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Studies were made of the interactions of positrons with three low index surfaces of aluminum
[(100), (110), and (111)]at room temperature with the aluminum surface at elevated temperatures
and with oxygen adsorption on the aluminum surface. Our measurements using the improved two-
dimensional angular correlation of annihilation radiation technique on surfaces support three estab-
lished processes: spontaneous positronium (Ps) formation and emission, positrons bound in a sur-
face state, and surface-state positrons thermally desorbed as Ps atoms. A method has been
developed to accurately separate these components. The positron surface-state annihilation spectra
are nearly isotropic for all three Al surfaces, which indicates a lateral localization and is incon-
sistent with either the ideal image-potential-induced bound state or the physisorbed Ps state. The
thermal Ps momentum distributions agree well with the thermostatistical emission mechanism. The
momentum distributions of the directly emitted Ps atoms are found to be very sensitive to the sur-
face conditions, and to reAect the electron density of states near the surfaces, thus suggesting a new
surface spectroscopy, angle-resolved Ps spectroscopy.

I. INTRODUCTION

Recently the technique of angular correlation of an-
nihilation radiation (ACAR) has been applied to the
study of positron interactions with surfaces. ' This
augmentation marks another important aspect of the
growing field of positron surface physics. ' Historically,
the ACAR technique was established for bulk electronic
structure and defect studies. ' The feasibility of using
this technique to study surface phenomena relies on
confining the probing positrons to the near-surface re-
gion. Over the last few years there has been considerable
progress in the construction of high-intensity, low-energy
positron beams, and it is now possible to produce a
sufficient ACAR counting rate from well-characterized

surfaces in order to obtain useful information. To date,
measurement using this extended ACAR technique has
been performed on surfaces of copper, ' aluminum, sil-
icon, ' nickel, " graphite, ' and lead. ' The results have
shed new light on various positron-surface interaction
mechanisms, and have raised some questions for further
investigations.

When slow positrons impinge on a target surface, three
major phenomena can occur: ' Some of the thermalized
positrons diffusing from the bulk to the surface are eject-
ed into the vacuum if the positron work function is nega-
tive, some take part in positronium (Ps) formation and
emission, and some are captured into a surface state and
can be liberated as Ps atoms by thermal activation.
These surface-sensitive processes provide us complemen-
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tary methods using the slow positrons as' a probe to study
crystallographic and electronic structures as well as other
properties of surfaces. Like positron annihilation in a
bulk material, the annihilation products from a positron
trapped in the surface state or from a singlet-Ps atom
formed near the surface are predominantly two y pho-
tons ( —511 keV). Thus the momentum distribution is
uniquely contained in the annihilation pairs, and hence
the interaction mechanisms involved can be well studied
by the ACAR technique.

Following the first two surface ACAR measure-
ments, ' we have improved the ACAR resolution and
statistics, and showed that the two-dimensional Ps
momentum spectra for the three low index surfaces of Al
exhibit anisotropic structures which were found to be
very sensitive to the surface conditions and to reAect the
electron density of states near the Fermi surface of Al. '

Since Ps can only be formed near metal surfaces' with
electrons from the occupied states within 2 to 3 eV from
the Fermi level, these results have demonstrated a new
surface spectroscopy: angle-resolved. positronium emis-
sion. spectroscopy, for the study of surface electronic
structures. These advances confirmed the original sug-
gestion of the Ps velocity spectroscopy made by Mills
et al. ' based on their time-of-Aight (TOF) measurement
of the Ps velocity distribution for an Al surface. In this
paper we will elaborate and expand upon our previous re-
port.

Theoretically, the positron surface state has been treat-
ed either as an image-potential-induced bound state, '

or as a physisorbed Ps state. These two models have
predicted a positron or a Ps wave function delocalized in
the surface plane but localized perpendicular to the sur-
face, which leads to a substant'ial anisotropic momentum
distribution. As expected from the uncertainty principle,
the confinement of the positron or Ps normal to the sur-
face will result in a larger momentum component in that
direction. However, the earlier two surface-state ACAR
spectra measured for Cu and Al surfaces' as well as our

more recent higher-precision data for three low index
surfaces of Al have all yielded essentially isotropic distri-
butions. This inconsistency with the theoretical models
has led to the conjecture of the lateral localization of the
positron wave function possibly due to the surface defects
and impurities. ' ' ' Thus presently we are lacking a
more realistic description of the positron surface state.

In the remainder of this paper we will provide a sys-
tematic discussion of our recent 2D ACAR study of posi-
tron interactions with three low index surfaces of alumi-
num. Because of its nearly free-electron-like band struc-
ture, bulk Al and Al surfaces have been investigated ex-
tensively, are well understood, and hence were chosen as
a prototype for our study. In Sec. II we brieAy describe
our experimental setup and procedures. A qualitative
discussion of several sets of directly measured spectra un-
der various experimental conditions is given in Sec. III.
After introducing in Sec. IV the data analysis technique
which we developed, the positron-surface-state annihila-
tion spectra and the Ps spectra are analyzed in consider-
able detail in Secs. V and VI, respectively. Theoretical
predictions of the Ps spectra using projected Al band
structures is also presented in Sec. VI. A thermally ac-
tivated Ps spectrum is analyzed in Sec. VII. We summa-
rize our discussion in Sec. VIII.

II. EXPERIMENTAL DETAILS

The present surface 2D ACAR measurement system
consists of a high-intensity, slow positron beam, a pair of
Anger cameras, and an ultra-high-vacuum (UHV)
chamber equipped with typical surface tools as illustrated
schematically in Fig. 1. The setup here di6'ers from tradi-
tional 2D ACAR system in the following two aspects. (1)
A conventional positron emitter with a P+ spectrum (0—1

MeV) energy distribution is replaced by a high-intensity,
energy tunable, monoenergetic beam of positrons. This is
essential for controlling the positron implantation depth,
and hence the fraction of the thermalized positrons
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FIG. 1. Top view schematic of the target chamber and the Anger cameras (not to scale). The blowup shows the sample holder.
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which can di6'use back to and interact with the surface
under study. (2) The target chamber, the positron source
chamber, and the beam line are joined together and form
a UHV system necessary for both the surface studies and
for the positron source preparation, energy moderation,
and the beam transport.

Perhaps, the biggest challenge encountered in perform-
ing the surface ACAR experiment is to be able to accu-
mulate data of high resolution and good statistics within
a short time scale so that the sample surface condition
will not alter appreciably during the whole measurement.
This demands a good vacuum, a high e+-beam intensity,
and detectors of good spatial resolution and high detec-
tion eSciency. In the present work, using a beam of ini-
tial intensity of =7X10 e+/sec, an initial coincident
rate of more than 15 cps was achieved with the Anger
cameras located 11 m away from the sample which re-
sulted in an overall resolution of 1 mrad FWHM by 1

mrad FWHM (1 mrad —=mc X 10 momentum units).
Typically, an elapsed time of 3 h was necessary to yield
1000 counts at the peak channel.

A. The intense positron beam and the ACAR detector system

The high-intensity, slow positron beam was construct-
ed at the high fiux beam reactor (HFBR) of Brookhaven
National Laboratory. Its design, performance, and fu-
ture improvement have been discussed in detail else, -

where. ' Briefiy, a Cu P+ decay source is produced in
the core of the HFBR by irradiating Cu with a high Aux
of thermal neutrons (8.3X10' no/cm sec). A typical
source of more than 20 Ci P+ activity is obtained for a
100-mg pellet in 48-h irradiation. The Cu source is
then introduced through a load-lock chamber into a cru-
cible in the source chamber where it is evaporated onto a
single-crystal W(110) substrate, and subsequently an-
nealed to form an epitaxy Cu(111) film of 1 cm and 100-
pm thick. This Cu film plays two important roles. It is
an intense positron emitter as well as a positron energy
moderator, which converts =0.01% of the p+ decay
positrons into a monoenergetic positron source with a
narrow energy width and small angular spread ( —30 ).
The emitted positrons are extracted away from the source
by a set of EXB energy analyzers. An axial B field is
generated to guide the beam. A linear accelerator was in-
stalled at the entrance of the surface chamber (Fig. 1) to
obtain the desired incident positron energy and to direct
the beam onto the target surface. At 200 eV the beam
size is about 8 mm in diameter as displayed on a
microchannel-electron-multiplier array.

Our two-dimensional, positron-sensitive detector sys-
tem was a pair of Anger cameras and the associated elec-
tronics developed at the University of East Anglia. Table
I lists the important performance specifications of these
detectors. Detailed discussion about these detectors can
be found in Ref. 22.

B. Sample preparation and characterization

All the samples used for the present investigations
were cut into disks of 1-mrn thick, 6.35-mmdiam and

TABLE I. Anger camera specifications.

Single-camera detection area
Single-camera detection efticiency
Overall spatial resolution
Background coincident rate
Data array dimensions
Camera-to-sample distance

0.11 m

10.86 mm
-0 cps
128X 128
11.14 m

were polished to a mirror finish. X-ray Laue pictures
were taken for each sample to ensure a good single-
crystal quality and an accuracy of selected crystalline

- orientations to less than 2'. As shown in the inset of Fig.
1, the sample was carefully mounted with hidden Ta
wires on a Ta pedestal which was attached to the heater
stage of a sample manipulator. A type-K thermal couple
was affixed to the reverse side of the sample to monitor
the sample temperature during annealing or high-
temperature runs. The manipulator is also capable of az-
imuthal (P) rotation, allowing the selection of the ACAR
projection angle.

The base pressure in the target chamber was 7X 10
Torr, when the beam-line valve was closed. During mea-
surements, however, the target chamber pressure rose to
2 —3 X 10 ' Torr, due to the higher pressure in the beam
line and source chamber. The Al sample was first out-
gassed and sputtered with —1 —2-kV Ar+ at a glancing
angle of incidence for 2—3 h. The ion current received by
the sample was typically 10—15 pA/cm in a constant
How of 1 X 10 Torr Ar gas. The damage of the sample
surface resulting from ion bombardment was removed by
annealing at -620 K sample temperature. Prior to each
run the sample was treated for one or more cycles of
sputtering at lower energy (500—750 eV) and annealed for
shorter time (30—60 min). The surface condition was
monitored by low-energy electron diffraction (LEED) and
Auger spectroscopy. For the present investigation the
surface was considered to be clean when a correct LEED
pattern of high quality (i.e., sharp and good contrast) was
observed and impurity intensities detected by the Auger
analyzer were below the noise level. In most of our work,
we used a four-grid retarding-field Auger analyzer which
has a noise-to-signal (main peak) ratio N/S= —,

' . For
later experiments a double-pass cylindrical analyzer was
added into our system and hence a much better noise-to-.
signal ratio (( „' ) was obtained. The Auger spectra
taken with the double-pass cylindrical analyzer were also
used to confirm the impurity levels estimated with the
four-grid retarding-field Auger analyzer. For our cleaned
surface the remaining impurities were estimated to be less
than 0.03% of C KLL (-0.01 ML) and 1% of 0 KLL
( -0.03 ML).

Due to reasons given in Sec. IV, each surface run was
followed by a bulk run and our sample position could not
be disturbed in between the two runs. Thus the surface
could be examined only after the bulk run. The accumu-
lation of impurities during the surface run was estimated
by storing the data frequently during the measurement
and by carefully comparing the separate runs afterwards.
In addition, similar experimental conditions were simu-
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lated when the positron beam was not in operation, and
surface conditions were monitored after similar time
durations. As is well known, difficulties arise from the
recontamination of a cleaned surface, especially because
of oxidation with the residual H20 in the UHV system.
Our ACAR data showed a very high sensitivity to surface
contamination. These findings will be incorporated in
our data interpretations.

The monolayer oxygen on Al(100) was prepared by first
preparing a clean surface before exposing it to 2X 10
Torr 99.999%%uo pure oxygen for 12 min. This led to a total
exposure of = 150 L (1 L= 1 X 10 Torr sec), and corre-
sponded to a coverage of —1 ML. After the exposure
we observed a uniform fading of the original LEED pat-
tern of the clean surface, and the Auger spectrum showed
a reduction of the 68-eV peak associated with clean Al
and an increase of the 51-eV peak indicating the presence
of oxygen on Al surfaces. Several monolayers of oxide on
Al(111) were produced by an exposure of =3X10 L.
The LEED pattern was completely extinguished after the
exposure, and the 0 KLL Auger signal was detected.
The thick-layer oxides were obtained from continuous Oz
exposure of the thin-layer oxide sample. The total expo-
sure was increased to 1 X 10 L which lasted about anoth-
er 60 h. In this case the Auger spectrum displayed no
clean Al LMM signal, implying that the thickness of the
oxide layer was ~ 10 A, the mean escaping depth of the
68-eV Auger electrons.

DETECTOR 2

4=: e+-BEAM

SAMPLE

DFTECTOR I

FIG. 2. The geometry of the 20 ACAR experiment:
H=pt/m, c, P=p~~ /m, c, and p

~~

is integrated. The angle 8 and P
are determined by the ratios of lz and l4, to sample-to-detector
distance.

III. EXPERIMENTAL RESULTS

The 2D ACAR experim. ent measures the 2D projection
of the 3D momentum density of an initial state of the
one-positron many-electron system or of the Ps atom
formed at and emitted from the surface. For the
geometry of the present experiment defined in Fig. 2, this
can be expressed as

N(Pt, Pl )=fP(P)dPI~, (1)

which, in practice, is convoluted with the detector resolu-
tion function. A surface 2D ACAR measurement in gen-
eral contains surface state (SS) annihilation, annihilation
of para-Ps formed at the surface, and a small fraction of
bulk annihilation:

+tot(pi tp() ) +SS(pi&p]( )++ps(pi&pi )++bulk(p &p(i[ )

(2)

A good example of various contributions is shown in
Fig. 3, which is the perspective view of ACAR spectra
measured for 3(a) an Al(111) surface at room temperature
and 14.5-keV incident positron energy, 3(b) an Al(100)
surface at room temperature and 1.5-keV incident ener-
gy, and 3(c) an Al(100) surface at 600 K and 1.5-keV in-
cident energy. Figure 3(a) contains mainly the bulk an-
nihilation, Fig. 3(b), the sum of the positron surface state
and Ps annihilation, and Fig. 3(c), thermally activated
and directly emitted positronium annihilation. To have a
more complete view, ACAR spectra are often displayed
as contour maps. The corresponding contours of Figs.

3(a)—3(c) are shown in Figs. 4(b), 6(a), and 6(b). We ex-
plain these spectra below.

Clearly, the usefulness of this technique relies very
much on the possibility of separating the individual com-
ponents. Nevertheless, a qualitative understanding of
various positron-surface interaction processes can be
made directly from the measured 2D ACAR spectra tak-
en under different conditions.

A. Incident positron energy dependence

Figure 4 shows three contour plots of the room tern-
perature 2D ACAR spectra for 4(a) an Al(111)- Na-
Al(111) sandwich sample, 4(b) an Al(111) surface bom-
barded with 14.5-keV positrons, and 4(c) the same surface
bombarded with 1.5-keV positrons. Their

@~I
=0 sections

are shown in Fig. 5. As is well known, the bulk Al spec-
trum 5(a) is close to the projection of a Fermi sphere with
a radius of —6.8 mrad, rejecting the nearly free-
electron-like conduction-band structure of Al. For
E =14.5 keV, the spectrum 5(b) is mainly attributed to
annihilation in the bulk, and hence is almost the same as
the bulk spectrum 5(a), except that the central contours
shift slightly towards the left due to a small fraction of Ps
emission. Their agreement can also be observed in the
1D cuts [Fig. 5(a)]. When the incident positron energy is
reduced to 1.5 keV [Fig. 4(c)] we observe an nonsymme-
trical distribution indicating that majority of the incident
positrons diffuse back to the surface and a fraction of
them form Ps and escape into vacuum (pi (0). The
effect of Ps emission can be seen more clearly from the

pl =0 sections in Fig. 5(a), and is responsible for the small
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FIG. 3. Perspective representation of the peak-normalized 20 ACAR spectra for (a) an Al(111) surface at room temperature bom-
barded with 14.5-keV positrons, (b) an Al(100) surface at room temperature bornbarded with 1.5-keV positrons, and (c) the same as
(b) but the sample temperature is at 600 K.

plateau in the 1.5-keV curve. The p~ &0 region contains
a large percentage of the positron-surface-state annihila-
tion, which is evidently much narrower than the bulk.
The two small kinks at +5.5 mrad are the result of some
residual bulk annihilation. Similar changes associated
with the different incident positron energies have also
been observed for Al(100) and Al(110) surfaces.

B. Temperature effect

Figure 6 compares the measured ACAR spectra from
an Al(100) sample at room temperature [6(a)], at 600 K
[6(b)], and at 750 K [6(c)]. The positron beam energy is

1.5 keV for 6(a) and 6(b), and 5 keV for 6(c). In order to
see the intense peak structure graph 6(b) is plotted with 9
contours instead of 14 as there are in 6(a) and 6(c). Fig-
ure 5(b) corresponds to their p~~=0 sections. The per-
spective representations of 6(a) and 6(b) are shown in
Figs. 3(b) and 3(c). The substantial change of the 2D
ACAR spectrum from room temperature to 600 K then
to 750 K clearly marks the occurrence of different in-
teraction processes. At 600 K, the emergence of the
sharp narrow peak around p~ = —0.5 mrad with a large
reduction of the contribution in the region of p~ )0,
shows that positrons trapped in surface states at room
temperature were liberated from the surface as thermal
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FIG. 4. 2D contour plots of the directly measured ACAR spectrum for (a) an Al(111)- Na-Al(111) bulk sample; (b) an Al(111) sur-
face bombarded with a 14.5-keV positron beam; and (c) the same surface bombarded with a 1.5-keV positron beam. Each spectrum
contains the same number of contours with a constant step. The crystal index along each axis is also labeled.
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Ps atoms. Note that this temperature (600 K) was
chosen in accordance with the previous study to obtain a
maximum thermal Ps desorption yield. Beyond this tem-
perature bulk vacancies begin to be activated. Thus at

750 K and 5-keV incident energy, a large fraction of the
incident positrons are effectively captured in the vacan-
cies, the total Ps fraction drops dramatically, and the
overall annihilation spectrum is much broader.
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The ACAR results for three oxygen coverage on Al
surfaces with the same incident positron energy of 1.5
keV are shown in Fig. 7: 7(a) 150 L on Al(100); 7(b)
3X10 L on Al(111); and 7(c) 1X10 L on Al(ill). Their
sections at pll

=0 are shown in Fig. 5(c). For comparison
the curve for a clean Al(100) spectrum [Fig. 6(a)] is also
plotted. Comparing the contour plots we see that some
structure that appears in Fig. 6(a) has been smeared out
when the Al(100) surface is exposed to 150 L oxygen [Fig.
7(a)]. The latter also results in a narrowing in the Ps dis-
tribution and in a small increase in total Ps emission frac-
tion. Since this exposure leads to only a monolayer oxy-
gen coverage, the structure associated with the clean
Al(100) sample must be a surface effect. Figure 7(b)
shows that the Ps contribution is even sharper and nar-
rower at higher oxygen exposure. In this case a layer of
Al oxide is grown on the Al(111) surface the Ps spectrum
mainly reAects the electronic property of the oxide rather
than the metal substrate. When the exposure is increased
to 1 X 10 L, the spectrum [Fig. 7(c)] changed completely.
Ps emission is almost suppressed. This is a clear indica-
tion of positrons being trapped in the disordered oxide
layers or possibly in the interface region due to the in-
creased thickness of the Al oxide layer ( —10 A). These
results are all in good agreement with the earlier Ps frac-
tion measurements.
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FIG. 5. (a) p~~
=0 sections of Fig. 4; (b) p~~

=0 sections of Fig.
6; and (c) p~l

=0 sections of Figs. 6(a) and 7. For each frame the
cuts are taken from the volume-normalized 2D spectra.

Figure 8 represents the ACAR spectra taken at 1.5-
keV incident energy for Al(111), Al(100), and Al(110) sur-
faces. All three spectra are symmetrized with respect to
the pj axis (i.e., a a plane) to improve the statistics. This
improvement is apparent when one compares 8(a) and
8(b) with their original versions in Fig. 4(c) and Fig. 6(a).
It is clear that the right halves (p~ )0) of 8(a)—8(c) are
similar to each other. On the left side (p j (0), the
Al(111) spectrum 8(a) is closer to the Al(110) 8(c) but the
two are very different from the Al(100) spectrum 8(b).
The (100) spectrum displays two side lobes that are ab-
sent in both the (111)and the (110) spectra. This suggests
that the Ps momentum distribution depends much more
strongly on the crystal orientations than the positron-
surface-state annihilation. It will be shown that these
structural differences can be attributed to the differences
among the projected electronic band structures, and to a
lesser extent, to the different amount of surface contam-
ination. We have also inspected the azimuthal depen-
dence of the surface ACAR spectrum for both the
Al(100) and Al(110) surfaces. With our present detector
resolution the results are essentially indistinguishable.
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F&G. 6. Contour plots of the Al(100) surface ACAR spectra. The positron beam energy and sample temperature are (a) 1.5 keV,
300 K; (b) 1.5 keV, 600 K; and (c) 5.0 keV, 750 K. For clarity, (b) is plotted with 9 contours while (a) and (c) have 14 contours each.

IV. DATA SEPARATION

A more precise understanding of the above ACAR
spectra requires a separate analysis of the various contri-
butions. Fortunately, by using the underlying sym-
metries of these contributions, and the well-studied posi-
tron implantation and diffusion process in bulk material,
the measured spectra can be decomposed into three com-
ponents. From time-reversal symmetry it can be shown
that the momentum density functions of the positron-
surface-state annihilation and bulk annihilation possess
inversion symmetry with respect to the momentum p.
This symmetry is preserved in the 2D ACAR projection
since the detector s nonlinearity is sufFiciently small, and
hence the resolution function is isotropic. Therefore,

Nss(pi~p~~)=Nss( pit p() ~

bulk(pl &P
~ii

) Nbulk( P l &

Although Ps atoms can only be emitted into the vacuum,
i.e., the Ps momentum density pp, (p)=0 for pi )0 (see
Fig. 2), the smearing introduced by the finite detector
resolution leads to

Np, (pi, P1)&0 for 0~pi e,
where e is on the order of the FWHM (full-width at half
maximum) of the overall detector resolution function. In
an ideal situation the resolution function becomes a 6-
function and e~O. In this limit,

thus

SS(pl&p(()+Nbulk(pl&P1)+NPs(pi&p(( & Pl —0
&

Nss(pi p(()+Nbutk(pi p)() pi»

Ntot(P»P
([

) tot( P»P ((
)'

Np, (pi,p())= '() p )0
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FIG. 7. Contour plots of the ACAR spectra for oxygen-covered Al surface. (a) 150 L/Al(100)' (b) 3X10 L/Al(111) and (c)
1 X 10 L/Al(111). The beam energy is 1.5 keV for all runs.



39 TWO-DIMENSIONAL ANGULAR CORRELATION OF. . . 3973

10
(a) --:(p)))g

I

(t): (&~o)g

0

CL

—10 —5 0 5

(rnrad ) ( I l I )

~ t +.
10 -10 5 0 5

P&( rnrad ) ( lOO)

+

10 10

I. . . . . . . . . I

0 5

P~( rad ) ( I IO)

FIG. 8. (a)—(c) Contour plots of the symmetrized ACAR spectra for clean surfaces of Al(111), Al(100), and Al(110). All three spec-
tra were taken at room temperature and 1.5-keV incident energy. The unsymmetrized versions of (a) and (b) are Figs. 4(c) and 6(a).

The Ps component of a measured 20 ACAR spectrum is
therefore extracted from a simple "inversion subtrac-
tion, " a name by which we will refer to the operation of
Eq. (7) henceforth.

However, for finite detector resolution @&0, the direct
inversion subtraction of the measured spectra leads to
some inevitable distortions to the true spectra in the re-
gion —e ~p ~ e. It leaves some extra counts in

Ass (pJ p
~~

) and over subtracts Xp, (pi,p
~~

). In principle,
the distortion can be recovered by employing a deconvo-
lution technique prior to the inversion subtraction.
Therefore we can separate the directly measured spec-
trum into a Ps component and a symmetrical component
(of inversion symmetry). The price one pays here is that
the information carried in the symmetrical part of the
spectrum can be extracted from only half of the measured
spectrum (pi ~0), and the other half provides the Ps
spectrum.

The symmetrical part of the spectrum is the sum of the
surface-state annihilation and the bulk annihilation. The
relative contributions of these two components are deter-
mined by the controlled-incident beam energy. At low-
incident energy ((100 eV) the bulk annihilation is negli-
gible, while at high energy (15 keV) the annihilations
occur mostly in the bulk. It may appear that separation
of the bulk component can be avoided if one uses a
sufticiently low-incident energy for the measurement.
Unfortunately, at low-incident energy ((100 eV) the
fraction of incident positrons returning to the surface be-
fore they are thermalized can be significant, and this can
complicate the interpretation of our measurement.
Therefore in all our surface measurements for Al, we
have selected E =1.5 keV, for which the bulk contribu-

. tion cannot be ignored. Nevertheless, using the dNusion
equation ' one can determine the relative bulk fraction,
and Nss can be obtained by subtracting a properly nor-
malized high-energy spectrum from a low-energy spec-
trum.

In our analysis, the deconvolution is done by the van
Cittert's iteration algorithm ' with a Gaussian resolu-
tion function. After the separation, the decomposed
spectra are convoluted back so that the final results only
weakly depend on the details of the resolution function
used. The most critical point of our analysis scheme is

the determination of the position ofp~ =0 with respect to
a measured spectrum. We have taken advantage of the
reflection symmetry of the "long-slit" bulk spectrum to
deduce the symmetrical center. Each low-energy run was
followed by a high-energy run without altering the sam-
ple position in between. The center deduced from the
high-energy run, which contains essentially the bulk an-
nihilation, is assigned to be the center of the surface run.
In fact, most of the long-slit surface spectrum X(p~~ ) also
possesses reflection symmetry with respect to p~~

=0. We
have verified that the accuracy of this method is within
0.04 mrad, but the drawback of it is the lack of immedi-
ate examination of the surface condition after the mea-
surement.

Most of the low index surfaces still maintain a
reflection symmetry with respect to the p~ axis, and
therefore allow us to symmetrize the ACAR spectrum to
improve the statistics. Rigorously speaking, the sym-
metrization is legitimate only if (i) the detectors have per-
fect linearity and uniformity, (ii) the crystal axis is per-
fectly ahgned with the detectors axis, (iii) the center posi-
tion of the spectrum is known exactly, and (iv) the crystal
surface maintains the same symmetry as the bulk ter-
mination. In reality, these conditions can only be opti-
mized, and the symmetrized results should be inspected
with great caution, especially for data of low statistics.
We have performed some simulation test to ensure that
the symmetrization and separation of our data are
justifiable.

Our analysis procedures are discussed in more detail in
the Appendix. To i11ustrate this method, Fig. 9 shows
the original and the decomposed spectra in their one-
dimensional cuts at p~~

=0 for an Al(100) surface using a
1.5 keV positron beam. In Fig. 9(a) the triangles
represent the total measurement, circles are the generated
symmetrical distribution and diamonds are the
differences between the total and the symmetrical distri-
butions, i.e., the separated Ps spectrum. The identity be-
tween the total and the symmetrical in the region p~ & 0.5
and p~ & —6 mrad reflects the reliability of our data-
separation technique and the accuracy of our zero p~
determination. The deconvolution step assures that the
symmetrical curve turns over to the left in a natural way,
as expected from the finite-detector resolution, to avoid
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rnrad FWHM. The separated symmetrical spectrum still
contains some fraction of the bulk annihilation. For an
incident energy of 1.5 keV, it is estimated from Eqs.
(A6)—(A8) that the symmetrical spectrum contains 30
vol% bulk contribution. Figure 9(b) shows the symme-
trical spectrum in circles, the 30 vol% bulk in crosses,
and the difference, the surface state in diamonds.

V. POSITRON SURFACE-STATE ANNIHILATION

A. The ACAR results
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the unphysical sharpness that would occur otherwise at
p~=O. The Ps distribution terminates at ——5 mrad.
This is expected since the —2.6-eV Ps work function for
Al' converts to a maximum-allowed Ps momentum of

FIG. 9. Illustration of the data separation. (a) p~~
=0 sections

of the directly measured ACAR spectrum (triangles), the
separated symmetrical part (circles), and the separated Ps spec-
trum (diamonds) for an Al(100) surface. The incident positron

energy is 1.5 keV; (b) p~~
=0 sections of the above symmetrical

spectrum (now in circles), a 30 vol%%uo bulk-Al spectrum (crosses)
and their difference (diamonds), i.e., the surface-state spectrum.

Figure 10 shows a set of separated surface-state spectra
for Al(111), Al(100), and Al(110) surfaces. They are ob-
tained from the original spectra shown in Fig. 8. The
three spectra are similar, and exhibit only a small
elongated shape in the outer contours, the p~ direction
being slightly longer than the p~~

direction. To examine
the anisotropy between the normal and parallel distribu-
tions, the long-slit projection along these two directions
are generated and plotted in Fig. 11 after the peak nor-
malization. In all three sets of curves, the parallel distri-
butions are only slightly narrower than the normal distri-
butions. The shapes of the three sets of curves are essen-
tially the same, and the FWHM is 6.3 mrad. When com-
paring the sections of

p~~
=0 with those of pl =0, we ob-

served a similar but smaller difference between the two
orthogonal directions. It should be mentioned that the
uncertainty in the position of p~ =0 and

p~~
=0 and in the

detector resolution function will affect the widths of these
surface-state spectra, and therefore should be inspected
carefully. In Figs. 10 and 11, a small distortion from the
true surface-state spectra in the vicinity of @~=0 may
still be retained, especially for the Al(ill): spectrum.
However, the smearing of Ps distribution into p~ )0 re-
gion due to the finite detector resolution can extend no
more than —1.5 mrad (3o). Beyond that the directly
measured spectrum is purely from the surface-state an-
nihilation. Thus we have also compared cuts made at

p~i
=1.7 and p~ =1.7 mrad from the originally measured

spectra. The results are consistent with the conclusion
drawn from the contour and long-slit spectra. Further-
rnore, taking into account the sample size effect will only
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FIG. 10. (a)—(c) The separated positron surface-state spectra for Al(111), Al(100), and Al(110) surfaces. They are extracted from
Figs. 8(a)-8(c).
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FIG. 11. Normal and parallel long-slit spectra generated
from the three surface-state spectra shown in Fig. 10.

result in narrowing the parallel distribution slightly. It is
appropriate to conclude that for three low index surfaces
of Al, the positron surface-state annihilation spectrum is
nearly isotropic.

B. Discussion

Our ACAR measurement with improved detector reso-
lution and statistics has also been carried out for silicon

and nickel surfaces. All these results support the earlier
conclusion of Lynn et al. that no substantial anisotropy
has been found in the positron surface-state ACAR spec-
tra. Thus it is inconsistent with either the image-
potential-induced surface state or the physisorbed Ps
state. Using the static image potential ( V- —1/z),
Nieminen and Manninen' ' ' have predicted a large an-
isotropy between the long-slit ACAR spectra parallel
and perpendicular to the surface. When the spectra are
area normalized the peak height of the parallel distribu-
tion is twice that of the normal, indicating a substantial
broadening in the normal momentum component due to
the positron localization perpendicular to the surface. It
was found that the large anisotropy was independent of
the model potentials, some of which includes the dynami-
cal nature of the image interaction, and the effec-
tive image plane in the classical static potential
[V- —1/(z —zo)] to account for the e+-e correlation
near the surface. Brown, Walker, and West' "recently
have shown that using the Lang-Kohn electron density,
the mixed density approximation {MDA) yields lesser an-
isotropy than the independent particle model (IPM), and
the MDA calculation for the classical static potential
( —1/z) results in a much smaller anisotropy than the
screened potential [1/(z —zo)]. Figure 12 shows a com-
parison of their optimized theoretical contour for an Al
surface with our experimental spectrum for an Al(100)
surface.

In contrast to the bulk-Al spectrum [Figs. 4(a) and
5(a)], the surface-state spectra (Figs. 10 and 11) exhibit a
narrow conical shape, reflecting the inhomogeneous elec-
tron density at the surface. Despite the substantial an-
isotropy, the image-potential-induced positron surface
state does give rise to a distribution of similar shape with
comparable widths. ' ' Because of the presence of the
surface barrier, electrons with larger perpendicular crys-
tal momentum k~ can be extended further away from the
surface and have a higher probability annihilating with
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FIG. 12. Positron surface state ACAR spectra. (a) An experimental spectrum for an Al(100) surface and (b} the optimize theoreti-
cal prediction of Brown, Walker, and West (Ref. 17).
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the positron trapped in the image potential well. Thus on
one hand, the spherical Fermi surface of Al requires these
electrons to have small k~~ and hence leads to a narrow
annihilation spectrum parallel to the surface. On the oth-
er hand, in the barrier region the electron potential rises
and hence the momentum perpendicular to the surface
decreases accordingly, which results in a narrower contri-
bution to the normal distribution. The total normal
width depends also on the positron binding potential. In
another jellium-model calculation' Garner and -Benedek
showed that using a —1-A-wide square potential well for
the positron state, the averaged positron momentum con-
tributes to half of the total width in the normal distribu-
tion. Lou et al. ' claim that with some proper adjust-
ment of parameters, their calculation yields an isotropic
positron surface-state ACAR spectrum.

In the physisorbed Ps picture of Platzman and Tzoar
the 2y angular correlation distribution reAects the
center-of-mass (c.m. ) motion of the weakly bound
( —1/z ) Ps atom. Normal to the surface, they found ap-
proximately a Lorentzian squared long-slit distribution
with a full width of 4.8 mrad. To avoid the large aniso-
tropy as would be required by the uncertainty principle,
they argued that the parallel angular correlation can arise
from the recoil momentum of the c.m. due to the emis-
sion and reabsorption of surface plasmons via a higher-
order virtual process, which leads to the total spectrum
being isotropic. However the calculated 4.8-mrad full
width is about 20% narrower than our experimental re-
sults. We recall that in low-density insulator crystals
(e.g. , quartz, ice), Ps atoms formed in the bulk material
annihilate in a large fraction via a pick-off process, in
which the positron of an ortho-Ps annihilates with a host
electron of opposite spin to the one on the Ps. The pick-
off process produces a very broad momentum distribu-
tion. Similar process may also need to be considered in
the physisorbed Ps model.

The lack of a substantial anisotropy in our measured
positron surface-state spectra may suggest that the posi-
tron surface state is not extended in the surface plane. It
is pointed out in Ref. 2 that the planar localization of the
surface state could be induced by some surface defects, or
by surface impurities. However, comparing a series of
time sequential measurements we found that the surface-
state ACAR spectra are insensitive to oxygen contamina-
tion from 2% to 10% of a monolayer. From a more real-
istic discrete-lattice calculation' "for the image-induced
positron surface state, Nieminen and Puska found that
for a corrugated-image plane, no vacancy-trapped states
exist on Al surfaces, while for a fixed effective image
plane, a stable surface vacancy state exists on Al(110), but
not on Al(100) and Al(111). Brown, Jensen, and
Walker' ' ' have extended the similar computation to in-
vestigate the possibility of trapping at ledges and multiva-
cancies. Again, they concluded that for the corrugated
image plane, localized states at vacancies and ledges are
unstable with respect to the delocalized state for these
three Al surfaces. However, trapping at multivacancies
on all three surfaces are energetically favorable when the
fixed-image plane was used. Although the theoretical
predictions of a surface localized state has strong model

dependence, the calculations of Brown, Jensen, and
Walker show that the ACAR spectrum for a positron lo-
calized in a surface monovacancy is nearly isotropic and
hence is in good agreement with our experimental obser-
vations. Nieminen and Puska have also predicted that
the positron diffusion constant D+ =1.4 cm /sec on Al
surfaces. This, together with the measured surface-state
lifetime of 580 psec for the Al(110) surface, corresponds
to a lateral diffusion length of —3000 A. If the positron
was to be trapped in some surface defect, the lack of an-
isotropy then might imply that the upper limit of the sur-
face defect concentration is —1/(3000 A) .

To date no theoretical computations for the 2y angular
correlation spectrum have been performed using a realis-
tic electronic band structure. As will be shown in the
next section the surface-projected band structures of
three low index surfaces of Al are very different. Sub-
stantial band gaps appear near the Fermi level for the
(100) and the (110) face. However, our measurement
show very little variations among the positron surface-
state ACAR spectra for these surfaces. In addition, the
fact that small contamination (0.01—0.1 ML) of oxygen
does not change the ACAR spectrum noticeably is also
somewhat surprising, since the theoretical calculation '

showed that the 02 p electrons are highly surface local-
ized and form bands of -3-eV width lying approximately
6.5 eV below the Fermi level. Theoretical investigations
including these aspects should help us understand the na-
ture of the positron surface state.

VI. POSITRONIUM EMISSION SPECTROSCOPY

A. ACAR spectra of the emitted positronium

Figures 13 and 14 show two sets of separated Ps spec-
tra, each containing -4X10 counts. . The spectra are
obtained from the symmetrized versions of the original
measurements using a 1.5-keV positron beam. Note that
the contours are rotated 90' clockwise from the previous
presentations. The crystal orientations along the two
resolved momentum directions are indicated in the lower
left corner and the total-Ps fractions are given in upper
left. These total-Ps fractions deduced from Eqs.
(A4)—(A6) have less than +3%%uo error and are in good
agreement with previous Ps fraction measurements. '

Figures 13(a)—13(c) are for clean Al(111), Al(100), and
Al(110) surfaces, respectively. All the runs started with
less than 0.01 ML carbon and 0.01 ML oxygen impuri-
ties. At the end of the measurements the carbon level
remained the same and the oxygen increased to -0.05
ML for the Al(111) and Al(100) surfaces, but to —0. 1

ML for the Al(110) runs since this face has highest-
oxygen-sticking coefficient. Unlike the surface-state
spectra (Fig. 10), the Ps spectra strongly depend on the
crystal orientations. While both Al(111) and Al(110)
spectra [10(a) and 10(c)] display a nearly isotropic shape,
the Al(100) spectrum 10(b) shows a clear anisotropy
characterized by the three statistically significant lobes.
In fact, these structural differences are hinted in the
directly measured spectra shown in Fig. 8. The common
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features appear in all three Ps spectra are the semicircu-
lar cutoff at the maximum-allowed positronium momen-
tum for Al, qM=4. 5 mrad, and the sharp rise near the
origin, especially for the Al(110) spectrum. Figure 14(a)
is for the same clean Al(100) surface as Fig. 13(b), but
with a 45 azimuthal rotations; 14(b) is for an Al(100) sur-
face exposed to 150 L oxygen corresponding to 1 ML
coverage; 14(c) is for the Al(111) surface [Fig. 13(a)] ex-

posed to 3 X 10 L oxygen. The 45 azimuthal rotation
[Fig. 14(a)] of the projection angle does not change the Ps
spectrum for the Al(100) surface [Fig. 13(b)] appreciably.
Likewise, a 90 azimuthal rotation of the Al(1 10) surface
yielded essentially the same spectrum as Fig. 13(c). How-
ever, the three lobes present in the clean Al(100) spectra
[Figs. 13(b) and 14(a)] disappear when the surface is ex-
posed to 150 L oxygen [Fig. 14(b)]. The 1-ML oxygen
coverage on the Al(100) surface also results in a smaller
distribution and higher Ps fraction. The thin-oxide layer
on the Al(111) surface produces a much narrower Ps
spectrum [Fig. 14(c)] with a most probable momentum of
—1 mrad (i.e., a most probable energy of —130 meV).

The three lobes in the clean Al(100) Ps spectra were
reproduced from several Al(100),surfaces, but never ap-
pear in the spectra of the other two faces of Al, or of the
surfaces of Si and Ni. An inspection of the unsym-
metrized version of the Al(100) Ps spectra also proves
that these lobes are indeed statistically significant. The
fact that the anisotropy of the Ps spectra for Al(100) is
very sensitive to the oxygen impurity in the surface, sug-
gests that the anisotropy is associated with the clean
Al(100) surface only. To study this effect in further detail
we have performed a sequential run with 3 h each, fol-
lowing the initial preparation of the Al(100) sample. The
results are shown in Fig. 15, where each spectrum
[15(a)—15(d)] contains a total of —1X10 counts. We
note that the anisotropy present in the first run 15(a)
gradually diminishes and the momentum distribution
narrows as we move towards the last run 15(d). The de-
tail of this trend can be seen more clearly from the nor-
mal (p =0) and parallel (p~= —1.5 mrad) sections

II

shown in Fig. 16. The narrower component peaked at
-p = —1.5 mrad increases as we progress fromHl
16(a)—16(d). After the first run the contamination was
roughly the same as it was initially, =0.006 ML C and
=0.01 ML 0 as determined by a double-pass cylindrical
mirror Auger analyzer. After the fourth run [frame
15(d)] the C level was unchanged, but the O was found to
have increased to 0.12 ML. Thus we can attribute the
above effect to an increasing oxygen contamination, and
the anisotropy to the clean Al(100) surface.

FIG. 14. Separated Ps spectra for (a) the same Al(100) sur-
face as Fig. 13(b) subject to a 45' azimuthal rotation; (b) the
same as (a) but with a 150 L oxygen exposure; and (c) the same
Al(111) surface as Fig. 13(a) with 3X10 L oxygen exposure.

B. Momentum density of the Ps emission

The Ps work function is defined as the sum of the elec-
tron and positron work function minus

z Ry the Ps vacu-
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mrad (lower frame) of the set of Ps spectra shown in Fig. 15, the
alphabetical label corresponds to each frame in Fig. 15.
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where q is the Ps momentum, k is the crystal momentum,
/ is the energy band index, n&(k) is the occupation num-
ber, MI k is the transition matrix element, and the thermal
momentum and energy of the positron have been neglect-
ed. Since the Ps is formed with electrons near the Fermi
surface, it is plausible to assume a constant matrix ele-
ment, apart from a 5 function representing the transla-
tional symmetry along the surface. Thus to the first-
order approximation,

pp, (q) ~ g nI(k)5(q~~ —kl —g)
I, g, k)(

XBI E(q)+ [E~—E((k~~)]++»I, (10)

where g is the surface reciprocal lattice vector. Since the
Ps work function 4p, is relatively small, only g=0 can
satisfy both 5 functions. Equation (10) implies that the
Ps formation must conserve both the energy and the
momentum parallel to the surface, and that the momen-
tum distribution is simply proportional to electron densi-
ty of states near the Fermi surface.

For a free-electron gas, the two conservation laws are
(in atomic units)

—,'q = —Np, —(EF—
—,'k ),

and the sum in Eq. (10) can be carried out to yield

pp, (q) qJ [q J
—

q)~
—

q('( +4(E +e»)]

(12)

for 0& Iql &qM, (13)

where qM=Q —44», is the maximum Ps momentum.
When q~ & kF, which is often the case, we obtain from
Eq. (1) the Ps ACAR spectrum for a free-electron gas:

thus @» is negative ( —2- —3 eV) and the Ps emission
from a surface into the vacuum is energetically favorable.
Since the positron is thermalized prior to returning to the
surface, by energy conservation the maximum-allowed Ps
emission energy is —Np„and only electrons between the
Fermi level EF and E„+4p, are the possible participants
in the Ps formation and emission. The energy or momen-
tum distribution of the emitted Ps atoms must be
governed by the initial state of the surface and by the Ps
formation mechanism.

The central issue of whether this electron pickup at a
metal surface is an adiabatic or a sudden process was first
explored by Mills et al. ' by employing the TOF tech-
nique to measure the velocity distribution of the triplet
Ps emitted from an Al(111) surface. Their study
showed that the Ps formation is a sudden process which
leaves the solid in a one-hole excited state and hence al-
lows for a simple interpretation via a single-particle pic-
ture. In its simplest form, the momentum density for Ps
emission from a metal surface is

pp. (q) ~ g IMI al'~1(k)&[E(q)+[EF EI(k)]+@»I,
l, k

N»(gg q~~ ) ~ arcsin
4(EF+N» qll +q

' 1/2

(14)

C. Al surface electronic structures

To obtain the projected bulk-Al bands, we have used
the bulk band structure of Al calculated using Harrison's
Al pseudopotential and a plane-wave basis. For each
face we set up a mesh in the irreducible portion of the
standard surface Brillouin zone (BZ) and then for each
kII-mesh point we vary k, in the 3D BZ to generate the
projected bands. Figure 17 shows the projections on the
high-symmetry lines (see the inset) for each of these sur-
faces. The bottom of the bands are parabolic and sub-
stantial gaps appear below and above the Fermi level,
especially in the (100) and the (110) projections. This
nearly free-electron nature is primarily due to the
trivalent atomic configuration of Al, the conduction
bands being filled or half-filled with two s electrons and
one p electron per atom. With the assistance of Fig. 18,
the origin of these gaps can be easily tracked back to the
gaps at the boundaries of the 3D BZ. For instance, the
gap around I (also from I to X and from I to M ) of the
(100) face is associated with the gap at the zone boundary
across X and perpendicular to I X, which is also responsi-
ble for the gap around the X point of the (110) face.

Several theoretical and experimental investigations
have shown that localized surface states exist in these
gaps. The true surface states appear close to the bottom
of the gaps and follow a two-dimensional parabolic
dispersion which extends into the resonant region. As an
example we show in Fig. 19 the results of the angle-
resolved photoemission experiment reported in Ref.
36(b). The shaded areas are the gaps shown in Fig. 17,
the chain-dotted curves and the dashed curves are the
surface states and resonant states, respectively. The solid
curve will be discussed later. We omit the surface states
existing inside the two narrow gaps of Al(111) which
were demonstrated in Ref. 36(d).

In general, from the nearly free-electron nature of Al
we would anticipate that projected gaps exist in the "off-
high-symmetry" directions as well, and occupy some
domains in the 2D BZ. In Fig. 20 we plot the projections
(shaded) on the irreducible portion of the 2D BZ of the
gap around I in the (100) face and the gap around X in
the (110) face. For the (111)face we only project the gap

A contour map of Eq. (14) is given in Ref. 1 for compar-
ison with a measured Cu spectrum. For Al, Np, = —2.6
eV, Eq. (14) gives a similarly isotropic contour map but
with a characteristic semicircular cutoff at qM=-4. 5

rnrad, which is in good agreement with our experimental
spectra (Fig. 13). However, as will be shown below, the
strong face dependence of the anisotropic structure
present in our experimental spectra can be obtained only
when more realistic projected energy-band structure for
each of the Al surface is used instead of the free-electron
gas.
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at —,
' of the way from I to M moving up to Fermi level.

The projection within the whole zone can easily be
mapped out by unfolding these portions throughout the
zone. As suggested by these projected band gaps, surface
states and surface resonant states have also been predict-
ed in all the gaps in addition to the high-symmetry
lines, even though no experimental evidence has been re-
ported explicitly.
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D. Nearly free-electron approximation

The projected band structures of the three low index
surfaces of Al shown in the preceding section have im-
portant consequences on the Ps momentum distributions
as one would expect according to Eq. (10). In Fig. 17 the
horizontal solid lines, which are 2.6 eV ( —@p, for Al)
below the Fermi level (dashed line), mark the lowest ener-

gy level for Ps formation. The presence of large gaps
above this level already suggests that the real Ps momen-
tum distribution differs significantly from the pure free-
electron prediction of Eqs. (13) and (14). More precisely,
the parallel momentum must be conserved at the same
time the energy is conserved. It follows from Eqs. (11)
and (12) that the kinetic energy of an electron required
for Ps formation is least when q~=0, or Ps atoms are
emitted parallel to the surface. This forms the boundary
of the lowest states for Ps formation:

M
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'
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FICx. 17. Projected aluminum band structure along high-
symmetry line of the surface Brillouin zone (BZ) shown in the
inset. The bulk-Al band structure is calculated using Harrison
pseudopotential and a plane-wave basis. The straight lines at
—2.6 eV mark the positronium work function for Al.

which are plotted as solid curves in Fig. 19. Together
with the Fermi level (dashed lines) they determine an ac-
cessible region for Ps formation. Clearly a large portion
of the projected gap in the Al(100) surface is within this
region. It is smaller for the (110) face and least for the
(111) face. Our analysis is not yet complete without in-
specting these effects throughout the whole 2D BZ. In
Fig. 20 we see that within the circle of radius ql, the
maximum Ps momentum, the (100) BZ contains largest
projected-gap area around the I point, and according to
Fig. 19, -90% of the gap is in the accessible region. Al-
though the (110) face also contains a large area of the
gaps, it centers around the X point and most of it is below
the boundary of the lowest states. Again, the (111) face
contains the least. This qualitative analysis provides us
an explanation for the strong surface face dependence of
the measured Ps momentum spectrum.

More quantitatively, we insert these gaps into the free
electron Fermi sphere to form a more realistic electron
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FIG. 19. Shaded areas are the projected Al band gaps reproduced from Fig. 17. The dot-chained and dashed curves are, respec-
tively, the dispersions of the true surface state and surface-resonant state. Solid curves are the lowest occupied states that can form
Ps atoms.

density function n&(k). The top and the bottom of the
gaps (Fig. 19) can be represented by the parabolic disper-
sion:

(k —k' )
E (k)=E +

Il
(16)

where m* is the effective mass. At the edge they are
joined by a straight line. All the parameters, Eg kg and
m * are obtained from fitting this parabolic curve to the
projected band structures in the whole 2D BZ. They are
listed in Table II. To simplify the computation the
dashed curves in Fig. 20 are used as edges of the boun-
daries shown in solid curves.

Figure 21 shows the predicted Ps spectra for the three
low index surface of Al. In order to make comparisons
with the experimental spectra shown in Fig. 13, they have
been convoluted with a two-dimensional Gaussian func-
tion having the same FWHM as our detector's resolution
function (1 mradX1 mrad). Both Al(111) and Al(110)
spectra [21(a) and 21(c)] are similar to a free-electron pre-
diction of Eq. (14). Close inspection shows that Al(110)

spectrum 21(c) is slightly more forward at small pt com-
pared with the Al(ill) spectrum 21(a). This can be un-
derstood because the gap in the (110) face is near EF (Fig.
19) and is in the large IpII region. As might have been
expected from the above discussion, the Al(100) spectrum
21(b) differs considerably from 21(a) and 21(c). It exhibits
an anisotropic structure due to the large energy gap
around I . The predicted Ps ACAR spectrum for a 45
azimuthal rotation of the Al(100) surface is shown in Fig.
22(a). It is similar to Fig. 21(b) but the three lobes are
slightly enhanced. To better visualize the anisotropy,
Figs. 23(a) and 23(b) plots the perspective views of Figs.
20(a) and 20(b). These predictions are in good agreement
with the experimental spectra (Figs. 13 and 14) for (i) an
isotropic distribution is predicted for the Al(111) and
Al(110) surfaces and the three lobes anisotropy for the
Al(100) surface and (ii) azimuthal rotation by 45' of the
Al(100) surface causes only small changes. Therefore, we
are not precluded from concluding that the anisotropy in
the Al(100) spectra stems from the shape of the projected
energy gaps centered at I in the 2D BZ.

TABLE II. Fitted parameters for band-gap boundaries. co= I+sin P, where P is the angle with
respect to X I and the origin is at X. Parameters for Al(111) are averaged.

E,—E, (eV)
Top Bottom Top

kg(w/a )

Bottom Top
m*(m, )

Bottom

Al(100)
Al(110)
Al(111)

—1.76
—1.79
—1.77

—2.89
—2.86
—2.88

0
1

2&3

0
1

2g&3

1.02
1.02co
0.60

1.00
1.00co
0.58
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FIG. 20. Shaded areas are the projections of the gaps in the
surface band structure. For the (111) face the gap is projected
up to Fermi level, the lower narrow gaps and the gap at I( are
not projected. The dot-chained curves indicate the maximum-
allowed Ps parallel momentum or electron parallel momentum
in the extended zone scheme. a =a/&2 for Al.

The theoretical prediction of the positions and relative
shape of the lobes in the Al(100) Ps spectra depend on the
width and the positions of the gaps in the surface band
structure. A recent angle-resolved photoemission experi-
ment showed that the mapped width of the gap at X
point (projected onto the I point) is about 0.5 eV wider
than the theoretical prediction. These observations may
need to be taken into account when a more precise quan-
titative prediction is desired. Since the Ps formation is
believed to occur only at the surface, the role of the local-
ized surface-state electrons need to be considered, though
the total number of these electrons are much smaller than
the regular bulklike electrons extended into the vacuum.

(b)
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FIG. 21. Nearly free-electron-model predictions of the Ps spectrum for Al(111), Al(100), and Al(110) surfaces. They have been
Fi . 13.convoluted with a Gaussian detector resolution function for comparison with experimental spectra shown in Fig.
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FIG. 23. (a) and (b) perspective representation of Figs. 21(a) and 21(b); (c) diAerence between the spectra for a clean-Al(100) sur-
face [Fig. 14(a)] and 1 ML oxygen on the Al(100) surface [Fig. 14(b)].

To include this in our model we use the result of Ref.
36(b) (see Fig. 19) and assume a O. l-eV bandwidth of
these surface states and the same effective mass in all
directions. In Fig. 22(b) we show as an example the effect
of adding a 20 vol% surface-state-electron contribution
into the nearly free-electron prediction of Fig. 22(a). The
surface-state electrons cause the two side lobes to in-
crease a little and shift towards each other. The agree--
ment with the measured spectra [Fig. 14(a)] improved
only slightly. However, the fraction of surface-state elec-
trons added was somewhat arbitrary. Since these mea-
sured surface states are essentially located at the bottom
of the projected band gaps (Fig. 19), the observed struc-
tures can be attributed mainly to the projected density of
states. Another interesting observation can be made
from the comparison of Ps formation with photoemis-
sion. In the "three-step" model of photoemission, only
those photoexcited electrons whose normal component of
the kinetic energy is greater than the surface barrier are
allowed to escape into the vacuum, which results in a
cone emission. If we were to imagine the electron pick-
up process as the electron being pulled over the potential
barrier by the positron, then a similar restriction would
lead to a 45 cone emission of Ps atoms regardless of the
surfaces as long as the Np, is negative. This is clearly in-
consistent with our experimental results shown in the

previous section. In the case of Ps formation, the attrac-
tive Coulomb interaction between the positron and elec-
trons produces a strong screening. Therefore the surface
barrier does not affect the quasineutral Ps atoms in the
same way as it does the photoelectrons.

Despite the reasonableness of the theoretical predic-
tions, a discrepancy exists between the theoretical spectra
and the measured spectra in the low-momentum region.
All the experimental spectra (Fig. 13) exhibit dense con-
tour lines around the origin indicating an enhanced low-
momentum component of Ps emission, while the theoreti-
cal spectra are more peaked towards the maximum Ps
momentum. This is shown most clearly in the pI~

=0 sec-
tions in Fig. 24. The possible origins of the measured
low-momentum component are (i) the oxygen contamina-
tion of the sample surface, (ii) momentum dependence of
the transition matrix element, and (iii) some inelastic pro-
cesses involved in the Ps formation.

E. Effect of oxygen contamination

We have shown in Figs. 15 and 16 that the Ps spectros-
copy has a remarkable sensitivity to oxygen contamina-
tion on Al surfaces, and that the low-momentum com-
ponent in the Ps spectrum grows as the oxygen contam-
ination increases. To explore the possibility that the
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FIG. 24. p~~
=0 sections of the experimental (dashed) and

theoretical (solid) Ps spectra (Fig. 21) for three low index sur-
face of Al. The original 2D spectra are volume normalized.

ing below 5 eV from the Fermi level, and thus cannot
participate in the Ps formation. Second, the presence of
the oxygen atoms in or on the surfaces of Al leads to
some charge transfer from Al atoms towards 0 atoms,
and as a result N increases by 0.1 eV for Al(111) and de-
creases by 0.5—0.8 eV for Al(100) surface. ' Because of
the opposite potential-barrier contribution, an opposite
change in 4+ is anticipated, hence @p, should remain un-
changed and the direct Ps formation and emission should
not be affected. Third, the chemisorbed oxygen on the
Al(100) surface causes the surface states existing in the
clean surface to shift towards the Fermi level and become
resonant states. ' These states could only give rise to a
high-momentum component in the Ps emission.

Nieminen and Puska' ' ' have shown theoretically that
the ordered chemisorbed monolayers of oxygen on Al
surfaces reduces the activation energy for the trapped
positrons and hence make the image-potential-induced
positron surface state unstable with respect to positroni-
um emission even at room temperature. Although the
emission of the thermal Ps from the surface-state posi-
trons can account for the low momentum component in
the Ps spectra, it seems dificult to explain why this
oxygen-induced room-temperature activation only in-
creases the total Ps fraction by 5%, while the total Ps
thermal desorption from a clean-Al(100) surface at 600 K
reaches 38% (see Sec. VII).

F. Transition matrix element

difference between the theory and experiment is due to
the oxygen contamination, we subtract from the clean-
Al(100) run 40 vol % of the 150 L oxygen-exposed
Al(100) surface run. The result is displayed in Fig. 23(c).
It exhibits three lobes very close to those in Fig. 23(b) for
the predicted Al(100) spectrum. A similar result is also
obtained from subtracting Fig. 15(d) from Fig. 15(a).
Furthermore, a higher intensity of the low-momentum
component observed in the Al(110) spectrum [Fig. 13(c)]
can be consistently attributed to the higher oxygen stick-
ing probability on this surface.

From the theoretical point of view, that oxygen con-
tamination induces low-momentum Ps cannot be due to
the change of the surface electronic structure alone.
First, it was shown ' that for chemisorbed oxygen on
Al(111) and Al(100) surfaces, all the 02 p electrons are ly-

Our model assumes a constant matrix element. To in-
clude the possible momentum dependence of the transi-
tion matrix element in the Ps formation theory, a
more complex calculation is required. Walker and Niem-
inen have calculated the transition matrix element
using a screened e +-e interaction potential U
=e "~' ' / r+ —r ~. The electron wave function f
and positron wave function P+ for the initial state are ob-
tained by assuming that electrons are confined by an
infinite barrier a small distance ( 38vrkF) from th—e semi-
infinite jellium edge, and that positrons see a step poten-
tial specified by ~N+~(@+ &0). The overlap between the
initial state and final state (free Ps) is restricted to a small
surface region. Their result convoluted with a resolution
function of 1.5 mrad FWHM is shown in Fig. 25(b).
Comparing with our free-electron prediction, Fig. 25(a),
their matrix element caused -0.5-mrad shift of the most
probable Ps distribution toward lower p~. However, this

(b) (c) :
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FIG. 25. The Ps spectrum from the theoretical prediction of (a) a free-electron model, (b) Walker and Nieminen (Ref. 39), and (c)
Shindo and Ishii (Ref. 40).
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does not remove the discrepancy in the low-momentum
region exhibited in Fig. 24, and in the high-momentum
region it worsens the agreement. It should be mentioned
that their treatment was in first-order time-independent
perturbation, and it ignored the possibility of electron-
hole pair creation or the scattering of Ps once it is
formed.

Ishii and Shindo have extended the ion neutralization
theory to describe the Ps formation at metal surfaces.
The motivation of using this resonant charge-exchange
model for the Ps formation came from the fact that the
binding energy of the Ps state lies within the energy
bands of a metal surface. The model includes in the
Fermi's golden-rule formula higher-order terms describ-
ing both electrons hopping from the surface to the posi-
tron (Ps formation) and vice versa (Ps dissociation), an
exponentially decaying dynamical factor to account for
the decreasing transition magnitude with increasing dis-
tance between the Ps atom and the surface, and a
quantum-mechanical description of the center-of-mass
motion of the Ps because of its light mass. The dissocia-
tion term is essential in order to avoid the divergence at
large angle of emission, which one encounters in the
first-order Born approximation ( o:1/v, ). It is shown
that the transition matrix element is essentially constant,
and the dynamical interaction enhances the small-
momentum emission but smears the electron density of
states near a metal surface. A prediction of the 2D
ACAR spectrum for an Al surface from this theory is
shown in Fig. 25(c). The over enhancement of the low-pz
component (or large angle emission) was attributed to the
wide-band approximation which allows electrons to re-
turn to unrealistically wide unoccupied bands of the sur-
face. Ishii and Shindo have also shown that the energy
and angular dependence of the Ps emission spectrum is
sensitive to some testing band structures. Work using a
more realistic Al electronic band structure is underway.

VII. THERMALLY ACTIVATED POSITRONIUM

In this section we give a quantitative analysis of the re-
sults presented in Sec. III B. There it was shown [Figs.
5(b) and 6] that when an Al(100) surface is heated to 6QQ

K, a sharp narrow peak emerges near zero momentum on
the negative p~ side of the ACAR spectrum, which is ac-
companied by a large reduction of the positron surface-
state annihilation component. This is the most direct evi-
dence for the established picture that positrons captured
in the surface states are thermally desorbed as Ps atoms.
Note that the thermal peak in Fig. 5(b) has a width com-
parable with the detector resolution ( —1 mrad) and its
center appears almost at the origin. If the thermally
desorbed Ps energy is on the order of E~ T, the width of
the peak should be dominated by the apparatus resolu-
tion ( —1 mrad). In fact, it is for this very reason our
inversion-subtraction data-separation technique failed to
decompose the thermal Ps spectra accurately.

To investigate further the projected thermal Ps
momentum distribution we assume that at this elevated
sample temperature the bulk, surface state, and directly
formed Ps annihilation spectra do not change substantial-

Ea Eb +4
2 Ry

which is typically a few hundreds meV. Chu et al.
have described the Ps thermal activation process in terms
of thermodynamics similar to those leading to the
Richardson-Dushman equation for ordinary thermionic
electron emission. They derived the Ps thermal emission
rate

4K~ T
exp( E, /IC& T)( 1 —( r ) ), — (18)

where Kz and h are, respectively, the Boltzmann and

ly from their room-temperature spectra. Hence the
latter, when properly normalized, can be used to remove
approximately their corresponding hot components from
the high-temperature measurement to obtain the thermal
Ps distribution. The contribution from each component
can be estimated in a self-consistent manner. The yield of
the thermal desorbed Ps should be equal to the reduced
fraction of positrons captured in the surface states, as-
suming the temperature effect on the surface branching
ratios is of higher order. The normalization factors are
adjusted so that the intensity of the difference spectrum
just approaches negative values which are, of course, un-
physical. This approximation is reasonable since the
thermal momentum is much smaller than the Fermi
momentum, and 4, N+, and Np, do not change appre-
ciably compared with the most probable energy ( —1 eV)
of the directly emitted Ps. However, at 600 K about 10%
of the implanted positrons are trapped and annihilate in
the thermally activated vacancies, producing a spectrum
with a width lying between the extended bulk state and
external surface-state spectrum. ' Fortunately this is a
small fraction, and we will not attempt to make any
correction here.

Figure 26 illustrates this method with the
p~~

=0 sec-
tions. The normalization factors indicated in the figures
are the volume percentage with respect to the total mea-
surement. In Fig. 26(a) the symmetrical component
(dashed curve) consists of 25 vol%%uo surface state and 43
vol% bulk spectra obtained at room temperature. This
gives a good approximation, and the small deviation is at-
tributable to a small thermal broadening or more likely to
the trapping of positrons in vacancies. The difference
curve (dots) is the extracted total Ps spectrum which
clearly shows a cutoff at ——4. 5 mrad as expected. In
Fig. 26(b), 40 vol% of the room-temperature Ps spec-
trum coincides well in the large-momentum region with
the extracted total Ps spectrum, hence the difference
(dots) is taken as the thermal Ps distribution. From the
normalization factors we estimate that fb„~k =22%,
fss = 13%, and fp, =65% of which 38% are thermal Ps.
Thus the bulk fraction remains almost the same as the
room-temperature fraction, the direct formation of Ps is
reduced by —5%%uo and —84%%uo surface-state positrons are
thermally desorbed as Ps.

The activation energy for a positron bound in a surface
potential well with a binding energy Eb to be librated as a
Ps atom is
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FIG. 27. The statistical distribution of the thermal Ps (solid lines) vs the extracted data (dots) at 600K. They are peak normalized.
A constant reflection coeScient is used in the model.

predicting large anisotropies due to the localization per-
pendicular to the surface and delocalization parallel to
the surface of the bound positron or Ps. Although the
emission of a surface plasmon may lead to an isotropic
distribution of the bound Ps surface-state annihilation,
the theoretical width is too narrow in comparison with
our measurement. The lack of an anisotropy in the ex-
perimental data suggests a lateral localization of the posi-
tron resulting from trapping by surface defects or impuri-
ties. This conjecture needs to be verified in further stud-
ies.

We have demonstrated that the Ps momentum distri-
bution reAects the electron density of states near the sur-
face. In particular, it reveals the projected band gaps in
Al surfaces with strong face-dependent, directional aniso-
tropies. These results imply that Ps 2D ACAR spectrum
might offer us a new angle-resolved surface spectroscopy.
Since the final state of the Ps formation is well defined
(e -e bound state), this technique has an advantage
over the angle-resolved photoemission which often as-
sumes free electron final states in order to map out the
band dispersion of the initial states. Clearly, the feasibili-
ty of the angle-resolved Ps spectroscopy depends crucial-
ly on whether or not it is significantly contaminated by
some complicated inelastic effects or by higher-order
transitions. We have seen that the measured Ps spectra
for Al contains an enhanced low-momentum component

which cannot be explained by the simple nearly free-
electron model. Future measurements with improved ex-
perimental conditions are required to determine whether
this enhancement is due to a small amount of oxygen
contamination or is intrinsic to a Ps formation mecha-
nism.

The Ps momentum spectroscopy is limited by energy
conservation to a narrow energy band of -2 eV ( —@p,)
below the Fermi level for most of the metals (except al-
kali metals) and semiconductors. This suggests that to
further understand the Ps formation mechanism mea-
surement on d-band metals is of great importance, be-
cause the density of states (DOS) near the Fermi level are
considerably increased due to the d electrons. A prelimi-
nary measurement" on Ni indeed showed an enhanced
Ps momentum intensity near the cutoff compared with
the Ps spectrum of Al. However, the structure in the
DOS for the majority and minority states cannot be
identified and are most probably smeared out by the lim-
ited detector resolution. These experiments need to be
repeated when higher resolution detectors are available.
In addition, the induced localized surface-state electron
wave functions of Ni are predicted to be quite distinct
from the bulk conduction electron wave functions at the
surface and might play an important role in Ps forma-
tion, as contrasted with the electron surface states in Al.
Energy conservation also restricts the formation and
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emission of the umklapp Ps atoms [Eq. (7)] for most of
the unreconstructed surfaces. We note, however, that Pp,
is close to —5 eV for a W surface ( ——4 eV for Cr) and
also W surfaces reconstruct. Thus it could be a good can-
didate for demonstrating the umklapp Ps formation
effect.

In our present experiment, a small fraction of the
reemitted slow positrons eventually return to the biased
sample surface and take part in either the surface-state
annihilation or the Ps formation. It is important to know
whether or not these returning positrons form Ps via
some different mechanism. For example, they may form
Ps while approaching the surface from a vacuum, which
then would be connected to the Ps formation by glancing
angle scattering or back scattering. " This effect should
be studied with materials of large slow positron emission
yield such as Ni, W, Cu, etc.

In this paper we also present the first two-dimensional
momentum distributions of the thermally desorbed Ps.
The A.CAR spectra demonstrate directly the fact that
these thermal Ps atoms originate indeed from the posi-
trons trapped in a surface state at lower temperature
((300 K). These thermal Ps momentum distributions
are shown to agree well with the theoretical description
of the thermodynamical emission process. However the
sensitivity of our measurement to the temperature is
clearly limited by the present detector resolution. Al-
though our analysis indicates that a constant Ps reAection
coefficient produces better agreement with experimental
data, we do not have systematic measurements to verify
the temperature dependence of the reAection coefficient.
The establishment of this parameter would provide us
with some insight into the detailed desorption mecha-
nism. High precision ACAR study on this subject re-
quires detectors with a resolution better than 0.5 mrad
FWHM.

As has been shown throughout this paper, our data-
separation technique is accurate except for the high-
temperature surface data which is dominated by the large
fraction of thermal Ps. Theoretical predictions have in-
dicated that for alkali metals Np, )0, hence spontaneous
Ps emission is forbidden. For these surfaces the asym-
metric Ps component, therefore, should not appear in the
measurement, and it will be interesting to observe the ob-
vious inversion symmetry of these spectra.

It is clear that many of our uncertainties at present
stage can be removed once a more intense slow positron
beam and better resolution detectors become available.
Owing to the recent discovery of the new solid-Ne
moderator, it is anticipated that the slow positron beam
intensity can be increased (in the near future) by at least
one order of magnitude. Efforts to reach this goal are
currently under way.
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b, ; =No —fX;,(pI~)R (p~~
—

pI~)dpI~,

iV, =N; )+6;,
(A 1)

(A2)

where R (p~~
—

pI~) is the detector resolution function, b, ,
and A; are the ith order correction and solution, respec-
tively. Note that after sufficient number of iterations the
correction of Eq. (Al) contains essentially the noise com-
ponent of the data. Thus

f&.(p(()R (p((
—

p)))dp(( —&o —~n+i (A3)

implys that convolution of the nth-order solution is
equivalent to removing the noise from the original data,
i.e., smoothing. Thus our separated spectra should have
little distortion away from the narrow strip near p~=0.

3. Ps and bulk fractions

Define

V= N pq, p~~ dp~~)d

Vp,

(A4)

(A5)

which is the measured para-Ps fraction. In statistical
average, —' of the ground-state Ps atoms are formed in the
singlet state and —,

' are in the triplet state. Thus the total
Ps fraction can be derived from

1+3' (A6)

The residual bulk fraction in the total measurement is

Vbulk =Fb ]g( 1+3')) (A7)

Vbulk
(A8)

APPENDIX: DATA ANALYSIS

1. Analysis procedures

To decompose a surface ACAR spectrum the following
steps are taken sequentially: (1) Determine the position
of p~~=0 and center the spectrum; (2) symmetrize the
spectrum (when allowed); (3) deconvolute the spectrum;
(4) perform the inversion subtraction; (5) convolute the
separated spectra; (6) remove the bulk component (when
necessary).

2. van Cittert's method

The van Cittert's iteration procedure for deconvolution
can be expressed by
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Fb„&k is the fraction of incident positrons which annihilate
in the bulk. It can be calculated from the solution of the
positron diffusion equation (see, for example, Ref. 5).
Equations (A6)—(A8) are valid only if there is no slow
positron emission. This condition can easily be
guaranteed by applying a retarding field to repel any of
the emitted positrons.
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