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Investigation of surface defects on Ni(110) with a low-energy positron beam
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The trapping of positrons at surface defects that develop during the epitaxial growth of a Ni film
on a Ni(110) substrate is established. Trapping is detected by the resultant decrease in positronium
that is formed by electron capture at the surface after the incident 900-eV positrons thermalize in

the target. Ion-bombardment-induced defects are also investigated. It is found that ledges are the
dominant trapping site on both surfaces. The average ledge spacing on the ion-bombarded surface,
after annealing at a specified temperature, is determined by analyzing the broadening of low-energy
electron diffraction (LEED) spot profiles. This spacing is then used to calibrate the positronium
formation results on each of the annealed surfaces. These results, when applied to the Ni-on-

Ni(110) film (where LEED spot broadening is too small to be resolved), yields a measurement of the
island nucleation density.

I. INTRODUCTION

Surface defects play an important role in determining
the physical and chemical properties of surfaces. ' Low
concentrations of surface defects measurably influence a
metal's work function and can dominate the chemical ac-
tivity of the surface for particular reactions. ' A variety
of techniques, including transmission electron microscopy
(TEM), low-energy electron diffraction (LEED), work-
function measurements, x-ray and uv photoemission, and
low-energy ion and atom scattering have contributed to
the present understanding of the geometric and electronic
structure of surface defects. The information concern-
ing defects is often extracted from a signal dominated by
the translationally ordered portions of the surface and
thus the sensitivity of such techniques is severely limited
when the defect density is low. The ideal probe for low-
density defects would be insensitive to the ordered areas of
the surface and preferentially interact with defect sites.

It is well known that positrons thermally diffusing
within a metal preferentially interact with bulk defects,
typically vacancies, which trap the positrons. The
vacancy's large cross section for trapping„coupled with
the long bulk diffusion length of positrons ( —10 A), re-
sults in a large fraction of them annihilating in these traps
when the trap density approaches 10' cm . Low-energy
(10 eV—10 keV) positron beams with penetration depths
comparable to the thermal diffusion length have recently
been used to study near surface and interface defects, and
adsorbates. " Typically, the trapping of positrons at de-
fects is detected by the attendant reduction in the reemit-
ted positron yield (if the surface has a negative positron
work function) or the decrease in positronium formation
that occurs at the surface. These experiments clearly
demonstrate that positrons are trapped at near-surface de-
fects, predominantly vacancies, for which the detection by
other techniques is difficult. However, the sensitivity of

positrons to purely surface defects such as isolated ada-
toms, monovacancies, and steps and kinks of ledges was
left unresolved.

In this paper we report the results of an initial study to
probe the sensitivity of positronium formation to purely
surface defects. Two-dimensional defects are added to the
surface by the thermal vapor deposition of submonolayer
amounts of Ni on a clean well-annealed Ni(110) surface.
The anticipated density of these surface defects depends
strongly on coverage: at very low coverage isolated ada-
toms dominate; near monolayer coverage the defects are
more likely to be associated with island ledges or surface
vacancies. Using established models of epitaxial growth
the first determination of the predominant surface trap-
ping sites for positrons is made. The surface density of is-
land nucleation sites on Ni(110) at 350 K is estimated.

In a similar experiment, designed to correlate our re-
sults with terrace length determinations by LEED, near-
surface defects are created on Ni(110) by Ar-ion bombard-
ment and annealing at various temperatures. Bombard-
ment erodes the surface producing pits which, on a micro-
scopic scale, consists of steps and terraces of various
lengths that expand on annealing. The characteristic ter-
race length is directly measured from a spot profile
analysis of a diffracted LEED beam and then correlated
with the corresponding formation fraction of positronium
measured on that surface. Our results are consistent with
a model in which defect trapping occurs at the step sites
on the perimeter of terraces, the density of such defects
decreases as the terrace size increases. LEED spot profile
analysis could not be used for the Ni film experiment be-
cause the profile broadening is too small to be resolved by
our commercial LEED apparatus. In the next section we
present experimental details and results along with our
qualitative conclusions. In Sec. III the results are quanti-
tatively analyzed using a positron diffusion model in
which defect trapping at the surface is included. In Sec.
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IV we discuss some of the unresolved questions that fu-
ture refinements in this positron technique should address. ANNEALED LIMIT

0.50K---------- —-------------------)(-----
(~.)

II. EXPERIMENTAL PROCEDURE AND RESULTS

All experiments were performed in an ultrahigh-
vacuum surface-analysis chamber interfaced to a low-
energy positron beam. The analysis chamber is equipped
with facilities for LEED, Auger spectroscopy, ion sputter-
ing, and residual gas analysis. The base pressure of the
system is 10 ' Torr with the pressure rising to 10 Torr
during Ni evaporations. The Ni sample was cleaned by
repeated cycles of ion bombardment (2-keV Ar ions in-
cident at 75') and thermal annealing. Small residual
amounts of carbon remaining after this procedure were re-
moved by flash desorption of adsorbed oxygen at 1000 K.

The positron beam and positronium detection technique
will be only briefly discussed since they have been
described in Ref. 12. Low-energy positrons from a Na
source and W-vane moderator' are electrostatically ac-
celerated to 900 eV and focused onto the Ni(110) crystal.
At this energy a large fraction of the positrons thermalize
within a diffusion length of the surface. Positrons reemit-
ted from the surface are returned by a positively biased re-
tarding grid. Positronium (Ps) formed by electron capture
at the surface is efficiently distinguished from all other
positron decay processes by the long ( —140 nsec) lifetime
of the triplet spin state. Start and stop signals for a time-
to-amplitude converter-multichannel analyzer timing sys-
tem are derived from the detection of secondary electrons
ejected by the incident positrons and from the subsequent
detection of annihilation y rays. The total positroniurn
formation fraction f is determined from the ratio of
long-lived events (between 30 and 405 nsec) and the total
number of events in the background-corrected lifetime
spectrum. Neglecting the systematic uncertainty of about
S%%uo in converting the raw ratio of counts into f (which is
the same for all runs), f can be measured to a statistical
accuracy of about 0.5% in a S-min run.

In the first experiment the Ps formation fraction, f, is
measured after Ni is evaporated onto the (110) surface of
a Ni sample that has previously been annealed to 1350 K.
Such a deposition clearly does not roughen the substrate
surface or create subsurface defects. Estimates of the Ni
coverage were made with a polycrystalline Ta foil at-
tached to the sample holder by monitoring the attenuation
of the 179-eV Ta LVV Auger transition during the eva-
poration. This attenuation permits the Ni-on-Ta coverage
to be determined' from the mean free path of 179-eV
electrons in Ni. The Ni-on-Ni(110) coverage can then be
estimated with an overall systematic uncertainty of order
50%. In addition, the Auger spectra showed trace con-
tamination of CO on the surface after several depositions.

The measured values of f, shown in Fig. 1, indicate a
strong coverage dependence when the substrate tempera-
ture is 350 K. This dependence of f, together with well-
developed models of epitaxial growth, ' can yield qualita-
tive insight into the interaction of positrons with surface
defects. At very low coverages (0=0.025) Monte Carlo
simulations' on Ni(100) at 350 K show that only a few
percent of the deposited Ni is present as isolated adatoms.
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FIG. 1. The positronium formation fraction f versus cover-
age of evaporated Ni on a Ni(110) substrate held at 350 K. The
dashed line is intended to guide the eye. The solid line through
the first two points is the result of a simple diffusion-model cal-
culation in which no layer stacking is assumed (see Sec. III for
discussion) ~

Thus we expect that virtually all the adatoms at 0=0.28
(our lowest coverage) should form two-dimensional (2D)
islands with their perimeters bounded by monolayer high
steps. The marked attenuation of f at this and higher 0
indicates that positron trapping can occur at these steps
surrounding the islands. At 0 near 0.8, where f reaches a
minimum, adatoms are removing and creating trap sites
with equal probability. This is consistent with the merg-
ing of islands and a resultant decrease in perimeter step
sites as the first monolayer tends to be completed. At still
higher coverages f increases though remains lower than
fo, the annealed limit. We attribute the failure of f to
completely return to fo at 0= 1.0 to the stacking of a
second or higher layers of Ni islands on the top of the still
incomplete first layer (and, in part, to the trace CO con-
tamination which, in separate measurements, is observed
to reduce f). Some island stacking is expected at this low
temperature and similar nonperiodicities or damping of
oscillatory behavior have been observed with LEED and
reflection high-energy electron diffraction (RHEED) dur-
ing epitaxial growth of semiconductor surfaces. ' Heating
the sample to only 473 K (well below the bulk annealing
temperature of about 900 K) after the final deposition re-
turns f to fo, indicating that only surface diffusion pro-
cesses are needed to reform the surface. ' This result also
strengthens our conclusion that step sites are the predom-
inant trapping sites since low-energy ion scattering from
steps on Ni(110) is also observed to disappear at tempera-
tures above 400 K.

While the above qualitative considerations permit step
sites to be identified as the surface defect which traps pos-
itrons, a detailed picture of this interaction is more diffi-
cult to obtain. The difficulty of extracting quantitative
information, such as trapping cross sections, results from
the lack of independent measurements of the density of
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step sites during the epitaxial growth. The step density
resulting from the distribution of island sizes on the sur-
face can be determined from spot profiles of a LEED
beam. ' The presence of islands and other defects, which
disrupt the long-range order, increases the angular width
of the diffracted beam in a characteristic manner. Island
size can be estimated by analogy to a 2D diffraction grat-
ing. For an N)&N array of atoms separated by a nearest-
neighbor distance of a, the half-width of the beam is

b, =k/(2&a cos@),

where k is the electron wavelength and N is the exit angle
of the electron. ' Spot profiles of the (10) beam were mea-
sured along the [111] direction using a spot photometer
with a 0.033' aperture. The instrumental limit of the
LEED arrangement is approximately Na = 180 A. Obser-
vation of the (10) beam after the deposition of one mono-
layer showed no significant change in the spot profile.
Apparently the island sizes are too large or the island den-
sities too low to measure with this apparatus.

To generate a readily measurable concentration of sur-
face defects the Ni(110) surface was bombarded with 2-
keV Ar ions at room temperature until the LEED spot
profiles were visibly broadened. Bombardment was con-
tinued to saturation (no further broadening). The mor-
phology of the Ni surface damaged by ion bombardment
has been carefully studied. From the observed broaden-
ing and splitting of diffracted beams these studies con-
clude that saturation ion doses produce surface pits con-
sisting of terraces separated by single atomic steps -50 A

apart. Annealing increases the terrace widths, eventually
removing the surface pits. Equating the atoms along the
ledges of these sputter-induced terraces with the atoms on
the perimeter of the islands present during epitaxial
growth provides a link between the two surfaces. Howev-
er, on the sputtered and annealed surface a measurement
of the terrace width, Na in Eq. (1), at each annealing tem-
perature can be determined and the corresponding value
of f measured. The instrumental contribution to the spot
profile was removed by assuming a Gaussian resolution
function. The sensitivity of f to the terrace width is
shown in Fig. 2. For small, 80-A terraces positrons fre-
quently encounter the defects associated with the ledges
and are trapped, reducing f by a factor of 2. It is not un-
til the terraces are larger than 200 A that f increases sig-
nificantly. This suggests that positrons either sample a
large number of surface sites or that they can be trapped
over a very long range. This point, as well as the role that
subsurface vacancies on the sputtered surface play in trap-
ping positrons, will be considered in the next section
where we attempt a more quantitative analysis.

III. ANALYSIS AND DISCUSSION

To relate the density of surface traps on the sputtered
and annealed sample to f, the Ps formation fraction, we
present a simple model based on a classical description of
the positron's motion. We begin with the diffusion model
of Nieminen and Oliva. ' For positrons implanted a
depth z below the surface with stopping profile S(z),
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where A. and D are the bulk annihilation decay rate and
the bulk diffusion constant, respectively, and L [S(z)] is
the Laplace transform of S(z) (see Ref. 21). The parame-
ters vp, and vz- represent the rate at which Ps formation
alone (vp, ) or all surface loss processes (vT, including bare
positron reemission, surface trapping, and Ps formation)
remove positrons from diffusing in the bulk. These sur-
face rates should depend on an effective surface density
times a cross section and on the positron velocity v. We
remove this explicit dependence on v by defining probabil-
ities Pp, and PT such that
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FIG. 2. Values of f measured on the sputtered and annealed
Ni(110) surface are plotted versus the average terrace width, Na,
as determined from the LEED beam spot profiles. An inverse
scale is used, the annealing temperature (in 'C) for each run is

0

shown, and the LEED instrumental resolution of 180 A is
denoted by the dashed marks. The error bars in Na are due to
uncertainties associated with deconvolving the instrumental
resolution. The solid line is a calculation and fit of f to these
data using the diffusion model discussed in Sec. III.

and

vps =Ppsv

(3)

Pp:Pp p( 1 —Pd )+EPd

Pz. =PT, p(1 Pd )+Pz— (4)

vz ——PTv .

Thus Pp and PT are the respective loss probabilities per
surface encounter (and they may still depend on velocity
through any temperature dependence of the respective
cross sections —all measurements were, however, carried
out at a constant temperature of 350 K).

On a surface with additional trapping defects we take
Pd to be the positron defect trapping probability per sur-
face encounter and modify Pp, and Pz- to be
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where Pp, o and PT o correspond to their respective values
on an undamaged surface. Thus Pd is, in effect, the dam-
aged fraction of the surface as sampled by the positron
(see discussion below). The term ePd, the probability that
a trapped positron can still form Ps, phenomenologically
accounts for the fact that f does not go to 0 as Pd ap-
proaches unity, as seen in Fig. 2. Inserting these results
into Eq. (2) and neglecting the small bulk diffusion term,
we find

Pp, o(1 Pd+E—Pd /PP, Q)
L [S(z)] .

PT, 0( 1 Pd +Pd /PT, 0 )
(5)

Normalizing f to fp, where Pd ——0, removes S(z) from
the equation. Therefore R =f/f p is given by

1 —Pd +0.5Pd /PT O

1 —Pd +Pd /PT O

(6)

where e has been determined by inspecting R in the limit
of Pd ——1.

The probability Pd will depend on the density and
shape of the islands or terraces on a surface, as well as a
trapping cross section (at 350 K). For the sputtered sur-
face we assume the surface consists of square terraces of
characteristic length l as shown in Fig. 3. We identify an
effective range g near a ledge within which a positron is
trapped during a surface encounter (i.e., the trapping cross
section of a ledge is 2/i). By geometry, the "damaged"
surface fraction is Pd ——1 —(1—2g/1) . With this expres-
sion for Pd in Eq. (6), the data in Fig. 2, after normaliza-
tion to fp ——0.50, are fit quite well when g/PT p= 100—150
A as shown by the solid line. This result is surprising be-
cause it is so large. The length g, related to the positron's
de Broglie wavelength, is presumably restricted in a metal
by the electron screening cloud to several screening
lengths. Then g'&5 A and it follows that PT p&0.05.

This implies that a positron is internally reflected from
the undamaged surface of Ni with 95&o probability. If
this is the case the positron reencounters the surface many
times, giving it an effective range over the surface of or-
der 100 A. Theoretical calculations ' of the internal re-
flection coefficient are generally consistent with our value.
However, there is little experimental evidence supporting
such high internal reflectivities. We note this point since
our measured value of j/PT p may have been increased by
any sputtering-induced subsurface defects" that, in our
analysis, would effectively increase the deduced surface
damaged area and thus g. Therefore we consider
g/PT p 100 A to be an upper limit when we apply this re-
sult to the Ni-on-Ni(110) epitaxial growth experiment.

If we apply this diffusion model to the epitaxial growth
of the Ni film we assume as before that trapping occurs
within a distance g of the perimeter of an isolated island.
At low coverages (8 &0.5) the probability of a positron
being trapped at an island ledge in a single surface en-
counter is

where n is the island density, or nucleation site density.
Inserting this expression into Eq. (6) and fitting it to the
first two points in Fig. 1 (as shown by the solid line) yields
gv n /PT o 0.07. F——rom above, the upper limit of
g/PT p & 100 A then yields n & 5 X 10 cm . Several in-
dependent determinations of n during the epitaxial
growth of metal films on metal substrates have been made
in ultrahigh vacuum (UHV) environments with a TEM.
For Pb and Pd on Ag(111), n =2 & 10 cm at 300 K
and n =3&10' cm at 423 K, respectively. A model
of the nucleation process that accounts for the rate of
deposition and the substrate temperature predicts a range
of values for n, 5&10 cm &n &10" cm, for our
growth conditions. The overall agreement of our present
determination of island density with both model calcula-
tions and independent measurements is an encouraging
sign that a consistent view of positron defect trapping at
the surface is emerging in this work. We note that by
treating the island-covered epitaxial film surface in a con-
sistent way with the sputter-annealed surface (with its
measured terrace lengths) we can deduce n by eliminating
the parameter g/PT p, which depends on the detailed
physics of the positron-surface interaction and the trap-
ping mechanism. Thus our result depends mainly on the
compatibility of the respective surface morphologies and
not on a detailed (and largely unknown) knowledge of the
positron-surface interaction.

IV. CONCLUSION

FIG. 3. A schematic representation of our surface model in
which terraces {or islands) of size l are surrounded by steps
which trap positrons when they encounter the surface within a
length g of the ledge. Several possible fates of a positron that
has diffused back to the surface are shown, including formation
of Ps, direct reernission and return to the surface by the applied
retarding electric field, and multiple internal reflection and
eventual annihilation after trapping near a step.

We conclude that the Ps formation fraction is strongly
affected by the presence of particular surface defects. On
both sputtered and evaporated Ni surfaces the dominant
positron trap is associated with the ledges surrounding the
terraces or islands. On the sputtered Ni surface, where we
can determine the average terrace size from the broaden-
ing of LEED beam profiles, we find that our technique
derives some of its high sensitivity through the positron
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encountering the surface many times during the diffusion
process. This produces an effective trapping length
g!PT p as large as 100 A. With this upper limit we can
then set a limit on the island density for Ni film growth
of n ~ 5 & 10 cm . As the islands merge together near
6= 1 we observe an attendant increase in Ps formation as
the positron-trapping ledge sites disappear in the com-
pletion of the first layer.

This technique of studying purely surface defects with
positron beams seems to be a very promising probe of
metal overlayer nucleation and growth. As a defect probe
it complements standard LEED systems because it is
most sensitive when the defect spacing exceeds 200 A (as
shown in Fig. 2), whereas LEED is typically useful below
200 A. However, several questions must still be answered.
In particular, the role of isolated adatoms and surface
monovacancies is sti11 unresolved. Very delicate, low
deposition (6=0.01) studies with low substrate tempera-

ture where surface diffusion is restricted are required. On
the other hand, future measurements at higher substrate
temperature, or with other film-substrate combinations,
where surface diffusion is enhanced, may show complete-
ly periodic layer-by-layer growth without the complexities
of incomplete layer stacking. Finally, the influence of de-
fects produced for film-substrate combinations that exhib-
it strained layer epitaxy should be investigated.
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