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Well-characterized Al(111) and Al(100) samples were studied with monoenergetic positrons
before and after exposure to oxygen, Both positronium-formation and positron-emission curves
were obtained for various incident positron energies at sample temperatures ranging from
160—900 K. The orthopositronium decay signal provides a unique signature that the positron
has emerged from the surface region of a clean metal. In the clean Al crystals part of the posi-
tronium formed near the surface is found to be associated with a temperature-activated process
described as the thermally activated detrapping of a positron from a surface state. A simple pos-
itron diffusion model, including surface and vacancy trapping, is fitted to the positronium data and

an estimate of the binding energy of the positron in this trap is made. The positron diffusion

constant is found to have a negative temperature dependence before the onset of positron trap-

ping at thermally generated monovacancies (&500 K), in reasonable agreement with theoretical

predictions. The depth of the positron surface state is reduced or positronium is formed in the

chemisorbed layer as oxygen is adsorbed on both Al sample surfaces, thus increasing the posi-

tronium fraction and decreasing the positron emission. At higher oxygen exposures

[)500 L(1 L = 10 torr sec) ] positron or positronium traps are generated in the overlayer and

the positronium fraction is reduced. The amorphous-to-crystalline surface transition of AlzOy

on Al is observed between 650 and 800 K by the change in the positronium fraction and is in-

terpreted as the removal of trapping centers in the metal-oxide overlayer. At the higher tem-

peratures and incident energies vacancy trapping is observed by the decrease in the positron dif-

fusion length in both the clean and the underlying Al of the oxygen-exposed samples. Similar

vacancy formation enthalpies for Al are extracted in both the clean and oxygen-covered samples

by a simple model and are in good agreement with those measured by other experimental

methods. This technique provides a new experimental means for the study of interfaces and

thin films and the vacancy-type defects associated with them.

I. INTRODUCTION

Over the past 20 years positrons have been shown
to be an effective probe for studying both vacancy-
type bulk defects and the electronic structure of met-
als. ' Most of these solid-state experiments have uti-
lized energetic positrons obtained from radioactive
sources and subsequently implanted well below the
surface layer. After coming into thermal equilibrium
(10 "sec) with the metal a positron eventually an-
nihilates (0.1—0.3 x 10 sec), mainly with conduc-
tion electrons, emitting predominantly ()99'/o) two

y rays. In free space if a positron and electron are
brought together a bound state called positronium
(Ps) is formed. This bound state decays from either
a singlet state, p-Ps ('So) or triplet state, o-Ps ('S~),
each of which has unique annihilation characteristics. '

Ps has not been found experimentally in metals,
a fact which theoreticians ascribe to the screening of
the Coulomb interaction between a positron and an
electr.on. '

With the advent of slow positron beams'4 and the
subsequent incorporatio'n of these systems inside ul-
trahigh vacuum (UHV) chambers, ' ' it is now possi-
ble to study surfaces with positrons, The unique sig-
nature provided by Ps enables one to detect when the
positron leaves the surface region. At present one
can, therefore, study the probability of Ps formation
when a positron diffuses out of the metal as a func-
tion of sample temperature and incident positron en-
ergy. Whereas positron behavior is relatively well
understood in the bulk, this is not true of positron
interactions with even "well-characterized" surfaces.

The interaction of the positron at well-characterized
surfaces has been partially revealed in recent studies.
The positron can (i) be emitted into the vacuum
without forming Ps, ' (ii) escape with an electron and
form Ps somewhere in the near-surface region, ' or
(iii) trap at a potential well at the surface and annihi-
late. ' It is also possible for the positron to be ther-
mally desorbed from the surface trap thus allowing Ps
formation. From these processes and the use of a
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simple model the depth of this trap can be estimat-
ed. ' Recently a direct measurement of the velocity
of these emitted Ps atoms has been performed on a
Cu(111) surface. " At high temperatures two charac-
teristic Ps energies were observed; one being associat-
ed with thermally desorbed positrons forming Ps and
the other related to the kinetic energy distribution of
Ps of 3.4+0.3 eV.

A number of fundamenta1 questions still remain
such as (i) the angular and energy distribution of the
emitted positrons, (ii) the absolute branching ratio of
each of these processes, and (iii) the effect of surface
defects and impurities (possible activated sites). The
above list is not exhaustive but should provide some
of the information necessary to ascertain the useful-
ness of slow positrons in surface studies and the
direction further studies might take.

ln this work a simple metal (Al) is examined in the
"clean state" and after a controlled amount of oxida-
tion. The probability of Ps formation is measured as
a function of incident positron energy and sample
temperature on both the Al(100) and Al(111) sur-
faces before and after various oxygen exposures. '

At different oxygen exposures a unique temperature
dependence is observed in the Ps fraction relative to
the clean samples. This unique behavior is associated
with positron or Ps trapping sites located in the over-
layer of amorphous aluminum oxide. A simple one-
dimensional diffusion model originally proposed by
Mills' and extended here, will be used in analyzing
the Ps fraction data as a function of the incident posi-
tron energy. The fraction of those positrons emitted
after implantation will also be b'riefly described.

The paper will be divided into the following: Sec.
II experimental details, Sec. III theoretical discussion,
Sec. 1V' slow-positron emission from Al(100) and
Al(111), Sec. V Ps fraction versus incident energy at
various sample temperatures, Sec. VI Ps-fraction
measurements for Al(100) and Al(ill) after expo-
sure to oxygen, Sec. VII thermally activated detrap-
ping of the positron from a surface state, Sec. VIII
extraction of the vacancy formation enthalpy from
the Ps data, and Sec. IX conclusions.

II. EXPERIMENTAL DETAILS

. The slow-positron apparatus used in these studies
has been described elsewhere. ' The present system
employs split coils arranged in the Helmholtz condi-
tion for transport of the positrons to the target.
UHV conditions are maintained throughout the ap-
paratus during an experimental run. A Cu(111) +S
crystal is used for the positron moderator. ' When
the moderator is first placed in the vacuum system, it
is cleaned by Ar-ion bombardment. Annealing at
800'C removes the damage introduced by ion bom-
bardment and diffuses S to the surface producing an

increased slow-positron yield. After this cleaning and
heat-treatment procedure, the slow-positron yield can
be maintained by simply heating the Cu to 750'C for
approximately 10 min. The moderation efficiency,
defined as the ratio of the slow-positron yield to the
total yield of IB decay positrons from a 58Co source, is
found to be approximately 10 '. With the present
convertor design, the beam resolution is dependent
on the extraction bias from the source region and is
approximately 0.3 eV at an extracted positron energy
of 20 eV. After collimation of the positrons to ap-
proximately 0.5 cm in both the x and y directions,
the positrons can be accelerated into the sample at
energies up to 10 keV by two consecutive five-stage
electrostatic accelerators.

The Al single-crystal samples were mounted on
0.10-mm thick high-purity polycrystalline Ta foil,
which was spot welded to Ta posts. Either a Pt,
Pt/Pt-13% Rh, or a Cu/Constantan thermocouple was
attached at the top of the crystal through a small hole
produced by an electron discharge machine. A
second thermocouple was mounted directly on the
back of the supporting Ta foil. The counting elec-
tronics were gated off to remove any magnetic field
effect generated when the current was passed through
the Ta for heating of the Al crystals. For runs below
300 K a liquid-N2 reservoir was attached to the top of
a Ta post holder, cooling the sample by conduction.
To keep the samp1e clean during a low-temperature
run, a large-surface-area pump maintained at liquid-
N2 temperatures was mounted a few inches away from
the target.

The positron work-function measurements" are
made by a method similar to that of Mills et al. In
the present arrangement the retarding field is pro-
duced by a 97% transmission Cu grid on a movable
arm to permit positioning in front of the sample. A
10-cm diameter stainless-steel plate is included
behind the target to improve electric field homo-
geneity around the sample minimizing variations of
contact potentials produced by different materials in
the sample region. " The grid is kept at +4.69 V
awhile the sample voltage is ramped from 0 to
10.31 V. During these runs —20 V is applied to the
accelerators to ensure that the source is totally absor-
bent to the emitted positrons. When the target is
biased more positively than the grid the emitted posi-
trons will travel back towards the source, however,
when the target is more negative than the grid only
those positrons with a kinetic energy greater than the
difference in the applied voltages will escape the tar-
gt.'t region. Those positrons which annihilate in the
target region are detected and the data recorded with
a multiscaler as a function of target bias. In all of
these measurements the sample was perpendicular to
the applied magnetic field axis to remove the depen-
dence of 8 (angle of the sample to the axis of the
magnetic field) on the emitted positron energy distri-
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bution. The annihilation photons were measured us-
ing a Ge(Li) radiation detector with a resolution of
1.35 keV full width at half maximum at a photon en-
ergy of 514 keV produced by a 'Sr source.

When Ps atoms form, the statistical weight should
produce three times as much o-Ps (3S~) as p-
Ps ('So). The 'So state primarily decays into two
photons with the energy of each photon approximate-
ly equal to moc' (511 keV). The 'S~ decays mainly
into three photons and each photon ranges in energy
from approximately 0 to moc', where the sum of the
energies of the three photons equals 2moc'. " If o-Ps
forms in a condensed medium (i.e., molecular ma-
terials), the probability of decay into three photons is
reduced by a pickoff process whereby a surrounding
electron having an opposite spin annihilates with the
positron producing two photons. The measured ener-
gy spectrum of those o-Ps atoms decaying by three
photons is markedly different from the two-photon
process obtained when positrons annihilate in the
bulk metal. By simply measuring the change in the
observed y-photon energy spectrum one can estimate
the fraction (F) of Ps produced if one assumes the
statistical weight of 3 to 1. If one has energy spectra
representing 0% Ps and 100% Ps, then the intermedi-
ate fractions can be extracted by a method first used
by Marder et at. ' and initially applied to slow-
positron studies by Mills. ~

ln these measurements the 0% Ps limit (F=0)
was obtained by measuring the energy spectrum i'n
Al(100) at 900 K with an incident positron energy of
5 keV. From an earlier work by Lynn, ' it was found
that thermally generated vacancies, which are known
to trap positrons, ' drastically shorten the positron dif-
fusion length; therefore almost all of the positrons
are trapped at these defects and only a very small
percentage can escape the solid and form Ps. An ex-
trapolation procedure was performed by fitting a
third-order polynomial to the high-temperature Ps
fraction data versus incident energy thereby providing
the actual F =0 limit. When a Ge source was
sealed between two pieces of Al and inserted in the
UHV chamber, this F =0 Ps limit was confirmed.
The two methods agreed to within approximately 10%
of each other, although backscattering of the annihi-
lation photons was important in deducing the correct
F =0 limit with the sealed 'Ge source. Background
subtraction was also necessary for the sealed source.

It was assumed that a 100% Ps signal was produced
when low-energy positrons ( —20 eV) impinged on a
hot Al crystal ()900 K). These low-energy posi-
trons do not show signs of trapping at thermally gen-
erated vacancies at high temperatures. Other
researchers" have used a hot Ge target for the 100'/0

Ps fraction calibration point and this work appears to
be a few percent higher than the fraction obtained us-
ing hot Al. It is assumed that none of the 0-Ps
formed while leaving the surface undergoes a spin-

exchange process. Some fraction of 0-Ps atoms do
however suffer wall collisions before decaying in the
vacuum, thus undergoing spin exchange and then de-
caying by two photons. This fraction depends upon
the spatial and energy distribution of the emitted Ps
atoms and the spatial arrangement of the target in the
.vacuum chamber. " A small calibration error is pro-
duced, however, this effect has been minimized by
placing the sample in an open region. Reasonable
agreement between the hot Al results and those gen-
erated by convoluting the theoretical energy distribu-
tion of both the 'So and 'S& with the detector resolu-
tion for the 100'/o Ps limit was obtained.

During either the positron work function or the Ps
fraction studies the sample could be rotated for ex-
amination using low-energy electron diffraction
(LEED) or Auger electron spectroscopy (AES) mea-
surements. The pressure was kept below
2 x 10 ' torr during all of the positron measure-
ments. No ionization gauge was in a direct line of
sight of the sample and the existing nude gauge in
the UHV chamber was only used during the oxygen
exposures.

LEED and AES measurements were performed us-
ing a standard Varian four-grid LEED optics. Pri-
mary electrons at normal incidence to the Al crystals
were used. The beam energy was varied for the
LEED experiments between 60—300 eV, and kept at
a constant of 3 keV for the AES measurements.
AES experiments were also performed with a glanc-
ing incident gun and similar results were obtained.

The 99.999% AI crystals purchased from Materials
Research Corporation and oriented to (+2') in the
(111) and (100) planes were mechanically polished
and etched before insertion into the vacuum
chamber. The samples were outgassed for 24 h at
400'C before the initial'cleaning procedure. The
samples were cleaned by repeated cycles of Ar-ion
bombardment (-200'C) and annealed (400'C) for
at least 30 min until no oxygen signals were observed
by AES '

III. THEORETICAL DISCUSSION

A one-dimensional diffusion model was first ap-
plied by Mills5 to describe the Ps fraction as a func-
tion of the positron incident energy. In these experi-
ments the quantity of interest is the number of posi-
trons which diffuse back to the surface after implan-
tation, before trapping at some defect or annihilating
at a rate corresponding to that of a so-called "defect-
free" metal. The equations that were fit to the Ps
fraction data will not be described in detail as they
have been discussed by Lynn and Welch' and more
recently by Mills and Murray. ' However, a brief ex-
planation of the modifications to these equations will

be given. Up to the present time, the Ps data
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have only been fitted when an exponential stopping pro-
file with a mean depth linear in the incident energy
was assumed.

Mills and Murray' have theoretically considered a
more complicated stopping profile, although no com-
parison was made to experimental data. This ap-
proach employed a positron stopping profile proposed
by Makhov' for electrons. No assumptions are
needed about the mean depth being linear in E. The
scheme does have the undesirable effect of producing
a nonanalytical form for the final equation. Although
this approach is philosophically attractive, more fit-
ting parameters are needed and strong correlations
exist between these fitting parameters, therefore pro-
ducing large uncertainties in the extracted values. In'

the present model a simple modification has been
made to the exponential stopping profile. This ap-
proach produces a better representation of the experi-
mental data and can be solved in closed form.

In this derivation one assumes that the normalized
initial positron distribution, Co(x), is of the form

e -a/a
Co(x) =

0

where a is the mean depth of implantation. One can
then take the mean implant depth on energy in the
form of a -E /A, where A is the constant relating
the mean positron depth to the incident energy. Fol-
lowing an approach similar to Refs. 18 and 19 one
can then derive the expression for the Ps fraction

initial positron profile. One might expect some varia-
tion in the initial positron distribution profile with
temperature owing to positron-phonon scattering. "
%hen solving the diffusion equation utilizing the ra-
diative boundary condition as discussed in Ref. 19, fo
in Eq. (2) is equal to

fo =fo/(I +B (Draff) ]

~here 8 equals ~ for a reflecting boundary and 0 for
an absorbing boundary. In a recent work" where
both the conduction electron and phonon scattering
were taken into account for calculating the mean
penetration depth for the positron, it was determined
that as the incident energy is increased above 1 keV
in Al the penetration depth becomes more peaked
thus changing the exponential distribution. As Mills
et al. 8 have indicated, Eq. (2) can also be fit to the
yield of positron emission curves as a function of in-
cident energy.

After fitting Eq. (2) to the Ps fraction versus in-
cident positron-energy data one can easily observe
that Eo decreases at the higher temperatures, which
has been explained by positron trapping at thermally
generated monovacancies. " If one assumes that
the monovacancies are in thermal equilibrium and
are the predominant trapping centers, the fitting
equation as shown by Lynn and Welch' is

F= ~ 0

1+ (E/E, )
(2)

In the above equation, E is the incident positron en-
ergy, fo is the Ps fraction at E =0 for a perfect re-
flector and absorber, and Eo = (Dr,rr)' /A, where D
is the positron diffusion constant, and ~,q& is the ef-
fective positron lifetime. In Eq. (2), Ep, fp, and a
are the adjustable parameters, although one can easi-
ly estimate fo from the experimental low-energy Ps
fraction data. By including a as a fitting parameter a
much improved fit to the data was found. Further-
more, convergence in the fit was easily obtainable in
all cases. In fact, the correlation between the fitting
parameters" decreased, thereby producing smaller er-
ror bars on the extracted values. As sho~n by Refs.
18 and 19, Eq. (2) is valid for a partially transmitting
boundary, as one might expect is the case for an ex-
tended Bloch-like positron approaching the surface
from within the crystal. Other temperature-
independent positron distribution profiles have been
employed which produce different functional forms
than Eq. (2), although the same general features of
fo and Eo are found. Fitting the data with the dif-
ferent functional forms one finds that Eo does vary in
absolute magnitude, although the temperature depen-
dence of Eo is found to be almost independent of the

E (T) A (Dr)'~'
( )[I + r @exp(S~»/k, ) exp( —E»/kT)] '~'

~here p, is the monovacancy specific trapping rate, v

is the positron lifetime for a freely diffusing positron
in Al, and Stv and E~v are the monovacancy forma-
tion entropy and enthalpy, respectively. This equa-
tion was derived by assuming an effective annihila-
tion rate, which should be a good approximation for
trapping if the intertrap spacing is small compared
with the scale of the spatial variation of the initial
positron probability distribution. Futhermore, this
equation assumes that once a positron is trapped, it
has a negligible probability of escaping the vacancy
before annihilation. In bulk positron measurements
no detrapping of positrons from monovacancies in Al
has been observed. ' In the present studies there may
be a finite probability that the positron trapped at a
vacancy near the surface could tunnel into the sur-
face state and detrap, thereby forming Ps. The tem-
perature dependence of Eo extracted from the origi-
nal Ps fraction data is then fitted with three parameters
which are defined as Eo(0) = A (D r) '~2, U = r p,
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xexp(S(v/k), and Eiv. Therefore Eq. (3) becomes where

Ep(0)Ep(T)- [1+U exp( —Eiv/kT) ]' 2f (4)

C|= mi'/v

C2 = I'/v

(7a)

(7b)

I', , = v exp( hE/kT)— (5)

where I, , is the rate at which trapped positrons are
emitted into the vacuum, v is the frequency of the
bound positron in the surface state times a probabili-
ty of forming Ps, and hE is the activation energy. In
this derivation v is assumed to be temperature in-

dependent. Following the derivation of Lynn and
Welch, ' the temperature dependence of the branch-
ing ratio, fp, becomes

[Cl+ exp( &LE/kT)]-
[Ci +

exp�(

hE/k T)]—(6)

One can eliminate Ep(0), as it represents the low-

temperature fits of the original data. A small error is
included, as there is a predicted T ' behavior for
the positron diffusion constant in metals. " This tem-
perature dependence will be discussed in more detail
later in the paper.

One increases the surface sensitivity of the positron
by lowering the incident energy to a point ~here trap-
ping at thermally generated monovacancies is not ob-
served. This ensures that almost all of the positrons
interact with the surface region, therefore making it
possible to study the temperature dependence of the
Ps fraction in the surface region. The ability of the
incoming positron to directly form a stable Ps atom
when above a few electron volts is assumed to be
negligible. In general the positron in the surface re-
gion may escape as a free positron, trap at a potential

'

well at the surface, or escape as Ps. Once trapped at
the surface the positron can either annihilate or be
thermally activated out of this surface state, forming
Ps while escaping. The temperature dependence of
these branching ratios can be experimentally mea-
sured, although presently no theoretical predictions
exist on either of the relative fractions. Certainly,
the electronic structure, surface defects, impurities,
and crystallographic planes play a role in these
processes.

Thermally activated detrapping has been observed
in both metals ' and semiconductors. Surface-state
models have been proposed by different research-
ers, and appear to describe the general features
found experimentally. Our data showing this detrap-
ping phenomena are analyzed in a manner described
by Lynn and Welch, "and brief comparisons to other
results will be made in Sec. VII.

The observed temperature dependence of detrap-
ping, assuming a single activation energy, is described
by

m is the fraction that is initially emitted as Ps at low
temperatures, and I is the annihilation rate of posi-
trons trapped at the surface. The value of m should
be an intrinsic property of the surface and it is found
to be extremely sensitive to surface impurities, as will

be discussed. For a general derivation of Eq. (6) the
reader is referred to Lynn and Welch. ' The physical
interpretation of hE is made uncertain by the lack of
a detailed understanding of the particular mechanism
by which the positrons are emitted and form Ps.
Mills9 has applied a Born-Haber cycle, including this
activation energy, whereby the binding energy of the
positrons to the surface trap, Es+, can be deduced.
As discussed by Mills and by Lynn and Welch' the
expression is

Esp ~ DE+6.S —4,
where C, is the measured electron work function and
the 6.8 (given in terms of ev) is the gain in energy
when Ps forms. One should remember that this
model does not include any inelastic processes which
occur or any prediction on the fraction of Ps or posi-
trons which escape at low temperatures. The Ps
atom, when escaping the surface region, does need to
surmount a weak induced dipole-dipole interaction,
i.e., van der Waals attraction to the metal surface. A

positron diffusing to the surface from the interior, if
not reflected, must proceed across the metal-vacuum
interface in on the order of 10 ' —10 "sec to avoid
being. trapped by this surface state. Nieminen and
Lakkonen" have estimated the trapping rate into a
planar surface state as 7.6 x 105 cm/sec. Assuming a
width of the surface state of 3 A, one finds a transi-
tion rate of 2 && 10" sec ', consistent with what one
should expect if some of the positrons can escape
without trapping. It is important to note, that this
calculated value' of the trapping rate is only an ap-
proximate number as the surface-state parameters are
not accurately known. One would expect that the
more negative the positron work function (larger es-
cape velocity), the fewer the number of positrons
that would trap in the, surface state or form Ps while

escaping the surface. It should be mentioned that the
positron reflection coefficient could become larger
the more negative the positron work function. The
positron cauld also lose energy and momentum in a
short time by Auger excitations thus becoming
trapped in the surface state. Presently no calculation
has been performed on the likelihood of this process.

The Ps work function, 4p, is defined as the energy
required to remove a nontrapped thermalized posi-
tron from a metal without stripping the electron
correlation cloud. This can be estimated by a Born-
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Haber cycle assuming no inelastic processes and is
represented by

4p, = 43+ 4p —6.8 (9)

again in eV. For most metals, other than the alkalis

and Pb, 4p, turns out to be negative as the sum of
4, +4~ is usually less than 6.8 eV. In all clean an-
nealed metals studied to date Ps is found to emerge,
indicating a negative Ps work function in agreement
with theory. ' A measurement of the kinetic energy
of Ps made by Mills and Pfeiffer" appears to provide
support for this simple picture of the physical process
of escape. This study certainly had a large fraction of
nonthermal positrons forming Ps, therefore any con-
clusions reached concerning the measured energy dis-
tribution must take account of the nonthermal frac-
tion. When Ps is formed from a thermalized positron
and escapes the surface one would expect that inelas-
tic processes might be important in producing a
slightly lower energy than predicted by Eq. (9). The
exact process by which the binding energy of Ps is

converted into the kinetic energy of the escaping Ps
has not been dealt with to the authors' knowledge,
but one possibility is that the excess energy could be
given to a spectator electron or phonons. The exact
escape process of Ps awaits further experimental and
theoretical work.

More recently, Pendry" has considered the surface
state as a mixed positron-Ps entity trapped between
the vacuum and solid. This mixing can occur
between the positron and Ps because a conversion
can take place by the exchange of an electron with

the surface. In this model Pendry predicts that Ps
should be emitted, preferentially normal to the sur-
face with a discrete energy, however, the sharp
vacuum-metal interface ionizes some fraction of the
Ps allowing the emitted positrons to be distributed
over a range of angles and energies. This model aloo

leviates the necessity for the positron to emerge from
the solid without being trapped at the surface. Fur-
ther experiments have been made to delineate
between these possibilities, however, further discus-
sion of these models is beyond the scope of this pa-

per.
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therefore the electronic structure of the surface. Be-
cause of the low implant energies (-2 keV) some of
the positrons will not be fully thermalized and can be
seen as the rounding in Fig. 1.

Figures 1(a) and 1(b) show the integral energy
spectra of the slow-positron (e+) yield from a single

IV. SLOW-POSITRON EMISSION FROM
Al(100) AND Al(111)

Emission of a thermalized positron occurs in those
metals which exhibit a negative positron work func-
tion, 4~, favorable for emission into the vacuum.
With this interpretation, as previously mentioned, the
positron must cross the metal-vacuum interface
without being trapped in the surface state. The frac-
tion of positrons that escape without being trapped or
forming Ps should depend on the magnitude of the
work function, the details of the potential well, and
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FIG. 1. Retarding-potential spectra of the slow-positron
emission at 298 K of (a) Al(100) with a 2.0-keV incident
positron energy, (b) Al(100) with a 1.5-keV incident posi-
tron energy, (c) Al(111) with a 500-eV incident positron en-

ergy. All these spectra have had a linear background sub-
tracted. The slow-positron yield is the ratio of the number
of reemitted positrons to the total number incident on the
target.
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crystal of Al(100) for two incident positron energies,
2.0 and 1.5 keV at 298 K. The slow-positron yield is

defined to be the ratio of the number of reemitted
positrons to the number incident on the target. The
target bias is experimentally measured with respect to
a positively biased Cu grid in front of the sample. It
is worth mentioning that the voltage where the rise
occurs in Figs. 1(a), 1(b), and 1(c) is a measurement
of the contact-potential difference between that of
the particular sample and the positively biased Cu
grid. The width (hE„~) of the steep rise, as seen in

Fig. 1, is the integral longitudinal (—m v~~) energy

spectrum of the slow positrons emitted by the target.
The width of the decrease in the yield is a direct mea-
surement of the energy and angular spread of the
emitted positrons. This width (hE„~) for the
Al(100) is on the order of 0.2 eV, in good agreement
with Mills er a/ For .the Al(111), Fig. 1(c), it is dif-
ficult to determine the width of the curve, however,
other experiments at higher incident energies indicate
that the energy spread of the emitted positrons is

+0.1 J0.10 eV with a yield of approximately 10'lo at
300 K. Variations in the yield were observed for dif-
ferent Al(111) samples but were consistently IQ'lo or
less. Careful annealing of the samples to remove
various positron trapping centers was found to be
necessary before work-function measurements were
made. Differences in the slow-positron yield were
also found on various Al(100) surfaces even when

the AES showed no impurities. This may also be an
indication of the possible presence of chemisorbed H,
which cannot be detected by AES, or possibly surface
roughness. The theoretical calculations of Hodges
and Stott~6 predict a positive sign (4~ =+0.7 eV) for
the positron work function on Al, contrary to our ex-
perimental findings.

As one lowers the incident positron energy a larger
fraction of nonthermal positrons escape the metal
thus causing a rounding of the emission curve. This
can easily be seen in Fig. 1(c) for the Al(111) crystal
with an incident positron energy of 500 eV. Even
though complete thermalization is theoretically
predicted to occur in the order of -10 " sec in Na,
there is some probability that a fraction of these in-

cident slow positrons will escape without becoming
fully thermalized in the metal. In a review by Ber-
gersen and Pajanne energetic positrons are shown to
reach the eV range after —10 ' sec and to become
fully thermalized in the order of 10 "sec. For low-

energy incident positrons (-500 eV), assuming a

range of less than 75 A, one can easily show that a
small fraction will not be thermalized before reaching
the surface from the interior.

The slow-positron yield is found to be both in-

cident energy and temperature dependent, in agree-
ment with Mills et al. ' The slow-positron yield is

determiried by taking the difference between the in-

tegral of the counts from —1.67 to —3.44 V and the

integral of the counts from 0.34 to 2.11 V divided by

the integral for the former. In this study a slightly
'higher yield of slow positrons is found compared to
Mills et al. which can be attributed to variations in

the cleanliness and possibly surface roughness of the
samples. Both positron emission and Ps formation at
crystal surfaces are thought to be affected by kinks,
surface vacancies, or grooving. Further experiments
are needed to determine which surface defects play a

role. Since our results are in reasonable agreement
with Mills et al. they will be only briefly discussed.
In Al, oxygen decreases the slow-positron yield,
although in other metals one can increase the yield

and the magnitude of the positron work function
when certain impurities are present. '

The ability of some fraction of the positrons to es-
cape the surface trap and emerge into the vacuum
can be understood in terms of a transition-limited
trapping process. Even though the positron work
function is negative in Al there will be quantum-
mechanical reflections of a positron approaching the
one-dimensional barrier from within the metal. This
has been recently treated theoretically by Oliva, "
where thermal energies (-0.03 eV) are small com-
pared to the barrier height for positrons (0.1—1.0 eV)
and Ps (2—3 eV). If these surface traps are deep
(Esr ) 1 eV) one would expect that the positron
would lose its energy predominantly by electron-hole
generation or Auger excitations. The width of the
surface state, the energy-loss mechanisms, the medi-

um, and the positron wave function mainly deter-
mine the ability of the positron to escape the surface
trap. The role of the phonon-mediated loss process
has been determined by Nieminen and Lakkonen to
be small and only slightly temperature dependent.
Without considering the, internal reflection of the
positron and with the above interpretation of
transition-limited trapping one would expect a higher
yield with a more negative positron work function as
the positron traverses the surface state more rapidly

and can escape the sample. This appears to be in

general agreement with our results.
Figure 2 shows the variation in the yield as the

sample temperature is increased. Mills et al. ' have
associated this decrease in the yield with an activated
process and fit the data by an Arrhenius plot with an

activation energy of 0.68 + 0.02 eV. These research-
ers initially suggested that positron trapping at bulk

thermally generated vacancies was responsible for the
decreasing yield. . Bulk positron-lifetime measure-
ments were made by us on similar crystals. From
these measurements it was found that no significant
fraction of the positrons was trapped until approxi-
mately 75'C higher than the initial decrease sho~n in

Fig. 2. Moreover, the bulk measurement was con-
sistent with other results of this type, indicating that
these bulk vacancies are not responsible for the
change in the yield. This result is interpreted as evi-
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FIG. 2. Slow-positron yield (%) vs Al(100) temperature
for a 1-keV incident positron energy.

dence that the branching ratio changes for Ps relative
to free positrons. Similar behavior in the Al(111)
crystal was found, although the yield starts to de-
crease at a lower temperature and approaches zero at
400 K. The findings for Al(100) are in rough agree-
ment with Mills et al. ,

' although one can fit the
results with a simple negative temperature depen-
dence which could be associated with the positron
work function becoming less negative. There have not
been any calculations on the expected temperature
dependence of the positron work function. The tem-
perature dependence of the positron work function
should depend (similar to the electron work function)
on the following effects: (i) volume expansion of the
lattice, (ii) variation of the dipole layer, (iii) particle-
lattice coupling, and (iv) electronic specific heat.
Positron-emission measurements have also been per-
formed on the Al(100) sample down to temperatures
of 165 K with little change in the width of the curves.
The Al(111) results show that a significant increase
( —5%) in the slow-positron yield occurs between 180
and 300 K. These Al(111) measurements can be
represented by a negative temperature dependence of
the positron work function which changes the yield of
emitted positrons. This absence of emission at the
higher temperatures could then be associated with the
change in sign of the positron work function. More
detailed experiments will have to be performed to
confirm this possibility.
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the electron distribution at the surface. As discussed
in an earlier section, a quantitative measure of the Ps
('SI) fraction decaying by three photons in clean
metals can be made simply by measuring the changes
that occur in the energy spectrum of the annihilation
photons. In the present measurements the. samples
were negatively biased to produce the desired in-
cident energy, therefore the emitted positrons were
attracted back to the target and partially converted
into Ps. This has the effect of producing an- overesti-
mate of the absolute Ps fraction. For example, at
300 K Al(100) is found to emit -20% slow positrons
for 1-keV incident positrons. If one assumes that of
those emitted positrons attracted back to the nega-
tively biased sample 50% form Ps and the remaining
positrons become trapped in the surface state and an-
nihilate, then the measured Ps fraction would be
overestimated by -10% of the total flux. An overes-
timation in the absolute Ps fraction on the order of
12% would be possible at the lower incident energies.
At the lowest positron energy, where the overestima-
tion is largest, the incident energy was varied from
the source and the target was grounded allowing
those emitted positrons to escape. At high incident
energies or high sample temperatures ()300'C) the
slow-positron yield decreases, therefore this relative
error in. the extracted Ps fraction is very small. It
should be noted, that only a.small correction is
necessary for the Al(ill) sample as there is a low
yield of emitted slow positrons ((1 eV).

Figure 3 shows the Ps fraction, F, versus the in-
cident positron energies for Al(111) at various sam-
ple temperatures. The lower-temperature data are

0.0
I I I I

V. Ps FRACTION VERSUS INCIDENT ENERGY AT
VARIOUS SAMPLE TEMPERATURES

Detection of Ps (3$~) decay provides a unique sig-
nature which indicates that a positron has passed
through the metal-vacuum interface. Understanding
this process should produce new information about

0 1000 2000 3000 4000 5000 6000 7000 8000
POSITRON ENERGY(ev)

FIG. 3. Ps fraction for Al(111) as a function of incident
positron energy. The solid lines are the best fit of Eq. (2)
through the data. No impurities were observed with AES
measurements and a sharp LEED pattern was observed.
The statistical error bars are approximately the size of the
data points.



22 SLOW POSITRONS IN SINGLE-CRYSTAL. . . 4151

not included in Fig. 3 for clarity. The solid lines are
the result of the least-squares fitting of Eq. (2) to the
experimental data. A much poorer fit is obtained and
convergence is more difficult when u in Eq. (2) is

constrained to be 1, as in the case of the previous
model. 5 The effect of positron trapping at thermally
generated monovacancies can be observed at higher
implant energies by the large decrease in the fraction
of those positrons which reach the surface and form
Ps. In other words, the effective diffusion length for
the positron is shortened.

The fitted values of Eo determined in the tempera-
. ture range from 160 to 500 K for Al(100) produced a

T -"- ' dependence. An implicit assumption was

made in our analysis which is that there is no tem-
perature dependence on the range of the positrons in

this temperature region. The bulk positron lifetime
only changes a few percent over the temperature
range studied, therefore this should not produce a

significant effect on Eo. ' A calibration error in F or
more specifically in Ro or P~/Po can have a signifi-

cant effect on the temperature dependence of Eo."
This will be discussed more fully in a la'ter publication.

Theory predicts that phonon scattering determines
the positron diffusion constant in relatively pure met-

als." Since the positron diffusion process has been
predicted to be predominantly determined by the
positron-phonon interaction, the positron diffusion
constant should exhibit a T 'l temperature depen-

dence, in reasonable agreement with our experi-
mental value. This is the first direct evidence that
the positron diffusion constant in a metal has a nega-

tive temperature dependence, although better experi-
mental values await further studies. In this analysis

no account has been made for a possible
temperature-dependent positron reflection coefficient
which might affect the extracted value of Eo at dif-

ferent sample temperatures. The temperature depen-
dence of this reflection coefficient is determined by

the temperature dependence of 4~, de Broglie
wavelength, and the exact shape of the potential at
the surface. As the kinetic energy of an incident par-

ticle diffusing to an attractive steplike potential ap-

proaches zero, the reflection coefficient approaches
unity. 2'

The deduced values of Eo for Al(111) and Al(100)
at 300 K are 2600+ 100 and 3000+ 150 eV, respec-
tively, when fitting the incident positron energy data
which range from 0.025 to 5 keV. One might expect
that the mean penetration depth of the positrons
would be slightly less in the Al(ill) because it is a

close-packed layer and this appears to be the case.
Mills5 found Eo to be 2860+ 150 eV for Al(100), fit-

ting Eq. "(2) without the inclusion of n and only in-

cluding incident energy data up to 2 keV. The ex-
tracted values for Eo are dependent on the assumed
initial positron distribution and reflection coefficients,
therefore, these values have some systematic errors

associated with them. Since the positron mobility is

known in Ge at low temperatures, ' Mills has es-
timated the constant relating the mean positron depth
to the incident energy, A. His value for A is
5.5 x 10 ' keV/A. This number seems reasonable as
the range of electrons in Si, determined by depth-
resolved cathodoluminescence, was found to be 200
A at 1 keV, although it exhibited an energy depen-
dence to the 1.6 power. These electron results in Si
support our assumption that the mean implant depth
is not linear in E as first suggested by Mills et al.
Assuming these values of A are approximately the
same for Al as for Si and Ge, one can make a rough
estimate of D. Taking the bulk positron lifetime" in

Al as 165 x 10 ' sec and an average of the above
values for A and Eo, one finds D to be approximately
0.2 cm'/sec. This is in good agreement with the
theoretical prediction of Bergersen et a/. ' which is

0.4 cm'/sec for Al at 300 K. As mentioned, some
variation is found in Eo with different assumed initial

positron distributions, therefore, producing an uncer-
tainty in D. With a Gaussian-shaped initial positron
implantation even better agreement is found between
theory and the deduced positron diffusion constant.
Paulin ' recently calculated D in small particles of Al

using the positron lifetime, the specific area, and the
mass density, and also found a value of
0.4+0.2 cm'/sec. McKee er al. '3 have estimated D
to be about 2 cm'/sec from positron trapping at
high-angle grain boundaries in Al. This discrepancy
is presently not understood, although in the latter
study, complicated metallurgical phenomena may be

playing a role. One would expect the range associat-
ed with electrons to be an overestimate, as it has

been theoretically shown that a positron will lose en-

ergy at a higher rate than electrons below 50 eV."
Therefore, our estimate'with this initial positron dis-

tribution should be an upper limit for the diffusion
constant.

Figure 4 shows the fitted values of n in Eq. (2) for
Al(111) and Al(100) at various sample temperatures.
This type of behavior for o. has been found in other
metals. ' One would expect an approximately con-
stant value, at least up.to the onset of positron trap-

ping at vacancies, where this trapping may in fact
change the initial positron distribution. " This ap-

pears to be the case in the temperature range of
423—673 K (Fig. 4). The decrease in a which ap-

proached unity at 163 K is not understood, although
this may indicate that diffusion processes play a role
in the fitting of the model for the assumed initial

positron distribution, or that the positron reflection
coefficient increases with decreasing sample tempera-

ture.
The decrease in o, at the higher temperatures is at-

tributable to the inadequacy of the model in account-

ing for positron trapping at thermally generated va-

cancies in the metal. Another possibility, although
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FIG. 4. Deduced values of n obtained from fitting Eq.
(2) to the Al(111) and Al(100) Ps fraction data vs incident
positron energy at the corresponding sample temperatures.
The errors shown are obtained from the curvative matrix as
discussed in Ref. 21.
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FIG. 5. Fraction of positrons converted to Ps as a func-
tion of temperature at different positron energies for
Al(100). The solid lines are spline fits through the data
points. The negative curvature in the data at the higher
sample temperatures and energies is associated with positron
trapping at thermally generated rnonovacancies.

unlikely, is that prethermalized trapping of the posi-
trons occurs, thus changing the initial positron distri-
bution. For example, a typical nontherrnal positron
(1 eV) will diffuse on the order of 30 A in 1 x 10 "
sec while decelerating, which is a significant part of
the expected range of low-energy positrons. Thus
prethermalized trapping of positrons at monovacan-
cies could produce a significant effect on the initial
distribution. Although this is a plausible explanation,
a more thorough understanding of this effect will

have to await further experiments and a more ap-
propriate approximation of the initial positron distri-
bution.

Both positron trapping at monovacancies and ther-
mally activated detrapping from a surface state can be
easily seen by plotting the Ps fraction versus tern-
perature on Al(ill) and Al(100), Figs. 5 and 6,
respectively. The decrease in the Ps fraction that oc-
curs at the higher temperatures and incident energies,
is associated with positron trapping at thermally gen-
erated monovacancies. This will be discussed in
more detail in Sec. VII.

The initial increase in the Ps fraction (Figs. 5 and
6) is associated with thermal fluctuations capable of
detrapping the positron from the surface state and
subsequently forming Ps, as discussed by Lynn' and
Mills. This detrapping energy is intrinsic to clean
A 1, although as will be shown in the next section the
Ps fraction is dependent on surface contamination
and adsorbed species. In the studies to date no ma-
terial has been found from which positrons, not Ps,
can escape by this thermally activated process. This
finding provides support to the explanation that Ps
formation is very dependent on the escape velocity of
the positron. Moreover, those positrons that are em-

itted are all converted into Ps atoms for T « 573 K
for Al(100) and T ~420 K for Al(1 1 1). The reason
for this decrease in the positron yield is presently not
understood but will most likely include the tempera-
ture dependence of the positron work function and,
thus, the surface dipole term.
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FIG. 6. Ps fraction vs sample temperature at various posi-
tron incident energies for Al(111). The dashed lines are
spline fits through the data. Positron trapping at thermally
generated monovacancies is observed by the negative curva-
ture in the data at the higher sample temperatures and in-
cident energies.
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VI. Ps FRACTION MEASUREMENTS FOR A1(100)
AND A1(111) SURFACES AFTER

EXPOSURE TO OXYGEN

To better understand the effect of impurities on
both the slow-positron yield and the Ps fraction, both
the Al(100) and Al(111) surfaces were exposed
to ultrahigh-purity oxygen. Aluminum was chosen
for these initial studies because the interaction of ox-
ygen with this surface has been of considerable exper-
imental and theoretical interest. Aluminum
should provide an interesting system for the initial
oxidation process since its simple electronic config-
uration has only s and p electrons, and technologi-
cally Al is the most utilized material for electrodes on
semiconductor devices. On the Al(111) plane it has
been shown that the initial interaction of oxygen is a
two-stage process. '9 40 For less than a monolayer of'
coverage, the oxygen is dissociatively adsorbed form-
ing a chemisorption phase [&200 L(1 L = 10 6

torr sec) ]. With increased oxygen exposure an inter-
mediate phase develops into a bulklike amorphous
AI„O». On the Al(100) face the formation of this ox-
ide layer is much faster and is thought to produce
strong surface disorder. By studying such sys-
tems with positrons it is hoped that new information
about defects in the overlayer will be determined.
Furthermore, this should provide an initial test of the
applicability of slow positrons as a surface probe in

chemisorption studies.
The Ps fraction was measured with increasing oxy-

gen exposures up to 10 L. All the samples were ex-
posed to oxygen at 300 K. In general during the ini-
tial stages of oxygen exposure ( &500 L) both the Ps
fraction and the normalized oxygen peak of the AES
spectra" increased in a similar manner. However, in
the earliest stages (&20 L) of oxygen exposure on
both Al(111) and Al(100) surfaces a small inflection
in the Ps fraction was found. The Al(100) showed
this inflection at an exposure of -5 L. This is
thought to be an indication of the initial chemisorp-
tion ordered phase of oxygen on both Al(111) and
Al(100) surfaces. 39 40 This effect will be investigated
more thoroughly in a later study. In these measure-
ments different initial coverage rates for the Al(111)
and Al(100) were found by AES measurements, and
agreed with those published in the literature. ' The
changes in the Ps fraction during oxygen exposure
closely followed the AES oxygen intensity signal and
both the AES signal and the Ps fraction on Al(100)
and Al(111) surfaces had been saturated by approxi-
mately 300 L exposure.

The Ps yield initially increased with increasing oxy-
gen exposure on the Al(100) surface, most likely in-

dicating that the depth of the positron surface state
decreased with increasing oxygen exposure. A

second possibility exists where the Ps forms while
still residing in the overlayer and subsequently es-
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FIG. 7. Fraction of positrons converted to Ps vs sample
temperature at various incident positron energies for
Al(100) after exposure to 500 L oxygen. The solid lines
shown in the figure are produced by a spline fit to the data.
The sample remained at each temperature for approximately
15 min. After the high-temperature run the Ps fraction was

measured with decreasing temperature and no minimum ap-
peared for the lower-energy positrons in the temperature re-

gion between 600 and 800 K.

capes into the vacuum before a pickoff process occurs
with a spectator electron. In both samples the slow-
positron yield decreased with increasing oxygen expo-
sure.

After exposure to 500 L oxygen the Ps fraction
increased to approximately 86 and 94% for Al(100)
and Al(ill), respectively, for an incident positron
energy of 25 eV. This exposure ensured more than a
full monolayer of oxygen coverage on the Al sam-
ples. This demonstrates that Ps formation is associat-
ed with the surface and not the bulk properties. Fig-
ures 7 and 8 show the Ps fraction versus sample tem-
perature for Al(100) and Al(111) after exposures
to 500 L oxygen. At the higher incident energies
(~1025 eV) and temperatures, the general features
are the same as for the clean Al (Figs. 5 and 6). In
fact, similar monovacancy formation enthalpies are
deduced, as will be discussed in Sec. VIII.

One should note the difference in the oxygen-
exposed surfaces (Figs. 7 and 8) relative to the clean
surfaces (Figs. 5 and 6) in the temperature region of
600—800 K with the low incident energy positrons.
The decrease in the Ps fraction which appears in both
crystallographic directions indicates that either a po-
tential rise exists at the interface or that trapping
centers have been generated in the overlayer which
are not allowing the positron or Ps to escape the
overlayer. These trapping sites could be generated in
the initial stages of the amorphous-to-crystalline
phase transition. Since Ps could form in Al„O~ it is
not clear whether these traps are positron or Ps trap-
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suggested that this high-temperature crystalline phase
of the oxide overlayer. is closely related to y-A1203.
This transition was confirmed in this study by LEED
measurements after the sample had been cooled,
which is in agreement with Martinsson and
Flodstrom. '

The Ps fraction versus incident positron energy
data were fitted with Eq. (2) and the values obtained
for Fo are consistent with a short positron diffusion
length such as that found with trapping centers. The
fitted values of Eo versus temperature are plotted in

Fig. 10. The fitted values of Eo in the oxide layer are
a factor of 10 less than the lowest value found for
trapping at thermally generated monovacancies in Al,
which indicates a significantly higher atomic concen-
tration of trapping centers residing in this amorphous
aluminum oxide.

This high-exposure sample was examined under an
optical microscope in air after the experimental run.
The surface showed signs that when recrystallization
occurred some small fraction of the underlying Al
was reexposed. The total fraction of exposed surface
area associated with this phenomenon should not af-
fect our results.

Presently it is not clear whether these interface
states, as determined by photoemission experiments,
and the trapping sites for positrons or Ps are directly
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FIG. 10. Temperature dependence of Eo obtained by fit-

ting Eq. (2) to the data obtained in the A1(111) after expo-
sure to 10 L oxygen. The error bars shown are obtained
from the curvature matrix as discussed in Ref. 21. The solid
lines connecting the points were the fits obtained from the
data with increasing temperature whereas the dashed lines
shbw those data that were recorded with decreasing sample
temperature.

related. If Ps is formed in the overlayer, experiments
designed to measure the diffusion process and forma-
tion rate of these Ps atoms as a function of tempera-
ture would prove useful in providing new information
on Ps dynamics in condensed solids. Further experi-
mentation with positrons on well-characterized sur-

faces, coupled with surface techniques such as pho-
toemission, surface soft x-ray absorption, LEED, and
AES would provide some of these answers,

VII. THERMALLY ACTIVATED DETRAPPING OF
THE POSITRON FROM A SURFACE STATE

A positron surface trap was first proposed by Ma-

dansky and Rassetti ' in 1950 to explain their nega-
tive results in an attempt to detect the emission of
thermal positrons from solids. Positron surface states
did not receive theoretical attention until 1973 when

Hodges and Stott proposed a model to explain the
lack of a Ps signal in voids created by neutron irradia-
tion of metals. In the above communication'4 the
analogy was made that a metal-void interface ap-
peared to a positron much like an exterior surface.
Furthermore, the long-lived positron lifetime com-
ponent experimentally observed in voids could be ex-
plained by such a surface state. It was suggested'
that these surface states were in fact the lowest-

energy positron states of any type in a metal. After
this paper a number of refinements appeared in the
literature which included calculations for the transi-
tion metals and more recently the inclusion of a
dynamic image potential. This latter paper suggests
that stable surface states may not exist on all metallic
surfaces. In a recent comment by Barberan and
Echenique, "where the surface-plasmon dispersion
and single-particle effects were included in the Niem-
inen and Hodges model, a reduction of approxi-
mately 40% was found in the predicted value for EsT.
In this calculation the dielectric response of the metal
is included by a random-phase approximation (RPA),
which is known to underestimate the electron-bulk
correlation energy as was noted by the authors.
Therefore, as the probability increases that the posi-
tron wave function extends further inside a metal,
i.e., large correlation energies, one would expect a

corresponding increase in the binding energy of the
positron to the surface state. A measurement of the
positron lifetime in a surface state on a well-

characterized surface would provide critical informa-
tion on the nature of this state and would be useful
in resolving questions on voids contained in

neutron-irradiated samples. '

This idealized one-dimensional surface state local-
izes the positron in the direction perpendicular to the
surface and allows translational symmetry parallel to
the surface and zero transverse momentum. Any
real surface would exhibit potential minima or maxi-
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ma at impurity sites or imperfections such as kinks or
surface vacancies. These possible variations in the
potential on the surface have not been treated
theoretically at the present time.

The first slow-positron experiments performed on
well-characterized samples were by Mills5 and showed
a strong temperature dependence in the Ps formation
for Ge, Si, and Al. It was suggested that some ac-
tivated process was most likely responsible for the
observed temperature dependence in the Ps forma-
tion. This confirmed some earlier results of Canter
et al. ,

4 where the surface conditions were unknown.
Lynn'o then showed that data on Ag(111), Ag(100),
and Cu(111) couid be described by a single activated
process which provided evidence for the theoretically
predicted surface state. Mills9 extended the interpre-
tation with a simple Born-Haber cycle so that the
binding energy of the positron (EsT) to the surface
could be extracted. A number of different crystallo-
graphic directions in Al, Cu, Cu+S, and Si were
measured and it was determined that EsT ranged
from 2 to 3 eV for these metals. 9 More recently
Rosenberg et al. 7 measured activation energies for
Al(100), Ag(polycrystalline), and Ni(100). Other
metals such as polycrystalline Ta, Sn(100), and
Au(100) showed behavior similar to an activated pro-
cess.4~ For the remainder of this section the discus-
sion will be centered on Al.

Figure 11 shows the Ps fraction (F) versus tem-
perature for Al(111) and Al(100) for a 25 and 40 eV
incident energy positron, respectively. A number of
the data points have been omitted in these figures for
clarity. Low-energy positrons were chosen so that
the positron is close to the zero-energy limit and bulk
effects, such as thermally generated vacancies, do not
need to be considered. This has been checked by
comparing plots of fo, the E = 0 limit, and good
agreement between the measurements was found. In
Ag(100), Lynn and Welch'8 found that the extracted
activation energies, hE, associated with the surface
were not significantly affected by bulk properties until
the positron incident energies were greater than 500
eV, although for Al, bulk effects are apparent at
lower incident energies. Some differences do exist
between experimentally deduced activation ener-
gies. '9 In our case a least-squares fit of Eq. (6) to
the data yields activation energies for Al(100) and
Al(111) of 0.41+0.01 and 0.33+0.01 eV, respective-
ly. On a different Al(100) crystal a value of AE
=0.49+ 0.01 eV was obtained with C~, C~ being ap-
proximately a factor of 10 larger. These are com-
pared to Mills's values for Al(100) of 0.64 + 0.02
eV,9 for Al(111) of 0.34 + 0.03 eV and Rosenberg
er al. ' value for Al(100) of 0.44+0.04 eV. The ex-
tracted values for the Al(l 11) surface seem to be in

good agreement between experiments. Different cali-
bration constants for calculating the Ps fraction
(Ro and P~/Po) only had a small effect on the ex-
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FIG. 11, Fraction of 25- and 40-eV positrons converted to
Ps on the Al(111) and Al(100) surface measured as a func-
tion of sample temperature, respectively. More data points
were recorded but have been omitted for clarity. The solid
line is the best fit of Eq. (6) to the data and the values ob-
tained are shown in the figure. Sharp LEED patterns were
observed for both the Al(100) and Al(111) samples.

tracted activation energies. These variations in b,E
are not presently understood, but might be associated
with some type of special site at the crystal surface or
the positron emission characteristics. Large changes
do occur with the slow-positron emission in the same
temperature region as discussed in Sec. IV for the
Al(100) sample, which can affect the extracted values
for bE.

It is worthwhile to compare the different experi-
mental values obtained for the pre-exponential term
in Eq. (5) divided by the temperature-independent
rate for processes competing with thermal. activation
(I'). In Al(100) a value is found for v jI' of 1.1 & 104

and for Al(111) a value of 2.0 x 10~. These should
be compared to Mills's values for Al(100) and
Al(111) of 3.5 x 106 and 2.6 x 10', respectively.
These discrepancies are not understood, although
these parameters show a strong correlation in the fit-
ting routine and usually have large errors. Assuming
the annihilation rate of a positron residing in the sur-
face state in Al is approximately 2 x 10 sec ', as sug-
gested by Niemenen and Hodges, " values of v in our
results are found to be 2.2 x 10' sec ' and 4.0 x 10'
sec ' for Al(100) and Al(111), respectively. This as-
sumed annihilation rate of the positron in the surface
state depends critically on the exact shape of the po-
tential, or in other words, the probability that the
positron wave function resides inside the metal,
hence experiencing a high electron density. This
theoretical value used for the annihilation rate is in
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good agreement with those measured experimentally
in voids produced in Al by neutron irradiation.
These values of v are not unreasonable as v = 10"
sec ' is the oscillation frequency of the 3 eV bound
state. Mills suggested that low experimental values
of v may indicate a low electron density available for
Ps formation. One needs to examine both experi-
mentally and theoretically whether or not a chem-
isorbed Ps atom exists at any metallic surface. As
shown earlier, impurities do play an important role in
determining the Ps fraction and will also affect these
parameters associated with the surface state in a simi-
lar manner. With the present surface-state model
this sensitivity to impurities and/or defects is in-

creased as the positron is free to move parallel to the
surface. Bulk thermally generated vacancies cannot
be responsible for these effects as their concentration
is not surface dependent.

Owing to the lack of knowledge of the exact
mechanism(s) by which the Ps atoms are emitted,
the physical interpretation of the activation energy
hE is somewhat unclear. Mills has used an interpre-
tation based on a Born-Haber cycle to estimate the
binding energy of positrons to the surface trap. As
shown recently" in a measurement of the Ps velocity
emitted from a Cu(111) surface at a high tempera-
ture, this interpretation appears to be correct. These
researchers found the presence of thermal
(-0.1 eV) Ps atoms emitted at high sample tempera-
ture (-790'C) and a nonthermal emission process
(-3 eV) at 30'C. Assuming that Ps does not exist
as a chemisorbed atom, one can then suppose that a
positron is thermally desorbed from the potential well

at the surface. Certainly variations in the potential
well at the surface or interaction with surface electron
states will play a role and are not considered in this
simple Born-Haber interpretation. For example, the
rate of formation for Ps near the surface is not
known and should play a role in the escape process.
The energy required to remove positrons from this
surface state to rest at infinity is the binding energy,
EsT as described by Eq. (8). As mentioned by Lynn
and Welch" this must be a lower limit, as it may be
necessary to excite the trapped positron to a larger

energy, so that at a significant distance from the sur-
face Ps can form in the low electron density limit. '
In fact it has been theoretically predicted that the Ps
binding energy is very strongly dependent on the
electron density. ' Therefore, based on this Born-
Haber cycle the surface trap depth is less than the
sum of the terms on the right-hand side of Eq. (8).

The electron work functions, 4„ for Al(111) and
Al(100) have been recently reported as 4.23 +0.02
and 4.36+0.02 eV, respectively. ' Assuming that
those Ps atoms which are emitted into the vacuum at
low temperatures (-300 K) are not involved in any
inelastic loss processes, one can estimate +p, by Eq.
(9) as being —2.9 and —2.7 eV for Al(111) and

Al(100), respectively. These Ps emission energies
can now be checked by using the method of Ref. 11
and will be reported in a later publication.

Using Gartland's4~ values for the electron work
function in Eq. (8) and the experimentally deter-
mined 4E's one finds EST to be less than 2.77 and
2.98 eV, for Al(111) and Al(100), respectively. Our
present values appear to be higher than Nieminen
and Hodges's theoretically predicted value of 2.1 eV
for A1.46

It is noteworthy that if one assumes for a particular
metal that the sum of the positron and electron work
functions is a constant, then the positron work func-
tion on the clean Al(111) sample would be a less
negative value. For example, using Gartland's4'
values for the electron work function the sum

(4, +4, ) for Al(100) is approximately 4.15 eV,
therefore the positron work function for the Al(111)
should be —0.07 eV in agreement with our extracted
value. This could also explain the low slow-
positron yield observed in the Al(111) crystal, as the
probability of Ps formation increases as the positron
work function becomes less negative. More data are
needed to confirm this hypothesis.

Extending this simple picture to oxygen exposure
on Al(111) Gartland found that the Al(111) electron
work function increased and appeared to saturate
after 100 L at 4.33 eV and the Al(100) decreased to
approximately 3.9 eV after exposure to approximately
200 L of oxygen. ' Assuming nothing catastrophic
occurs in the Al(111) electron work function between
200- and 500-L oxygen exposure, the Born-Haber
model seems to be in disagreement with these mea-
surements, as the Ps fraction is increasing instead of
decreasing or staying at a constant as suggested by
Eq. (8). However, Bradshaw er al. '0 found that
changes in the electron work function on Al(111)
depended strongly on sample-preparation conditions
and in their study a decrease of 0.18 eV was found,
which would be consistent with our findings. Before
a firm conclusion can be reached, more .measure-
ments are necessary to determine whether the elec-
tron work function does increase on our Al(111)
sample with oxygen exposure or whether Ps forms
while residing at the surface.

The Ps fraction increased, excluding a small inflec-
tion that occurred at low exposures ((20 L), with
increasing oxygen exposures up to 500 L at 298 K.
As previously mentioned, this increase could also be
explained if the formation of Ps occurred before the
positron diffused through the surface. The increase
in the Ps fraction with oxygen coverage ((500 L)
did follow more closely that of the AES oxygen signal
and not the electron work-function changes measured
by Gartland ' or Bradshaw et al. ' As can be seen in

Figs. 7 and 8, there is no temperature-activated Ps
emission gt least above 300 K. Low-temperature
measurements are presently being considered to
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resolve the question of an activated process. It ap-
pears that the initial exposure to oxygen increases the
Ps fraction by allowing the positron to be easily de-
trapped from the surface state (low binding energy)
or that Ps forms before escaping into the vacuum.
The probability of trapping' the positron in the surface
state could be significantly reduced, owing to the ox-
ide formation on the surface, and should have the
kinetic energy distribution characteristic of the Ps
work function" of this oxide. If the positrons are
thermally detrapped at 300 K and form Ps, a kinetic
energy spread corresponding to a thermal distribution
should be found for those positrons thermally
desorbed. Ps energy-distribution measurements after
exposing the Al to oxygen are necessary to ascertain
the correct physical interpretation.

VIII. EXTRACTION OF THE VACANCY FORMATION
ENTHALPY FROM THE Ps DATA

The use of slow-positron beams in measuring bulk
properties such as the vacancy formation enthalpy or
defect properties residing near the surface has a
number of advantages over the more standard bulk
positron measurements. Bulk measurements which
employ a radioactive salt as a direct positron source,
have been severely limited to measuring only those
systems where thick samples could be fabricated,
thus ensuring that the positrons stop in the material
under study. This slow-positron method can use
sample thicknesses on the order of 1 p, m. In the
present measurements an effective diffusion length
of the positron is measured whereas in bulk positron
experiments only positron lifetime or momentum
profiles can be extracted. The latter are usually suffi-
cient, although a positron can conceivably trap in a
lattice defect without significantly changing either of
these properties relative to the perfect lattice.

This technique also has the advantage that no
source contribution is present as in the case when a
radioactive salt is placed directly on the sample for
bulk measurements. This correction for bulk mea-
surements produces some uncertainty in the data
analysis used in determining the monovacancy forma-
tion enthalpy. Another consideration is that the met-
als studied by the slow-positron technique up to the
present, Ag, Cu, and Al, show no signs of a
temperature-dependent effect before the onset of
detectable positron trapping at thermally generated
vacancies, as has been seen in most of the standard
bulk positron techniques. This temperature-
dependent effect ("prevacancy effect") has created
considerable difficulty in extracting accurate defect
information and its origin is not fully understood at
the present time. ' Although many uncertainties still
exist with the present method it should certainly ex-
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FIG. 12. Temperature dependence of Ep obtained from
fitting Eq. (2) to the A1(111) Ps fraction data vs incident
positron energy. The solid line is the best fit of Eq. (4)
through the data at the corresponding temperatures. The
extracted values are shown in the figure where

Ety and Ep(0) are in eV.

pand the applicability of the positron technique in the
study of materials containing vacancy-type defects.

In the present method deduced values of Ep are
obtained by performing a least-squares fit of Eq. (2).
These values are then fit with Eq. (4). Although a
number of assumptions" have gone into the deriva-
tion of Eq. (4), one does find reasonable agreement
with other experimental values. " Figure 12 shows a
typical set of data for Ep with the solid line represent-
ing the best fit of Eq. (4) through the data. The va-
cancy formation enthalpy extracted from these mea-
surements, E~y = 0.61 + 0.05 eV, is in reasonable
agreement with those extracted from bulk positron
measurements which range from 0.62 to 0.66 eV."
The analysis procedure was also performed with dif-
ferent values of R p and assumed initial positron dis-
tribution profiles. " Only a small change was found
in Ety, indicating the general applicability of this
model. From measurements in Ag and Cu (Ref. 18)
one also finds reasonable agreement, although the
formation enthalpies are also slightly lower than the
widely adopted bulk values.

Figure 13 shows the values of Ep versus ternpera-
ture from which a formation enthalpy of 0.62 + 0.05
eV was extracted for Al(100) after exposure to 500 L
oxygen. This is included to demonstrate that the for-
mation enthalpy is not determined by impurities on
the surface. A vacancy formation enthalpy of
0.65+ 0.05 eV was also found for Al(111)-500 L ox-
ygen, in reasonable agreement with the other values.
The differences between the formation enthalpies are
attributable to both statistical and systematic errors.
It should be mentioned that for larger fitted values
for Eo, such as with Cu, '8 a strong correlation with fo
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FIG. 13. Temperature dependence of Fo obtained from
the least-squares fit of Eq. (2) to the Ps fraction data vs in-
cident positron energy for Al(100) exposed to 500 L oxygen.
The solid line is the best fit of Eq, (4) through these de-
duced values of Fo vs temperature.

IX. CONCLUSIONS

Clean Al(111) and Al(100) surfaces and those ex-
posed to oxygen have been examined with monoen-
ergetic positrons for a variety of incident energies and
sample temperatures. Significant sloe-positron emis-
sion was observed on the Al(100) surface and to a
lesser extent on the Al(111) surface. The slow-

positron yield was found to be both temperature and
incident energy dependent. The slow-positron yield
decreased approximately to zero with exposure to
500 L oxygen on both surfaces.

A single thermally activated detrapping process
adequately describes the Ps fraction data for low in-

exists which can produce a significant error in the de-
duced formation enthalpies.

In various experimental runs on Al, U of Eq. (4)
varies from 1.3—5 x 10'. By dividing this quantity by
the bulk positron lifetime in Al (165 x 10 "sec),"
one finds p, exp(S~~q/k) to be 8 x 10'4—3 x 10'5 sec '.
The range of values is in good agreement with those
that have been determined by bulk positron measure-
ments, '" in support of the model. In fact, this tech-
nique should be very useful in determining the na-
ture of defects in thin films, ion-implanted,
laser-annealed samples, and overlayers on semicon-
ductor or metal samples.

cident energy positrons for both the Al(100) and
Al(111) surfaces. A model was used to deduce the
activation energies which were then used to estimate
the binding energy of the positron to the surface
(Esr ~ 3 eV). The Ps fraction increased during the
initial exposure of oxygen indicating that a larger
fraction of Ps could be emitted directly into the vacu-
um or that the binding energy to the surface trap was
reduced significantly to allow detrapping to occur at
300 IC'. At large oxygen exposures (—106 L 02),
trapping centers for positrons of Ps were found to re-
side in the overlayer of amorphous Al„O~ thus reduc-
ing the positron diffusion length and therefore the Ps
fraction. As the crystal was heated, the amorphous-
to-crystalline surface transition of A1„0„was signaled
by the decrease in the concentration of positron- or
Ps-trapping sites. This method should be useful in

studying those defects residing in thin films and
overlayers and should provide useful information, of
both fundamental and technological interest, on in-
terfaces.

Rough estimates were made of both the tempera-
ture dependence and the absolute value of the
positron-diffusion constant and were found to be in
reasonable agreement with theoretical predictions.
The vacancy formation enthalpy was deduced from
the clean and oxygenated (500 L) samples showing
the applicability of this technique for the study of
thin films. The enthalpies extracted from the fit of
the model to the data are in good agreement with
those values reported from bulk positron studies.
The monovacancy specific trapping rates for positrons
were deduced and compare well with those from bulk
positron measurements. The future of slow positrons
as an effective surface probe awaits a theoretical
understanding of both the formation process of Ps
and the temperature dependence of the positron work
function and yield.
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