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Positron or Positroniumlike Surface State on Al(100)?
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Using a high-intensity beam of 200-eV positrons we have measured the two-dimensional angular
correlation of the 2y annihilation radiation from a clean Al(100) surface. The momentum distribu-
tion identified with the positron surface state has a nearly isotropic conical shape and a (7.1 +0.5)-
mrad full width at half maximum. The data are not consistent with a simple interpretation based on
either the usual model of a positron bound in a surface state by its "image-correlation potential" or
a positronium atom weakly bound to the surface.

PACS numbers: 71.60.+z, 73.20.—r, 71.25.Hc

Positron annihilation offers a unique way to observe
the momentum distribution of electrons in solids. '

The positron is not a weakly interacting probe and sig-
nificantly increases the density of electrons in its vicin-
ity. 2 Thus the positron annihilation rate in a metal is
much greater than the independent-particle-model pre-
diction. Nevertheless, theory and experiment have
shown that the momentum distributions obtained
from the angular correlation of the 2y annihilation ra-
diation (ACAR) can yield valuable information about
electron wave functions, and faithfully reflect the Fer-
mi surface of metals and alloys. It is interesting to ask
if an analogous picture will hold for positrons localized
at the surface of a metal.

The extension of the ACAR technique to the study
of surfaces requires positrons with energy low enough
to stop near a sample surface. It is well established
that a large fraction of the positrons implanted into a
single-crystal metal at a few hundred electronvolts of
kinetic energy diffuse back to the surface and become
trapped in a surface state. 3 The positrons in this sur-
face state annihilate with near-surface electrons and
thus can give new information about these electrons.
Beams of slow positrons with sufficient intensity for
practical surface ACAR measurements are now avail-
able. 4 The usefulness of such measurements will

depend greatly on the nature of the positron surface
state and how well we understand it. While there are
many model calculations, we are presently lacking a
firm theoretical foundation.

Early ACAR results obtained on the internal sur-
faces of voids in metalss motivated the development of
theories describing the positron interaction with sur-
faces. The most frequently used model has been that
of a positron tightly bound to a surface in its image-
correlation potential well. A second model is that of
a positronium (Ps) atom weakly bound to the surface
by Van der Waals forces. It is not clear in either case
that ACAR measurements will be uncontaminated by
effects due to the momentum of the positron state. In
order to find out more about the positron surface state
we have made ACAR measurements on a simple s-p
metal surface, Al(100). Our measurements show that
neither picture is completely accurate.

The apparatus for this experiment consists of a
high-intensity reactor-produced Cu positron source,
an ultrahigh-vacuum (UHV) target chamber, and a
pair of Anger cameras with associated electronics. 9

The high-purity Cu sources were irradiated as 3-mm-
diam spheres for 48 h at 8x10'4 no cm 2 sec '. The
resulting 80-Ci sources were introduced into the UHV
source chamber through an air lock by remote control.
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The 64Cu was evaporated in situ onto a W(110) sub-
strate prepared by heating to form a self-moderating
source of = 107 slow positrons per sec.

The slow positrons were guided by an axial magnetic
field and accelerated onto the Al target. Unwanted
counts from 3St Ps and from positrons that might miss
the target were eliminated by shielding made of 90'/o

W alloy around the target and by Pb shielding outside
the vacuum system. The 99.999'/o-pure Al(100)
single-crystal sample was Ar+-ion bombarded and an-
nealed at =550'C before each run. We observed a
sharp (100) low-energy electron diffraction pattern and
found the surface to be contaminated by & 1% of a
monolayer of 0 and C by Auger spectroscopy before
each run. The 2y annihilation photons were detected
in coincidence by two Anger cameras located 6.3 m on
either side of the sample. The combined 9.5-mm full
width at half maximum (FWHM) resolution of the
pair of detectors thus corresponds to an angular resolu-
tion of 1.5 mrad. The (100) Al sample surface was
parallel to a line connecting the centers of the Anger
cameras and a [100] direction in the surface plane was
oriented 20' from this line.

We obtained spectra using 200-eV and 15-keV posi-
trons. At these two incident positron energies we
know that = 98'/o and = 7% of the positrons diffuse
back to the surface. 3 We also obtained a bulk Al spec-
trum using an Al-22Na-Al sandwich located within 0.5
mm of the Al(100) sample position. This spectrum is
in agreement with the 15-keV spectrum except that
the latter has a 30'/o very broad component typical of a
transition metal. Examination of our positron beam
spot after the data were taken showed that it is reason-
able to assign this component to positrons that hit the
stainless-steel heater stage. Since this component is
much broader than our surface two-dimensional (2D)
ACAR data to be presented below, its contribution is
only about 5% of the peak height at p=0. At our
present level of precision this essentially flat contribu-
tion can be ignored.

Our 2D ACAR data obtained with 200-eV positrons
is shown in Fig. 1. This set of data has been smoothed
with a two-channel (1.2-mrad) FWHM Gaussian. The
one-sided contribution due to the annihilation of fast
singlet Ps is immediately evident. The fast Ps to is
moving in the direction away from the surface, p~ ) 0.
(Note that the positive axis is on the left-hand side of
the figures. ) Figure 2(a) shows contours of the same
data, unsmoothed and corrected only for the momen-
tum sampling function by use of the measured single-
camera response function. We fold these data about
p~ =0 and subtract the pt ( 0 half from the p~ ) 0
half to determine the shape and amplitude of the fast-
Ps component. " To compensate in first order for the
unphysical sharp cutoff introduced by this subtraction
procedure, the difference distribution is then convo-

FIG. 1. Two-dimensional angular-correlation spectra for
200-eV positrons incident upon a clean Al(100) surface.
Note that the positive axis is on the left-hand side of the
curve. The total number of counts is 3 & 10'.

luted with the detector resolution. We thus obtain our
best estimate for the fast-Ps component as shown in
Fig. 2(b) and it is in rough agreement with the time-
of-flight tneasurements. '2 The total amount of fast
singlet Ps is 16'/o + 2% and agrees with what we expect
on the basis of the known fast-Ps total yield3 of 50% to
60% of the fraction of the positrons that hit the
Al(100) sample. '3 The amount of fast Ps obtained by
analyzing the 15-keV data in the same manner is
1% + 1%. We subtract the fast-Ps component from the
original data of Fig. 2(a) to obtain the surface 2D
ACAR-momentum contours in Fig. 2(c). Except for
the Ps component, these contours represent un-
smoothed data.

The distribution in Fig. 2(c) has a conical shape that
is very similar to the distribution that has been ob-
served by 2D ACAR on Al containing voids. '4 Con-
trary to our expectations based on the simple surface-
state models, 6 s this distribution is nearly isotropic.
To expose the shape with better statistics, we present
in Fig. 3 projections (1D integrals) of the momentum
distribution along p~ and p~~, i.e., we produce one-
dimensional ACAR curves. The FWHM are 7.1 +0.5
mrad for both projections. ts The model of a bound
positron in its "image-correlation —potential" well7

produces a strong anisotropy which is essentially in-
dependent of the details of the model potential. The
picture of a weakly bound Ps atoms where the parallel
motion would be thermal and the perpendicular
motion would be that associated with the 0.5-eV Ps
binding energy also predicts anisotropy. Furthermore,
the latter model would result in a distribution that is
narrower than our angular resolution in both direc-

1703



VOLUME 54, NUMBER 15 PHYSICAL REVIEW LETTERS 15 APRIL 1985

I I

Al (ioo )

0
6
E 0

+5 0

P~ (rnid)
(c)

I

+5 0

p (rnva. h )

0

Pi (mrad )

FIG. 2. (a) Data of Fig. I presented as an unsmoothed 2D ACAR contour plot. (b) Fast-ps contours obtained from the
difference between the pi ) 0 and pi ( 0 halves of (a). The data have been smoothed by a Gaussian of similar width (2 chan-
nels) to that of the resolution to remove the unphysically sharp cutoff at p = 0. (c) 2D ACAR contours for the positron sur-
face state obtained by subtracting the fast-Ps component (b) from the original data (a).

tions. Both of these models are inconsistent with our
data. We note, however, that some lack of a large an-
isotropy could be explained if we were to assume that
the positron state is not extended in the direction
parallel to the surface but is localized at some surface
defect, or by impurity atoms.

We conclude that neither surface-state model
predicts correctly the angular distribution of the an-
nihilation photons. It is obvious that the positronium
picture needs to be supplemented by inclusion of the

effects of electron exchange, and that the positron pic-
ture lacks an accurate description of correlation effects.
It is hoped that our experiment will be an impetus for
the development of an improved model of the positron
surface state.

We are grateful to M. McKeown and R. Lee for as-
sistance with the data analysis, M. Weber, J. Ruther-
ford, and D. M. Chen for help in the experiment,
W. Frieze and G. Plain for help in the initial stages of
this work, and high-flux beam reactor operations staff
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FIG. 3. One-dimensional projections of the surface posi-
tron ACAR spectrum for momentum parallel and perpen-
dicular to the surface. For comparison we also show the
spectrum obtained for positrons annihilating in bulk Al.
The three spectra have been normalized to equal peak
heights.
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Note added. We have —now repeated our measure-
ments using a clean Al(110) sample. The surface
ACAR momentum distribution is again nearly isotro-
pic but has a slightly wider full width at half maximum
(8.0+0.5 mrad) than our Al(100) data presented in
this Letter.
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