grow to observable size in the
time allotted to the experiments. Apparently what evolved
in practice was a surface overdriven by excessive irradiation
so that many islands nucleated, spread over the arena. The
values of μ∗

c/kBT acquired below 970 K are larger than unity,
so their interpretation in terms of linear response theory is
itself also not valid. It is of interest that the data for adatom
and advacancy islands nevertheless define conditions that still
reflect a symmetry between the two distinct processes. Much
more research on Pt(111) and other systems is needed before
these important process can become better understood.

3.2. Universality in the driven growth of islands

Once an island has nucleated, the new defect sink formed by
its step edge alters the distribution μ∗

c (r) near its radius a such
that μ∗

c(a) = 0. Excess defects created by the ion beam
then precipitate at the step at a in addition to the step bunch
at the perimeter of the arena at R. As a result, the island
grows, provided that the sign of the beam remains unchanged
(it shrinks if adatom and advacancy beams are interchanged).

Figure 4. Island growth at small radii [62]. In (a), two diameters of
an adatom island on a mesa on Pt(111) are defined. Pixel rows along
these diameters in (rotated) images are shown displaced by time to
reveal the dependence of diameter on time as an island nucleates and
grows. The rounding as a → 0 is confirmed in the enlarged image
(b).

From LEEM video sequences we have tracked both the growth
and shrinking for a variety of adatom and advacancy islands
isolated on pans and mesas. We find, to a good approximation,
that the observed growth follows a universal form, particularly
when the radius is half or less that of the arena.

As an experimental matter some variability at larger a
appears to arise from the way islands typically do not nucleate
exactly at the center of the arena, so that different cases have
slightly different diffusion geometries as the island grows out
to the surrounding step bunch. In earlier research it had been
thought that islands grow linearly in time, but that is not
precisely the case [52, 65, 66]. Both in growth and shrinkage
the rate of change is larger at small radii. We shall see that the
theory predicts a behavior that is non-analytical as a → 0, and
the experiments closely agree with the predicted form.

To give a flavor of the results, figure 4(a) defines diameters
of an island, chosen to represent its size. Note the weak
threefold character of island shape from anisotropy of the step
energy; this inverts as expected between adatom and advacancy
islands [62]. Figure 4(b) shows pixel rows displaced vertically
in proportion to time lapse so that the diameter as a function of
time is revealed by video intensity changes. The time evolution
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Figure 5. Universality of island growth on Pt(111) is demonstrated
by the superposed data points that record the growth and shrinking of
both adatom and advacancy islands [62]. The universal prediction of
the theory from equation (3) is indicated by the solid line near the
data. In the theory, the variations as x → 1 (i.e. a → 0) is not
analytical owing to the capture by the island step edge of defects
from irradiation events outside the island.

of each diameter clearly indicates a nonlinear rounding as the
radius a → 0.

These matters are fully quantified in figure 5, in which the
observed time evolution is shown for a variety of cases for both
adatom and advacancy islands, both in growth and shrinking
processes (with the latter shown time reversed) [62]. The solid
line is the behavior predicted by the theory, discussed below. It
is apparent that the different cases do indeed have very similar
time evolutions.

In treating the behavior quantitatively, the limit of
quasistatic behavior for a linearly responding system in two
dimensions is invoked. The quasistatic profile is [38, 52]

μ∗(r) = kBT (K2 − K1)

4(D1c̄1 + D2c̄2)
[r 2 − a2], (r < a). (2a)

For a < r < R, on the terrace outside the island, the solution
is

μ∗(r) = kBT (K2 − K1)

4(D1c̄1 + D2c̄2)

[
r 2 − R2 − (a2 − R2) ln(r/R)

ln(a/R)

]
.

(2b)
In this description, the division of precipitating defects
between the island step and the peripheral step bunch has a
purely geometrical dependence on the ratio a/R of the radii,
and it is this property that renders the behavior universal. In
an exact solution, the flow due to creation of excess defects by
irradiation is very much larger than any flow caused by island
growth and consequent changes of boundary conditions on the
reacting assembly of defects; the quasistatic approximation is
therefore valuable. The flux J to the island is obtained from
the Nernst–Einstein equation, and the rate of step advance for
an adatom island with an adatom beam obtained from the area

A added per precipitated adatom as da/dt = J (a)A or, from
equations (2) [62]:

dx

dτ
= (x2 − 1)

x ln x
; x = a/R; τ = (�K/4)t, (3)

in which �K = K1 − K2 as above and the solution is valid for
0 < x < 1.

The scaled form of equation (3) clearly reveals the
predicted universality. At x = 0 the derivative diverges and the
solution is not analytical. It may be expressed as a power series
multiplying x2 ln x , and related to the logarithmic integral
li(x). Neither the pathway nor the absolute rate of island
evolution predicted by equation (3) depends on the diffusion
coefficients of the mobile thermal point defects responsible
for the surface transport that drives the growth process. The
steady state defect concentrations built up by irradiation rise to
levels inversely proportional to the diffusion coefficient, which
therefore cancels from the flux ∼D∇c. Then in this steady
state, the net flux to the steps exactly equals the net creation
rate of defects, independent of diffusion rates. It may finally be
noted that, at small island radii for which x → 0, the flux to the
island itself arises disproportionately from irradiation events
that occur outside the island.

For the present purposes, the point of greatest interest
is a comparison between the observed island growth and the
universal form predicted by the quasistatic theory. For this
purpose, the solid line passing among the experimental values
in figure 5 above represents the solution of equation (3) from
the theory. The theory provides an adequate description of
the observed rates of driven island evolution for the range of
radii represented there. As mentioned earlier, deviations from
universality often occur for still larger radii, particularly for
off-center or non-circular islands.

3.3. Driven surface clocks

Certain surface structures respond with sufficient regularity
under the driving force of irradiation that they may well, for
future purposes, be termed ‘surface clocks’. They have periods
that depend linearly on the irradiation flux and find utility by
providing a means for calibrating the effect, per incident ion, of
the irradiation on the surface. Specifically, they determine the
value of �K = K1 − K2 quantitatively. A brief introduction
to the topic is offered here.

It has long been recognized that, when a screw dislocation
intersects a free surface, the intersection is marked by the
termination of a surface step. The fact that a driving force
such as vapor growth or sublimation at elevated temperatures
causes the step to evolve into a shape closely resembling an
Archimedean spiral played an important part in early efforts
to understand the mechanisms of crystal growth [67]. It is
readily perceived that any process that adds or subtracts atoms
layer by layer must cause such a structure to rotate precisely
through 2π for each layer, in order that the configuration is
exactly reproduced in each atomic layer. For this reason the
spiral may be regarded as a clock that records the loss or gain
of atomic layers. A slightly more elaborate clock is formed
when a length of step edge begins and ends at two neighboring
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Figure 6. The cycling of a Bardeen–Herring source under irradiation by an adatom beam of 515 eV Pt− ions at ∼960 K on Pt(111). The inner
step extends between two screw dislocations of opposite sign, made visible by local contrast from their surface strain fields (top left). The
pressure of irradiation-driven adatoms causes the inner step edge to bow out (top right) and eventually self-intersect (bottom left). This spins
off a new complete island loop and leaves behind a new length of step connecting the two screws (bottom right).

screw dislocations of opposite sign [66, 68]. Step edge climb
driven by excess defects of either sign causes the step to bow
and eventually self-intersect to form an island that surrounds
the dislocations. This acts to create new islands at regular time
intervals, much as slip of a Frank–Reed source [69] creates
dislocation loops in the bulk. To distinguish the two cases we
term the process with climb at a surface a Bardeen–Herring
source [70] and reserve the term Frank–Reed source for the
case of slip. The Bardeen–Herring source forms a precise
surface clock that cycles under irradiation exactly once each
monolayer added or subtracted.

An example of Bardeen–Herring sources observed in our
research on Pt(111) is shown in figure 6. We have verified
that such sources cycle as predicted under irradiation. It may
be noted that the universal island growth described above also
constitutes a clock of sorts, since its growth period from a = 0
to R depends only on �K .

The dependence of these clock periods on �K affords
a convenient method by which �K may be determined by
LEEM observation with an in situ ion source. To this end
we have verified that the periods of the three types of clock
described here are in agreement, within the uncertainty of
∼10% of the absolute flux reproducibility of the SNICS II
source. Figure 7 shows values of �K determined from surface
clocks [52]. There, the results are compared with the absolute

MD predictions for Pt ions of various energies impacting on
Pt(111) in the molecular dynamics calculations of Averback
and co-workers [63]. There is good agreement between the
two, which establishes in addition that the MD calculations are
very effective, even at the low impact energies pertinent to the
present research.

4. Summarizing comments

Since their invention and development by Bauer, LEEM and
PEEM have blossomed to take their place among the most
important tools of surface science, with diverse applications in
areas such as chemistry, synchrotron radiation and magnetism
far outside the locus of the initial research. In this paper we
describe yet a further new application of LEEM observations in
real time to explore the driving effects of self-ion irradiation on
clean metal surfaces. It is our expectation that new applications
for this valuable research tool will continue to open up for some
considerable time to come.
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