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Recent advances in the study of solid surfaces and thin films using variable-energy positron beams are re-
viewed. In the first part the authors discuss the process of positron moderation and technical aspects of
positron beam production and application. The second part is (roughly) organized in sections that apply
to increasing time scales appropriate to the positron-solid interaction. These are (a) first encounter and
scattering effects, (b) energy loss and stopping profiles, (c) diffusion of thermalized positrons, (d) positron-
surface interactions, and (e) studies of defects near surfaces and interfaces. The review is written with
more emphasis on the most recent measurements and interpretations than on the chronology of various
developments.
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LIST OF SYMBOLS

a0
C(z)
D
Dps
D+

Ef
e+
Po
9g

f(E)

Bohr radius (0.529 A)
depth distribution of defects [Eq. (52)]
surface dipole potential [Eq. (1)]
positronium diffusion coefficient [Eq. (37)]
positron diffusion coefficient [Eq. (13)]
Ps binding energy in the solid [Eqs. (3) and
(4)]
activation energy for positrons trapped at
the surface to form Ps in vacuum [Eq.
(45)j
binding energy for positrons at the surface
[Eq. (47)]
Fermi energy [Eq. (29)]
incident energy at which 50% of the posi-
trons return to the surface [Eqs. (22) and
(2&)]
monovacancy formation energy [Eq. (51)]
moderated positrons
direct (i.e., ep, ) fast Ps formed [Eq. (45)]
surface-state trapped e+ which are
desorbed as Ps
Ps fraction formed at the surface [Eqs. (9)
and (25)]
Ps extrapolated to zero energy (branching
ratio)
positron diffusion length [Eq. (2&)]
Laplace transform of e+ stopping proQe
[Eq. (21)]
shape parameter for Mavkhovian pro61e
[Eq. (10)]
number of positrons that diffuse back to
the surface from depth a [Eqs. (19) and
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(20)]
power dependence of stopping on energy
[Eq. (12)]
Si triplet state, ortho-positronium

positron stopping profile [Eq. (10)]
positronium atom
'SQ singlet state, para-positronium
Rydberg constant (13.6 eV)
Doppler-broadening line-shape parameter
(Fig. 27)
monovacancy formation entropy [Eq. (51)]
IC-shell binding energy (Fig. 46)
positron/conduction-electron correlation
[Eq. (32)]
positron/lattice (zero-point) potential [Eq.
(32)]
drift velocity [Eq. (53)]
fractional yield of reemitted positrons
yield extrapolated to zero energy (branching
ratio)
one-dimensional depth parameter [Eq. (10)]
average positron stopping depth [Eq. (12)]
depth-related constant [Eq. (11)]
mean depth of defect distribution [Eq. (58)]
thermal expansion coefficient [Eq. (43)]
proportional to positron reflection [Eq. (15))
positronium reflection coefficient [Eq. (46)]
positron moderation efficiency
deformation potential [Eqs. (32) and (44)]
positronium formation potential [Eq. (2)]
transition rate from free to vacancy-trapped
[Eq. (50)]
transition rate from vacancy to bulk state
[Eq. (50)].
trapping rate for vacancies [Eq. (51)]
general trapping rate in arbitrary defects
[Eq. (52)]
bulk solid (freely diffusing) positron annihi-
lation rate/lifetime
positron annihilation rate/lifetime trapped
at subsurface defects
"effective" rate/lifetime as a freely diffusing
particle, including a combination of the
above [Eq. (14)]
positron-conduction-electron scattering
rate/time
positron-impurity scattering rate/lifetime
positron-acoustic-phonon scattering
rate/time
positron surface annihilation rate/time
thermalization rate/time
mobility [Eq. (33)]
positron band energy [Eq. (1)]
electron chemical potential [Eq. (1)]
positronium chemical potential [Eq. (5)]
positron work function [Eq. (1)]
electron work function [Eq. (1)]

O'PS

(p++y )= —(p+ —p ) [Eqs. (39) and
(43))
positronium work function [Eqs. (3) and
(4)]

I. THE TECHNIQUE

A. Introduction

Almost 40 years ago DeBenedetti et al. (1949)
discovered that the two y rays arising from the annihila-
tion of a thermalized positron with an electron in a solid
were not exactly collinear. This observation, which was
correctly attributed to the effects of electron momentum,
marked the birth of solid-state investigations with posi-
trons, a field that grew rapidly and continues to grow (see
West, 1973, or Hautojarvi, 1979, for general reviews).

Almost from the outset, Madanski and Rasetti (1950)
realized that the continuous energy distribution of posi-
trons emitted from standard positron sources was a limi-
tation on the capabilities of the probe. They tried to
moderate the positrons from a radioactive source to
lower energies in order to obtain a source of positrons
that were more or less monoenergetic, but they were un-
successful. At that time they concluded that positrons
were trapping in the solid or at the surface, or that posi-
tronium was being formed which their measurement
would not be sensitive to. It was about 20 years before
the processes of positron thermalization and diffusion
were understood to a level that one could begin to specu-
late about the interaction of a positron inside a metal
with the metal/vacuum interface. It was several more
years before relatively efficient positron reemission was
observed, and the late 1970s saw the first careful prepara-
tions of surfaces that were useful as positron "modera-
tors" (Mills, 1978; Lynn, 1979a). The present high
efficiency of conversion (a fraction of a percent) from the
continuous P energy spectrum to monoenergetic beams
of positrons has resulted in a new approach to the study
of solids with positrons, emphasizing the surface and
near-surface regions which were only indirectly accessi-
ble before.

The development of slow-positron beams (i.e., as dis-
tinct from the positron beams used in high-energy phys-
ics) has been motivated not only by materials science but
also by atomic physics. For example, positron and posi-
tronium gas scattering and fundamental studies of posi-
tronium are both research areas that have required the
intensity and energy resolution of modern beams. In this
review we shall restrict our discussion primarily to the
solid-state applications of the probe, and refer the in-
terested reader to any of a variety of reviews of the atom-
ic physics (Stein and Kauppila, 1982; POS84; Charlton,
1985; Dupasquier and Zecca, 1985) or astrophysical
(Leventhal and MacCallum, 1985) applications.

An introduction to the field of experimentation with
low-energy positron beams was given by Mills (1982).
Dale, Hulett, and Pendyala (1983), Nieminen (1983), and
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Corbel (1987) have reviewed some of the solid-state appli-
cations of the field, and Dupasquier and Zecca (1985)
have brieAy discussed various aspects of beam formation
and research on both atomic and solid-state problems.
As yet the most complete reviews of low-energy-positron
studies related to solid-state applications are the lecture
notes of Mills (1981a) and Lynn (1981) for the Interna-
tional School of Physics Enrico Fermi Course LXXXIII
(POS81), which are now somewhat dated for a field that
has seen the majority of its activity since 1980 (see Fig.
14). It is our intention to provide an up-to-date review
and a critical survey of solid-state research with slow-
positron beams, leaving out as much of the technical dis-
cussion of the apparatus and technique as we feel is
reasonable. In addition to the open literature, there are
several collections of individual papers to which we shall
occasionally refer that are both general in nature (ICPA
references: International Conferences on Positron An-
nihilation) or specific workshops on slow-positron beam
studies (SLO84, SLO85).

The organization of this review is as follows. The first
part starts with a general but brief summary of positron
interactions with solids, progressing from the more tradi-
tional bulk studies to the processes at surfaces which are
common both to the production of positron beams and to
much of the resulting solid-state research. We complete
the first part with sections concerning beam production
and the more generally applied experimental techniques.
In the second part we discuss some of the experimental
results relevant to the study of solids with positron

FIG. 1. One of Anderson's (1933) original photographs illus-
trating the historic discovery of the positron. In the cloud
chamber, there is a lead plate 6 rnrn thick and a magnetic field
oriented in the page. The change of energy (63 MeV below the
plate to 23 MeV above) with the known thickness of. lead and
magnitude of the field proves that the particle is positive and of
the same mass as the electron.

beams, supporting these where possible with some of the
underlying assumptions behind theoretical models of the
positron/near-surface interaction. The organization of
this part will generally follow the time sequence of the
positron's encounter with the solid. Scattering and chan-
neling effects are presented first, followed by inelastic col-
lisions (which cause the positron to thermalize), then epi-
thermal processes and thermal diffusion. Finally, surface
and defect studies, which are the two major areas of
research, are reviewed. In this way we hope to build on
the concept of "time scales" for positron interactions in-
troduced in the first section. The third part of the review
is a brief summary.

In general it is our aim to emphasize the present un-
derstanding of the research, so that in cases where early
interpretations have been reevaluated we shall usually
defer to current rather than historical perspectives. It is
not our intention to provide an in-depth review of the ex-
perimental or theoretical details for the specialist, but
rather to give the reader an overview of the interesting
developments in this rapidly evolving area of condensed
matter studies. It is hoped that this review will provide
nonpractitioners with an understandable and up-to-date
perspective on the solid-state applications of variable-
eriergy positron beams.

B. Positrons

The positron was postulated by Dirac (1930) as the
"negative" energy extension of his theory of electron en-
ergy levels. Anderson's discovery (1932a, 1932b, 1933)
followed soon afterwards, and the historic cloud-chamber
photograph of his 1933 paper is reproduced in Fig. 1.
The positron, which is the antiparticle of the electron,
has the same mass within current experimental limits
(511.0034+0.0014 keV/c; Cohen and Taylor, 1973) and
the same spin ( —,

' ), but the opposite charge and magnetic
moment. It is stable in vacuum (r & 2&& 10 ' yr; Bellotti
et al. , 1983), although in metals it rapidly thermalizes,
and annihilates with an electron predominantly via 2-g-
ray decay ( —511 keV) with a mean lifetime that is typi-
cally only a few hundred picoseconds (psec).

In some circumstances the positron can bind with an
electron to form a positronium atom (Ps) with a vacuum
binding energy of -6.8 eV. The singlet 'So state (para-
positronium, or p-Ps) has a vacuum lifetime of approxi-
mately 125 psec, and it decays predominantly into two y
rays of -511-keV energy. Its total spin is S =0 (m, =0),
as opposed to that of the triplet S& state (ortho-
positronium, or o-Ps), which has a total spin S = 1

(m, =0, +1). The lifetime of o-Ps, is about 142 nsec, and
in vacuum it decays into three or more y rays. The con-
tinuous energy distribution arising from o-Ps decay was
predicted by Ore and Powell (1949) and was measured by
Chang and co-workers (1985; Fig. 2). The relative
amount of p-Ps:o-Ps formed in the absence of external
disturbances is 1:3;this ratio can be derived on kinemati-
cal grounds. Reviews of fundamental properties of posi-
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Dashed Curve: Ore-Powell phase-space prediction
Linear spectrum. . Adkins phase-space prediction

Real curve. QED spectrum with 0(a) correction
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trons and/or Ps are given by Berko and Pendleton (1980)
and Rich (1981).

FIG. 2. The energy distribution of the 3y decay of 0-Ps. The
points are the experimental results of Chang et al. (1985) and
the QED models of Ore and Powell (1949) and of Adkins (1983).
The 2y decay of either p-Ps or positrons in delocalized or
trapped states would produce a narrow peak (a few keV
FWHM) at 511 keV. The experimental points in the figure were
obtained by a coincidence measurement with a high-resolution
intrinsic Ge spectrometer.

center of mass of the annihilating pair. This is because
there is, on average, only one positron in the solid at any
one time, so that after thermalization ( —3/2k' T) it re-
sides near the bottom of its own band as a delocalized
Bloch wave. The electron, by contrast, has significant
momentum because of the effect that the Pauli exclusion
principle has on the sea of —10 electrons/cm . The
two y rays normally arising from the annihilation are
nearly collinear because of conservation of momentum,
and the effect of electron momentum is to cause them to
be emitted at a slight angle relative to each other. The
measurement of the angular correlation of the annihila-
tion radiation (ACAR) is one of the common experimen-
tal techniques used for studying positron annihilation in
solids, and the effect of electron momentum discussed
above is demonstrated dramatically in Fig. 3, where the
upper curve shows the two-dimensional (2D) ACAR
spectrum for a virtually momentum-free system (p-Ps in
quartz), and the lower curve shows a similar measure-
ment for delocalized positrons in a single crystal of Cu.
Given this sensitivity, it is not surprising that the tech-
nique is widely used for measuring Fermi surfaces of met-
als and alloys (see, for example, Berko, 1981, or West,
1985).

1. Studies of solids

When a positron from some radioactive source enters a
solid, it rapidly loses its kinetic energy ( —10 psec) until it
is near thermal energy, scattering between Bloch states to
diffuse through the solid. We shall discuss this process in
more detail in Secs. II.A —II.C, but it suSces for the
present discussion to state that the "thermalization" time
is short relative to the average lifetime of the positron in
the solid. Kubica and Stewart (1975) demonstrated this
experimentally by showing that the positron contribution
to the center-of-mass momentum of the annihilating pair
was negligibly small down to —10 K in the alkali metals.
After thermalization, the positron remains essentially as
a "free" or delocalized particle, although strongly corre-
lated with conduction electrons in its environment, until
it annihilates in the bulk solid with ~b —10 ' sec.

The formation of Ps has not been observed either
directly or indirectly inside defect-free metals or semi-
conductors. This absence is explained by the fact that a
bound positron-electron pair in an electron gas would po-
larize the medium, which would, in turn, screen the
positron-electron interaction. The Ps binding energy ap-
proaches zero at an electron -density slightly below that
found in Cs, which is the most dilute alkali metal (Kaha-
na, 1960; Lowy and Jackson, 1975). Unlike metals and
semiconductors, Ps does form in some molecular and ion-
ic solids (see, for example, Dupasquier, 1981).

The foundation upon which almost all of the tradition-
al defect-free bulk studies of solids with positrons rests is
the fact that the positron annihilates with an electron in
the solid, contributing very little extra momentum to the

N (Pz. Py)

-l2

.%else

-8

Io(o]

P
m mcslO

IooIJ

FIG. 3. Two-dimensional electron momentum distributions ob-
tained using angular correlation of annihilation radiation
(ACAR) measurements. The upper curve is for p-Ps annihila-
tions in single-crystal quartz (after Manuel, 1981), which is a
system with close to zero center-of-mass momentum. The lower
curve is for delocalized positron annihilations in single-crystal
Cu (from Haghgooie et al. , '1978), showing the much broader
distribution due to the energetic electrons in the solid.
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The positron s sensitivity to details of the local elec-
tronic environment is reAected not only in angular corre-
lation but also in the Doppler broadening of the energy
of the annihilation y rays, as well as the mean positron
lifetime before annihilation. These techniques are also
often used for studies of lattice defects, since a freely
diffusing positron can localize in regions of minimum po-
tential in a periodic 1attice created by the missing ion
cores, as illustrated schematically in Fig. 4 (we can con-
sider the positron as a Bloch-type wave packet extending
over dimensions characterized by the de Broglie wave-
length). The ability of positrons to localize or trap in
thermally generated vacancies was first demonstrated
clearly by MacKenzie and co-workers (1967), and the
volume of activity that followed has since exceeded all
other areas of bulk solid research with positrons, includ-
ing Fermi-surface studies. It should be mentioned that
localization of a particle as light as the positron, which is
fundamentally quantum mechanical, is not as straightfor-
ward a conclusion as the highly schematic image of Fig.
4 would suggest. The de Broglie wavelength of a
thermalized positron is

1/2
2m'

(62 ~) 300
- T

3 '==L~S O~

A+ 0+.O+,g;=;Q 0
0+ 0+ 0+"'4~.:.=4 0+

0+ 0+ 0+ 0+ 0+ ~0+

0+ 0+ 0+ID+ 0+

0+ 0+ 0+ 0+ 0+ 0+

0 ~N A
FICi. 4. The potential minimum for a point defect in a lattice.
The positron rapidly thermalizes in the lattice and dial'uses by
scattering between delocalized Bloch states. The de Broglie
wavelength of a positron at room temperature is -20 times the
lattice spacing. The transition from this extended state to the
"trapped" state in the vacancy is very efficient (- 10 ' sec ').

(where T is in degrees K and m is the positron mass),
which, at room temperature, is roughly 20 times larger
than typical interionic separations in metals. Neverthe-
less, it does localize at open-volume defects, and Hodges
(1970) first explained the process theoretically by using
the Cxolden Rule to evaluate the transition probability
from the delocalized to trapped states, considering plane
waves only. The trapping rates calculated in this way
turn out. to be on the order of —10' sec ' per unit con-
centration of vacancies, and the binding energies are as
large as a few eV, consistent with the efficient process
that is observed experimentally.

The way in which positron trapping is identified de-
pends on which of the above methods is used. When the
positron wave function collapses into a vacancy, its over-
lap with the more energetic core electrons in the solid is
decreased relative to the less tightly bound conduction
electrons. This leads to a significant reduction in the
Doppler broadening of the annihilation radiation, or
(equivalently) a reduced deviation from collinearity of the
two annihilation y rays. Both of these effects result in
narrower distributions. There is also a decrease in the
electron density in a vacancy relative to the undefected
lattice, so that the mean positron lifetime is increased.
The technique is in general extremely sensitive, indicat-
ing observable changes at defect concentrations as low as
10 . The measurement and interpretation of all of these
effects has been discussed at length in several articles
(e.g. , West, 1973, or Hautojarvi, 1979), and we summa-
rize the observable results of positron localization for the
three basic techniques in Fig. 5.

2. A positronic calendar

Since the prediction and discovery of the positron
more than 50 years ago, there has been a tremendous in-
crease in the volume and variety of applications for the
study of condensed matter physics, especially in the last
30 years. In the early 1930s there was a Aurry of activity
as researchers attempted to learn more about this newly
discovered antiparticle, which continues to be simple to
study in a relatively modest laboratory. As the general
understanding of the particle increased, fundamental par-
ticle research began to decline, and DeBenedetti's
discovery in 1949 inspired new solid-state applications.
The spirit of the development of the field is captured in
Fig. 6, where we reproduce Lambrecht's plot (1975) of
the number of annually published papers relating to both
positrons and positronium from 1930 to the mid 1970s.
Some of the key events in the history of bulk studies of
solids with positrons are summarized in Table I. The
table is by no means complete and is intended to
highlight only a few of the events that helped shape the
present field.

C. Surfaces and beams

Most of the positrons implanted in a solid from a typi-
cal radioactive source reach equilibrium between 0.1 and

Rev. Mod. Phys. , Vol. 60, Na. 3, July 1988
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FIG. 6. The number of papers published annually relating to
positrons and positronium from 1930 through to the height of
activity in the field, around the mid-1970s (from Lambrecht,
1975).

TEMPERATURE

FIG. 5. Electron momentum rejected in (a) the deviation of p-
ray collinearity in ACAR measurements, or in (b) the width of
the y-ray annihilation line shape. When positrons trap in de-
fects there is a reduced overlap with energetic core electrons,
leading to narrow momentum (or y-ray energy) spectra, and
there is a general decrease in the electron concentration, leading
to longer positron lifetimes (c}. The narrowness of the line
shape, characterized by an "S"parameter (Fig. 27), is sensitive
to vacancy concentrations of —10 as illustrated by the in-
crease in curve (d), and it usually saturates at some level
(-10 ) below the melting point of the material T, which in
this case is a CuZn alloy.

1. The positron work function

100—
POSITRON IIVIPLANTATION PROFILE IN Ni

The electron work function y for a solid is defined as
the minimum energy required to remove a bulk electron
from a point inside to one just outside the surface (see,
for example, Ashcroft and Mermin, 1976). This includes

1 mm deep in the crystal. This is illustrated in Fig. 7,
where the experimentally determined (Hansen et al. ,
1982) implantation or stopping profile for positrons from

Na in Ni foils is shown. It is also clear that a
significant number of positrons will thermalize near the
surface of the solid. In fact, something on the order of
1% will stop within 1500 A of the surface (1000 A =0.09
mg/cm for Ni), which is about the distance a thermal-
ized positron will difFuse in a defect-free metallic solid in
one mean lifetime. These are the positrons that can, if
the sample and surface conditions are suitable, contribute
to the monoenergetic" reernitted Aux from which the
beam can be extracted.

LU

0
lX
CL

2 10—0
I-
t-2
O.I

1—
0

1

50 100
THICKNESS (mg/cm2)

FIG. 7. The profile of energetic positrons from a Na source
stopping in Ni. This was measured by transmission through
multiple layers of thin foils (from Hansen et OI., 1982).
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TABLE I. A positronic calendar for solid state.

Year Researcher Event

1930
1932
1933
1934
1934
1949
1951
1953
1955-1965
1960
1960
1965
1967
1969
1969
1970

Dirac
Anderson
Blackett and Occhia]ini
Klemperer
Mohorovicic
DeBenedetti et al.
Deutsch
Bell and Graham
Berko, Stewart, and others
Kahana
Bell and Jorgensen
Brandt
MacKenzie et al.
Bergersen and Stott
Connors and West
Hodges
. . . the Geld takes off

Prediction of positron
Discovery
Pair production
2y annihilation
Prediction of Ps existence
0 not 180'
Discovery of Ps
Two lifetimes in quartz
Advances in Fermi studies
Theory: enhanced annihilation
Material dependence of ~
Trapping model: alkali halides
Thermal vacancy effects
Trapping model: metals
Trapping model: metals
Trapping theory

Fermi studies
Defect studies
Ps chemistry
Astrophysics
Gas scattering

etc.

a "bulk" contribution, which is just the electron's chemi-
cal potential p (or the absolute value of the Permi ener-

gy for metals), and a surface contribution, which is called
the surface dipole barrier D. The dipole is primarily
caused by the tailing of the electron distribution into the
vacuum, although it can also be affected by the relaxation
and reconstruction of the surface layers (Lang and Kohn,
1973).

The positron work function y+ is defined in exactly
the same way as y, where p+ is defined as the difference
between the bottom of the lowest positron band and the
crystal zero level (at T =0). The reference level for the
potentials involved in calculating y and y+ must be
chosen consistently. The "crystal zero" as we use it is
the potential averaged over only the interstitial regions
between the atoms. Other reference levels have been
used in the literature (for a full discussion, see Holzl and
Schulte, 1979). The contributions to p+ include repul-
sion from the ion cores (zero-point potential, Vo) and at-
traction to the electrons (correlation potential V,«, )

(Heine and Hodges, 1972; Hodges and Stott, 1973b;
Nieminen and Hodges, 1976a, 1976b). The effect of the
dipole D is positive for electrons and negative for posi-
trons (i.e., directed out of the solid), where D is also mea-
sured relative to the crystal zero of the electrostatic po-
tential. It is this reversal that causes y+ to be very near-
ly zero and, in some cases, even negative, allowing the
reemission of slow, monoenergetic positrons into the vac-
uum (Tong, 1972). These contributions to the work func-
tion are given by

and they ar'e shown schematically in Fig. 8.
Following the unsuccessful attempt of Madanski and

Rasetti (1950), Cherry (1958) was the first to observe
moderated slow-positron emission, with an efficiency of
—10 . Experimental evidence of efficient ( —10
—10 ) generation of slow (eV) positrons was reported at
a 1968 meeting of the American Physical Society (Groce

4, =-D —p.

D ~

Total Po
/

Q i image Potential
carr ~

CMETAL I vwcuuu

Vacuum Level

tential

FIG. 8. The single-particle potential for a thermalized positron
in a metallic lattice. The work function y+ is a combination of
the bulk chemical potential p+ and the surface dipole layer D.
The positron chemical potential includes terms due to correla-
tion with the conduction electrons ( V„„)and the repulsive in-
teraction with the ion cores ( Vo). The opposite sign of D for
positrons relative to that for electrons is the important
difference that can, in many cases, result in a negative (p+ like
that shown in the Ggure.
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et al. , 1968), and again by the same group in 1972 (Cos-
tello et al. ). In Fig. 9 examples are shown of the reemit-
ted positron energy distributions measured for various
metallic moderators that this group studied (McGowan,
1972). These are the first high-resolution differential
measurements of positron energy distributions to be
made, and they demonstrate the narrow energy width
that is a characteristic result of the positron emission
process. The negative work function was predicted by
Tong (1972), who first reported the significance of the di-

pole contribution, and this model was subsequently
corrected. for positron-electron screening by Hodges and
Stott (1973b).

It is important to emphasize that there are several
unique advantages to producing a beam of positrohs us-

ing a moderator, as opposed to the simpler energy selec-
tion of a traditional P-ray spectrometer. The first is that
positrons are emitted from a moderator preferentially
normal to the surface, and the energy width of the beam
is extremely narrow, being (typically) limited only by the
thermal energy of the positron in the lattice (&0.1 eV)
(Murray and Mills, 1980; Gullikson et al. , 1985; Fischer,
Lynn, and Gidley, 1986). This property is essential for
many experiments, such as energy-loss or cross-section
measurements, where energy resolution is critical. The
second, and perhaps more important, feature of
moderator-produced beams is that the eS.ciency
( —10 ) of typical systems is much higher than that of
/3-ray spectrometers, even with wide energy windows.
For example, the spectrometer employed by Ito et aI.

10 =-

10 =

MODERATED

10 -=

10 =- EMITTED POSITRON SPECTRUM FOR Co—58

10 =

10 =-

1
-9

0 I I I 1 I III'

10 10
I I I I I I I ' I I I I I I I I

' I I I I I I I I ' I I I 1 I I I I ' i I I I I I I I ' I I I 1 I I I I(

10 10 10 10 10 10
1n LE(ev)j

(1980) produced a beam with -2—3)&10 efficiency at
300 keV, with ~50 keV full width at half 'maximum

(FWHM). The combination of narrow energy resolution
with relatively high efficiency is illustrated in Fig. 10,
where we show the differential yield of positrons from a
W(110) moderator, together with the Co /3+ spectrum.

2. Time scales for positrons

FIG. 10. Comparison of positron yield from a moderator with
the original /3+-particle energy spectrum for "Co {normalized).
The benefit of the nonconservative process of positron modera-
tion relative to simple velocity selection is obvious.

Sa—
COz
LV

Q4 ~

j6

S

Qsv ppggY

t

RkMP
OENERAWQR

0.0
t ~ I

1 0 R.o
I

3.0

I f 4 ) I

"-—Mo FOIL
W FOI L

FOIL

4.0

Even though a typical-positron lifetime in a solid is
only 10 ' sec, it is important to realize that this is in
fact long compared with most other times that are
significant (see Table II). In this review we shall consider
what is known about positron interactions with solids
and surfaces with emphasis on the time sequence in
which these processes take place, rather than the chro-
nology of discovery and/or understanding.

A summary of some of the important processes that
can occur at and near surfaces when studied with a beam
of slow positrons is presented in Fig. 11. The figure is di-
vided into four sections, each representing a progressive-
ly "expanded" time frame, and illustrating those features
that are appropriate to the frame. There is a great deal
of information in the figure, and it is highly schematic.
Nevertheless, it demonstrates that the reemission of
thermalized positrons is just one branch of a fairly in-
volved set of interactions, which include the scattering
and energy-loss processes that dominate the first few pi-
coseconds, and the diffusion and surface interactions of
the thermalized particle occurring at longer times.

ENERGY GY

FIG. 9. The first measurement of a relatively "narrow" energy
distribution of positrons reemitted from a solid moderator. The
abscissa is the positron energy from the tantalum-mica-gold
sandwich moderator, which was biased to 15 V (after Groce
et al. , 1968).

3. The positronium work function

Many of the processes illustrated in Fig. 11 involve the
formation of Ps at the surface of the solid. As yet there is
no evidence that Ps will form in the undefected bulk of
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TABLE II. Time scales for positrons.

Time Footnotes

Lifetime in vacuum
Scattering or diffraction
Thermalization (to —Fermi energy)
Thermalization (to —

2 kT)
Trapping (after thermalization)
e+ lifetime

Freely diffusing
Monovacancy trapped
Multivacancy/void trapped
Surface state

Annihilation time
Ps lifetime

Singlet, vacuum
Triplet, vacuum
Triplet, in solids
(molecular crystals and insulators)

'Bellotti et al. , 1983.
bPerkins and Carbotte, 1970.
'Nieminen and 01iva, 1980.
Hodges, 1970.

'%'est, 1973.
Hautojarvi, 1979.

~Lynn, Frieze, and Schultz, 1984.
"Kogel et ah. , 1988.
'Schrader, 1985.
'Cxidley, Rich, Sweetman, and %'est, 1982.
"Dupasquier, 1981.

2&& 10 yr
—10 ' sec
—10 ' sec
~ 10 se(
—10 ' sec

—1)& 10 ' sec
-2X 10 ' sec
-4X 10 ' sec
-4—6&(10 ' sec
—10 ' sec

—1.25)& 10 ' sec
—1.42)& 10 sec( 10 sec

a
b
c
b
d

e
f

g,h
1

crystalline metals or semiconductors (Sec. 1.8.1). In all
such materials there is, on the other hand, a finite proba-
bility that Ps will form as a delocalized positron leaves
the solid surface and travels through the decreasing elec-
tron density just outside. Conservation of energy gives a
potential, ep„for Ps "just outside" the surface,

1&PS=9'—+'P+ 2~ ~

The binding energy of Ps in vacuum, —,'R =6.8 eV, is

large enough to ensure that c.p, is often 'negative, so that
Ps formation becomes one of the main branches for posi-
trons that diffuse back to the surface of many systems.
The erst evidence of efBcient Ps formation was that
presented by Canter et al. (1974). Mills (1978) later ob-
served Ps formation on well-characterized surfaces,
shown in Fig. 12. These data indicate not only the mag-
nitude of the effect (from 30% to 100%), but also the
dependence on incident positron energy, which can be re-
lated to the positron diffusion in the solid (Sec. II.C).

Over the last several years researchers in the field have
referred to zp, as the "Ps work function, " which is riot
appropriate, since in the variety of situations described
above (and pictured in Fig. 11) there can be no Ps inside
the solid. We shall, instead, refer to ep, as a Ps formation
potential, and reserve the term "work function" for the
more appropriate situation described below. Ps formed
(with a thermalized positron) at the surface has a max-

imum kinetic energy, given by —c.p„which is discussed
in more detail in Sec. II.D.2.

In many solids (such as molecular and ionic crystals)
Ps can form when an energetic positron loses some of its
energy by liberating an otherwise bound electron. When
in a solid, the binding energy of the Ps is less than the
vacuum value of —,'R because of (among other things) a
repulsive exchange interaction between the Ps electron
and the surrounding electrons. This is what creates the
negative Ps work function qr», which is given by

O'Ps = —Pps+ Ea (3)

where Ez is the binding energy of Ps while in the solid
and pp, is the chemical potential of the Ps, which can be
described as the center-of-mass energy of the lowest-
energy "dressed" Ps Bloch wave while in an excitonlike
state. Ps diffuses in the solid, and if it reaches the surface
it may escape into the vacuum. In this case, we describe
the potential difference between the point "just outside"
the solid surface and the point "in the bulk" as the Ps
work function pop, .

Energy can be balanced in a way that is equivalent to
Eq. (3) above by describing the Ps work function as the
energy required to completely separate the positron from
the electron in the solid (E~ ), plus the energy required to
remove both from the solid (y++p ), less the energy
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Ps interactions with solids

Vacuum
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FIG. 13. Possible interactions of Ps beams with surfaces are
suggested. The incident beam is shown in the long-lived triplet
state, o-Ps: ~=142 nsec, since the singlet p-Ps which decays
with ~=125 psec in vacuum would not survive in a beam long
enough to be of any practical use. These processes have not yet
been studied in detail, since variable-energy beams of Ps are
only now available.

5. A slow-positronic calendar

As indicated in Sec. I.B.2, studies of solids with posi-
trons have been pursued since the mid 1950s. The devel-
opment of efFicierit positron beams is more recent, and
the field of surface and near-surface studies with posi-
trons has evolved only since about 1980. Since that time,
however, the intefest and activity associated with posi-
tron beam studies has steadily increased, as is demon-
strated in Fig. 14. This curve represents the positron
beam publications that are relevant to the development
of solid-state applications only, and it was abstracted
from the references contained in this article. It is clear
that the activity of the field is rising. Some of the impor-
tant contributions leading to the current beam efficiencies
are summarized in Table III.

FIG. 14. The number of papers published annually that
to the solid-state applications of positron beams. By c~

ison with the general field of study with positrons and k

6), this figure clearly shows the relative youth of the fi

dwell as the rapid growth that is presently occurring.

D. Beam production

The experimental problems associated with the
efficient production of slow-positron beams have required
significant efFort to solve. This is demonstrated by the
fact that the first published suggestion of the process
(Madanski and Rasetti, 1950) predates the "near-
theoretical" efficiencies approaching 1% we now attain
by about 30 years. %'e are continually striving to im-
prove moderator ef6ciencies and beam intensities, largely
because of the cost of primary positron sources and an
ever-expanding interest in more demanding experiments
requiring more beam current. Examples of current at-
tempts to find even better moderators are discussed in the
following subsection. It is true, nonetheless, that for
several years now the basic details of positron beam pro-
duction have been well understood, resulting in a rapid
increase in both numbers of facilities and publications.
For this reason we shall cover as little of the technical in-
formation as continuity allows, referring where possible
to original publications for details. Two examples of the

TABLE III. A slow positronic calendar.

Year Researcher Event

1950
1958
1968
1972
1972
1979
1982
1983
1985
1987

Madanski and Rasetti
Cherry
Groce et aI.
Canter et al.
Tong
Mills
Howell et al.
Vehanen et al.
Lynn et al.
Mills and Gullikson

Right idea, no results
Fir'st observation (e-10 )

LINAC: usable rates (e-10 )

MgO moderator (e- 3 g 10 ')
Negative e+ work-function theory
Cu(111)+S (e-1)& 10 )

Intense LINAC beam (pulsed)
W(110) (e-3)& 10 )

Intense dc reactor beam
Solid Ne (e-7& 10 )
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variety of descriptions of sources, moderators, and beam
design considerations that can be found are Canter and
Mills (1982) and Dupasquier and Zecca (1985).

1. Sources and moderators

(a) Reflection:
sing le crystal

(b) Reflection:
vanes

22' $Q~

POSlTRON MODERATOR GEOMETRI ES

:e'

Monoenergetic ("slow" ) positron beams all start with
primary sources that have continuous energy distribu-
tions, arranged in some geometrically convenient fashion
near a positron "moderator" or "converter. " The pri-
mary source is most often a radioactive isotope, although
in some cases a LINAC is used to generate positrons by
pair production (Groce et al. , 1968; Howell, Alvarez,
and Stanek, 1982; GraF et al. , 1984; Ito et al. , 1985). In
this case, the pulsed electron beam is stopped in a dense
high-Z absorber, creating bremsstrahlung y rays. Dorik-
ens et al. (1987) suggested that LINAC-based beams
could be improved by designing the electron absorber, or
"converter, " to take advantage of P+-emitting isotopes
produced by nuclear reactions.

Other methods for source production have been used.
For example, protons from a 4.75-MV Van de Graaff ac-
celerator incident on a boron target were employed by
Stein et al. (1974) to generate positrons through nuclear
reactions. Another idea recently suggested by Skalsey
and Van House (1988) involves production of an intense

I source by neutron irradiation of ' Xe in a fairly typi-
cal reactor ( —10' n/sec cm ). This source would act as
its own moderator (see Gullikson and Mills, 1986). How-
ever, the most common methods are all variations of
those involving radioactive sources or LINAC. Some of
the source/moderator configurations are presented in
Fig. 15.

As yet, most of the high-ei5ciency moderators are all
negative-work-function materials, which emphasize
features such as narrow energy width [e.g. , Ni(100), Gul-
likson et a/. , 1985)], or maximum yield [e.g. , W(110),
Vehanen et al. , 1983)]. The back-reflection geometry de-
picted in Fig. 15(a) is one of the most common arrange-
ments, using a Co source in front of a single-crystal
moderator to produce the beam (Mills, 1979a). Recent
demonstrations of transmission moderation [Fig. 15(c)]
through thin single crystals of W (Chen et al. , 1985;
Lynn, Nielsen, and Quateman, 1985) and Ni (Schultz,
Gullikson, and Mills, 1986) do not have the problem of
source shadowing that limits the back-reAection
geometry, but so far problems with defects in the foils
and self-absorption of positrons in the source material
and window have resulted in consistently poorer
efficiencies (Massoumi et al. , 1988; Schultz, 1988;
Gramsch et al. , 1987). Annealed polycrystalline materi-
als are occasionally used, such as the %' vanes which are
arranged in "Venetian blinds" shown in Fig. 15(b) (Dale
et al. , 1980), and the 5-pm Ni foils first used by Gidley
and Frieze (1986) in transmission geometry. Various sin-
gle and polycrystalline moderator foils have been com-
pared by Gramsch et al. (1987).

Recently Gullikson and Mills (1986) have shown that

(c) Transmission:
single or polycrystal foil

j
Q

(d ) Direct deposit:
rare-gas solids

(e) Self-moderated:
copper on tungsten

p2RJ

/4

Cold
finger

;.e

Ne gas
inlet "Cu in Cu(lll)

:& e'

FIG. 15. Some of the various source/moderator geometries em-
ployed. A common mode used w&th Co sources (7 I/2 71 d)
is the "back-reAection" geometry shown in (a), with the source
plated on a thin rhodium foil or needle in front of a thick
single-crystal moderator (usually W, Ni, or Cu}. Various other
geometries have been adopted for Na sources (v-&/2=2. 6 yr),
which are commercially available in sealed vacuum capsules.

rare-gas solids (e.g. , Ne) reveal unusually high yields of
"hot" positrons, because of the inability of the positrons
to thermalize completely in the rare-gas solids [see Fig.
15(d) and Sec. II.B.4]. The efficiency of 7&&10 (Mills
and Gullikson, 1986) for a solid Ne moderator with a

Na source is the highest quoted (see Table IV). An in-
crease of moderator eSciencies over those possible with
simple diffusion of thermalized positrons might also be
possible by using electric fields in semiconductors or -in-

sulators to increase the mobility of positrons to'the emit-
ting surface. This so-called "field-enhanced" moderator
was originally suggested by Lynn and McKee (1979), but
their attempts to produce such a moderator were not suc-
cessful, probably because of impurities or defects in the
contacts. Beling et al. (1987a, 1987b) have recently dis-
cussed the field-enhanced moderator in the context of
modern epitaxial metal/semiconductor systems, although
so far no experimental results have been reported.

The energy width of positrons elastically reemitted
from clean single-crystal moderators is almost always
-75 meV at room temperature (Gullikson et al. , 1985;
Fischer et al. , 1986), as illustrated for clean Ni(100) in
Fig. 16. This is consistent with thermal broadening only
of a beam with a Maxwell-Boltzmann velocity distribu-
tion [Sec. II.D.1 and Eq. (38)]. Further evidence of the
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FIG. 16. The diA'erential total energy distribution of positrons
reemitted from a Ni(100) surface. The energy is shown relative

to the positron work function y+ ———1.3+0.1 eV, where F., is

the longitudinal energy. The positrons were implanted with

3600-eV incident energy, and the solid line is a fitted beam
Maxwell-Boltzmann distribution [Eq. (38)] with an effective

temperature of k& T*= 32 meV (after Gullikson et a/. , 1985).

"elasticity" of the emission process is supplied by the
narrow angular spread ( —10 FWHM) shown in Fig. 17
for positrons reemitted from a W(110) crystal (Fischer
et a/. , 1986). The width represented by this curve is
quite close to what would be expected for elastic emission
from a simple step of height cp+, which predicts for the
most probable half angle of emission 0& &2,

o 04—
1-
V)
C)
CL

Cl
4J
M 02

X
lX
O

0
-2Q —l6 -8 0 8

SAMPLE ANGLE 8 (deg)
l6 24

FIG. 17. The angular distribution of elastically emitted posi-
trons for W(110). The FWHM is about 10', which is close to
the predicted value of -5.6' based on Eq. (6) assuming y+ ——2.9
eV (from Fischer et al. , 1986).

1/2 (6)

A widely quoted figure of merit for positron beams is
the e%ciency c, which is the ratio of positrons extracted
in a beam to the number being produced by the radioiso-
tope (or, for LINAC's, to the number of incident elec-
trons). This is impossible to calculate reliably, since it in-
volves all the details of the source/moderator arrange-
ment, such as self-absorption of primary P+'s in the
source, moderator material, defect properties, surface
roughness and impurities, geometry, extraction fields,
and so on. In spite of this, it is instructive to list (Table
IV) "typical best" efficiencies and overall beam strengths
for systems ranging from relatively modest non-UHV
laboratory beams to large "intense" facilities, since the
kind of research that can be done is to some degree con-
trolled by the tradeoff between available resources and
desired intensity.

2. Beam transport

Once the positron beam is extracted from the modera-
tor, it is guided through a vacuum system to the target.
Various methods of beam transport have been used, in-
cluding fully electrostatic systems (Cherry, 1958; Rosen-

berg et al. , 1980a; Van House and Zitzewitz, 1984;
Frieze, Gidley, and Lynn, 1985), axial magnetic fields

(Costello et a/. , 1972; Lynn and Lutz, 1980b; Mills,
1981a; Hutchins et al, 1985, 1986; Weiss, 1985;
Lahtinen et a/. , 1986; Schultz, 1988), and hybridized
electrostatic/magnetic systems (e.g., Rich, 1986). The
fundamental difference between the electrostatic and

magnetic system of beam transport is simply that some
experiments require the measurement of scattering angles
(and therefore are hindered by magnetic fields), whereas
other experiments are simplified by the ability to confine
all scattered charged particles. Other advantages or
disadvantages of specific systems are discussed in the
references listed above.

In Fig. 18 we show a fairly typical laboratory-based
beam. This particular apparatus is magnetically guided
and uses crossed electric and magnetic fields (Mills,
1980c) to separate the desired slow-positron beam from
the fast-positron and y-ray background of the source.
The target region of any vacuum system is specific to the
experiments of interest. The beam in Fig. 18 is set up
with emphasis on inner-shell ionization, positron chan-
neling, and defect profiling studies, all of which are dis-
cussed in later sections. Other facilities are optimized for
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different purposes, such as the system being assembled by
Rice-Evans et al. (1987), which will be able to study sam-
ples at temperatures as low as -2 K.

Until relatively recently, particle acceleration in mag-
netically guided systems was accomplished by adjusting
the potential on the target to be studied (e.g. , Lynn and
Lutz, 1980b). While this is simple enough, it tends to
limit the versatility of the sample holder, as well as to re-
strict the maximum attainable energy. Most facilities
that continue to operate this way are limited to a max-
imurn of -5 keV, although there are facilities of this

type that can handle a few tens of keV (Triftshauser and
Kogel, 1982a). The more common approach for newer
beams is to Goat some portion of the source end of the
vacuum system electrically, thereby removing the prob-
lem of beam energy from the target end (see Fig. 18).
Beams of this type (occasionally referred to as "high-
energy" positron beams) are usually designed for max-
imum accelerations of about 100 keV, since most of the
near surfa-ce solid-state research they are used for does
not require higher energies. However, there are some fa-
cilities (applied to solid-state research) that are designed

TABLE IV. Positron source/moderator efficiencies. The efficiency e of conversion for source/moderator geometries, listed for the
various configurations in common use. The number listed is the total efficiency, including losses due to source construction, geome-
trical arrangement, and moderator quality. It is important to note that the numbers listed are normalized to standard primary-source
sizes, although the efficiencies listed in the original references were taken with various-size sources. There is a dependence of
efficiency on source strength, which for simplicity we neglect here (Massoumi et al. , 1988).

Primary sources

(A1) 500 mCi "Co on W needle or ribbon
(A2) 500 mCi Co on inside of W ring
(A3) 100 mCi Na in sealed capsule
(A4) 60 Ci Cu in "Cu, on W(110) substrate
(AS) LINAC: Livermore Laboratory, 100 MeV at 400 pA.
(A6) LINAC: Germany, 160 MeV at 1 pA.
(A7) LINAC: Japan, 25 MeV at 100 mA.

Moderator Source Fig. 15 e+/sec Footnotes/notes

(A4)
(A5)
(A6)
(A7)

Laboratory beams
Cu(111)+S (A1)
W(110) (A1)
W(110) (A2)
W vanes (A3)
Ne ( —1 pm) (A3)
Foils (A3)

W(100)
Ni(100)
W polycrystalline
W polycrystalline
Ni polycrystalline
Ni polycrystalline

Intense beams
Cu(111)+S
W vanes
W vanes
W vanes

(a)
(a)
(a)
(b)
(d)
(c)

(e)
(b)
(b).
(b)

—lx10 '
-2x10 '

3 x 10-'
-7x10—'
-7x1o-'

-6x10-4
-7X10—'

-2.6x 10-'
—1X 10-'
—1x 10-4

-2.5 x 10-'

2.4x 10-4
1.5X10 '
-9X 10-'
2.4X 10—'

2.8 x10'
5.6x10'
8.4x 10'
2.2x10'
2.2X 10

1.9X 10
2.2x 10'
8.3 X 10'
3.2X 10
3.2x10'
8.0x 10'

8x 10'
8.6x 10'

SX 10'
2x 10'

a
b,c

d/untested
e
f

g h/-1 pm
h/-0. 3 pm
h/-6 pm
i/-15 pm

h —j/-5 pm
h/-2 pm

k/dc beam
l/1440 pps
m/100 pps

n/estimated only

'Mills, 1979a.
Vehanen, Lynn, Schultz, and Eldrup, 1983.

'Vehanen, 1987.
"Brusa, Grisenti, Oss, Zecca, and Dupasquier, 1985.
'Dale, Hulett, and Pendyala, 1980.
'Mills and Gullikson, 1986.
sLynn, Nielsen, and Quateman, 1985.
"Gramsch, Throwe, and Lynn, 1987.
'Schultz, 1988.
'Gidley and Frieze, 1986.
Lynn, Mills, West, Berko, Canter, and Roellig, 1985.

'Howell, Alvarez, and Stanek, 1982.
Ley, Niebling, Osipowicz, Picard, and Werth, 1985.

"Ito, Azuma, Sueoka, Mori, Katsumura, Kobayashi, and Tabata, 1985.
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FIG. 18. A typical magnetically guided positron beam. This beam uses transmission moderation [Fig. 15(c)] and accelerates the

beam from 0 to 80 keV by Qoating the source end of the apparatus (after Schultz, 1988).

for operation in the MeV range (see, for example, Ander-
sen et al. , 1971; Bauer et a/. , 1987). Electrostatic beams
require appropriate tuning of the lens elements to attain
the desired beam energy (see, for example, Canter, 1986).
Although these beams are most often used only in the
low-energy (& 10 keV) regime, new designs will extend
the energy range to several tens of keV.

Corresponding
Time Structure
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o
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3. Time-resolved beams

The average positron lifetime is a sensitive function of
the electronic environment of the positron, as can be seen
by reviewing Table II. This fact has long been recog-
nized (Bell and Graham, 1953; Bell and Jorgensen, 1960)
and has been exploited in bulk lifetime studies for about
two decades (Hautojarvi, 1979; Vehanen and Rytsola,
1981). Positron lifetime spectrometry in beam research
has a similarly promising future, although attaining
respectable resolution (i.e., FWHM &&1 nsec) by "tag-
ging" positrons in a beam is technically more demanding
than the bulk technique, which makes use of a y ray
emitted simultaneously with the positron as a start sig-
nal.

One method of timing with beams involves collecting
the positrons in equally separated (in time) bunches. This
has been done by Mills (1980a) using magnetic mirrors to
bunch a nominally dc magnetically guided beam, attain-
ing so far a best reported time resolution of -8 nsec
(Mills, Pfeiffer, and Platzman, 1983). A new system be-
ing developed by the Munich group (Schodlbauer et al. ,
1985, 1987) combines similar magnetic bunching tech-
niques with a high-speed chopper, which they expect will
yield an ultimate time resolution of around 100 psec.
This system, which is shown in Fig. 19, has so far been
tested to a resolution of -200 psec. Bunched positron
beams can also be produced at LINAC's, where the
pulsed electron beam automatically results in bunches
ranging from a few nsec to a few @sec in width (Howell,
Fluss, Rosenberg, and Meyer, 1985).

Subnanosecond timing of positron beams has recently

I I=. tIme
2nsec
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Q -0.8 csee
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time

IOO pse

(FWHM)

time

Ug :e
UD

Scint
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Buncher

Target

FIG. 19. A recent design for a beam buncher. This design uses
an RF modulated chopper to produce 2-nsec-wide bunches, foloo

lowed by a pair of matched bunches (which decelerate those at
the front of the bunch and accelerate those at the back). The
current time resolution of this system is -200-psec FWHM, al-
though the design goal shown on the figure is 100 psec (from
Schodlbauer et al. , 1985, 1987).
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been described by Crane and Mills (1985), who employ a
rapidly pulsed electric field to bunch the beam. The
nonuniform electric field accelerates those positrons at
the entrance of a sample "cup" more than those near the
sample surface. The authors report that as long as the
surface to be studied is positioned correctly, this yields a
time resolution of -0.47-nsec FTHM. As yet there is
too much uncertainty in the shape of the resolution func-
tion for this technique to be applied to new measure-
ments, but the initial demonstration certainly shows
promise for the future.

In yet another approach, the Stuttgart group (Bauer
et al. , 1987) h'as developed a positron beam in a commer-
cial pelletron accelerator that can be accelerated to MeV
energies. They intend to time-tag the positrons using a
thin transmission scintillator in front of the sample to be
studied, and expect to achieve a time resolution of a few
hundred picoseconds or less.

Other methods for time-tagging the positrons in beams
have been used which are closely related to the experi-
mental details and so are discussed in the next section
with reference to the experimental observables,

2—
Limit

0—e+
- LEED

rute
5B( 0

)09

e& d,efect
micr oprobe
(~ooo 8, )

10K e+
'---4 microscope

l I I i l s 1

0 2 ~ 6

in(8 E) (r.a.d, eV)

4. Brightness enhancement

The physical diameter of most positron beams is gen-
erally limited by the geometry of available primary
sources and moderators. Typical beams range from —1

to 6 mm in diameter, and the relatively low primary
beam currents (Table IV) make collimation an unattrac-
tive alternative. Many experiments (e.g. , diffraction) re-
quire a beam that not only is physically small, but also
has the minimum possible spread in both angle and ener-
gy. This may be quantified by the brightness "8"of the
beam, by

I8=
6d E

where d is the diameter, E is the positron energy, I is the
intensity (particles/sec), and 0 is its angular divergence.
The limitation on particle beam brightness is usually im-
posed by the initial conditions of the source and
Liouville's theorem, which states that the volume occu-
pied in phase space of the beam will be a constant under
the influence of conservative forces. Thus, if the diame-
ter of the beam is decreased, it is at the expense of angu-
lar divergence, and so on. Canter and Mills (1982) dis-
cuss both brightness and, more specifically, the "bright-
ness per volt" of positron rnoderators.

The process of positron energy moderation is noncon-
servative and is, therefore, not restricted by the same
phase-space limitations. A beam can be focused to a
small spot and remoderated to achieve the original angu-
lar and energy characteristics, at a cost of about 50% or
less of the beam intensity. This concept was originally
suggested for positrons by Mills (1980b), and the implica-
tions in terms of theoretically attainable "brightness" are
demonstrated in Fig. 20. Frieze and co-workers (Frieze,

FIG. 20. The concept of brightness enhancement for a positron
beam is illustrated in this log plot of beam area vs divergence.
The lines at 45' represent decreasing the beam area at the cost
of angular divergence, which does not change the "brightness"
[Eq. (7)]. The horizontal lines represent moderation, which in-
creases the brightness by regaining the small angular spread at a
cost of about half the beam intensity per stage of remoderation
(from Mills, 198la).

Gidley, and Lynn, 1985) successfully remoderated an
electrostatically focused beam twice to attain an increase
in brightness of more than a factor of 100. Their system
was used for the low-energy positron diffraction (LEPD)
studies discussed in Sec. II.A. 1. In a more recent con-
struction of a similar style of remoderated beam, Canter
and co-workers (see Canter, 1986) have achieved an in-
crease in brightness of a factor of -500. Their beam can
be focused to a few microns in diameter and can be
rastered over an area of 0.2 mm, as demonstrated in Fig.
21 (Brandes et al. , 1987). In a related development, Van
House and Rich (1988) have recently reported a
transmission positron microscope (TPM), which has a
magnification of 55.

5. Beam polarization

It is an interesting property of positrons emitted from
the decay of radioactive nuclei that they possess a longi-
tudinal polarization, or helicity, in the direction that they
are emitted. Zitzewitz et al. (1979) found that the posi-
trons moderated in MgG maintained their polarization
down to thermal energies, thus allowing the formation of
a preferentially spin-polarized beam. By sacrificing beam
intensity, Van House and Zitzewitz (1984) have achieved
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up to 70% polarization of a positron beam, and it has
been used (at 50%%uo polarization) b th M' h'

(Gidley, Koymen, and Capehart, 1982) in conjunction
wit an axial magnetic-field spin rotator to measure the
spin states of electrons at metallic surfaces (Sec. II.D).

Van House and Zitzewitz (1984) made a careful stud
of the beam 1polarization and its measurement under vari-

eu su y

ous experimental coriditions. To summarize, the tech-

mque utilizes the fact that in a magnetic field the m =0
singlet and m =0 triplet Ps are mixed to form two field-
perturbed states. This is quantifi d bn i e y measuring the
c anges in the intensity of the perturb d te o unperturbed-
tnp et component when the positron spin or B field ior e s

intensity change can be directly related to the spin polar-
ization. An apparatus similar to th

'

. Many of the solid-state, atomic, and general-physics
experiments done or proposed b th M' h'y e ic igan group are
discussed by Rich (1986; also Rich V H
1987).

ic, an House et al. ,
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Mucuch of the research undertaken with variable-energy
positron beams can be reduced t 1 t, a east in t e first in-
stance, to measurements of the y rays resultin from

ion o positrons in delocalized, trapped, or Ps
states. In some cases positrons are detected directl, an
occasionaHy other signals are employed such as direct Ps
detection, characteristic x rays, secondary or Auger elec-
trons, and even uv photons I th'n is section we shall
brieAy survey the properties and detection of the primary
experimental "observables. "

1. Positrons

Because positron beams are of such 1

( —10 '
) , simple methods for characterizing incident

or scattered particles (such as ch arge co ection or moni-11

toring a phosphor) are not useful. Channel electron mul-
tipliers are typically used either singly (CEM, or "chan-
neltrons") or in the
(CEMA . For

c annel electron multiple arrrrays
). For higher-energy positrons ( & 15 keV), stan-
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FIG. 21. A doubl y remoderated electrostatic positron beam.
The increase of the brightness of the beam is a factor of 10 .
This apparatus produces a focused spot size of —1S-pm diam.
The resolution of the beam is indicated in (b), where the one-
dimensional image of a fine-mesh grid is obtained by rastering
the beam across it (after Brandes et a/. , 1988).
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FIG. 22. A s in-p' -polarized (-50—70%) positron b P
trons inin this facility are electrostatically focused and trans ort-
ed, and a magnetic "spin-Aipper" selects polarization (after Gid-
ley, Koymen, and Capehart, 1982).
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dard Si surface-barrier detectors can also be used. The
angle and/or energy of scattered (or reemitted) positrons
can be characterized using modifications of techniques
that are standard for electron spectroscopy, such as the
hemispherical analyzer employed by Fischer et al. (1986)
in an electrostatic beam, shown in Fig. 23. This particu-
lar instrument has been used for measuring the energy
distribution of positrons reemitfed from clean metal sur-
faces, as illustrated schematically in Fig. 23(a).

In magnetically guided positron beams, the confining
field does not allow the use of conventional hemispherical

or cylindrical analyzers, so detailed energy measurements
are made with a retarding-field analyzer, such as the one
shown in Fig. 24. A typical spectrum of the "integral"
yield versus energy of the reemitted pasitrons is shown in
Fig. 25, which is obtained by relative biasing of the sam-
ple and retarding grids of the analyzer. In general, this
type of analyzer measures only one component (i.e., the
field axis) of energy. Gullikson et al. (1985) have demon-
strated that the use of strong-focusing magnetic fields can
reduce the total energy of the emitted positrons (at any
angle) to the one direction measured. Because of the
strong magnetic focusing, this technique requires in-
cident positron energies of 1 keV or more, but these au-
thors show that this type of data can be combined with
various reconstruction techniques to extract similar angle
and energy information to the hemispherical analyzer in
an electrostatic system. One limitation of electrostatic
analyzers is that they cannot easily measure absolute in-
tensities, or reemission yields. This is relatively simple
with the retarding-field analyzer, since the yield is just
the relative diAerence in the measured rate at sample
biases weH below and above the value characteristic of
the work function (Fig. 25).

A variation of the retarding-field analyzer which has
been used at Brookhaven National Laboratory to mea-
sure differential (rather than integral) positron energy
distributions is shown in Fig. 26(a). In this system, the
crossed electric and magnetic fields (EXB analyzer) are
used to sweep across the energy distribution of the emit-
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FIT+. 23. A hemispherical analyzer for measuring reemitted
positron angle and energy distributions. The analyzer is shown
in (b), and the relationship between the applied potential V pp
and the various sample and contact potentials for the system is
illustrated in {a). In this figure p+ is the positron chemical po-
tential, y+ and y, are the positron and electron work functions
for the sample, cpz is the contact potential of the analyzer, and
EE is the analyzer resolution (from Fischer et al. , 1986).

SCALE: I NCHES

FIG. 24. A simple retarding-field analyzer for measurement of
reemitted positron energy distributions. In this apparatus an
axial magnetic field keeps both incident and reemitted positrons
confined to the original beam axis. The incident beam is nor-
mally implanted into the sample at 1 —5 keV, and those posi-
trons which thermalize and are reemitted are retarded or
transmitted by the pair of retarding grids, depending on the rel-
ative bias between the grids and sample. The positrons are
detected either by the annihilation y rays (resulting in a spec-
trum similar to that in Fig. 25 after background subtraction) or
by direct counting in a particle detector, e.g., Fig. 26 (from
Schultz, Lynn, Frieze, and Vehanen, 1983).
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FIG. 25. Integral positron reemission spectra taken with a
retarding-field analyzer. The positrons are retarded when the
applied bias (V pp V Vg) is less than the effective "zero,"
which is the difference between the electron contact potentials
of the sample and grids. The steepest portion of the curve cor-
responds to the elastically emitted "peak" of Fig. 23, which is
broadened by the thermal spread k&T . The two spectra are
taken at different angles between the sample normal and in-

cident beam (i.e., 8 field) directions, showing how the E,=0 po-
sition is defined {after Murray, Mills, and Rowe, 1980).

ted positrons in much the same way as a conventional
electrostatic analyzer would. The width of the distribu-
tion shown in Fig. 26(b) for Ni(111) is —160-meV
FWHM, which is due to the thermal smearing of the pos-
itron energy distribution (-75 meV) and the instrumen-
tal resolution ( —140 meV).

In conventional retarding-field measurements, such as
the ones described above, what is actually measured is
not the positrons themselves, but rather the annihilation

y rays from those positrons forced by the retarding po-
tential to return to the sample surface. The type of
energy-dispersive spectrometer that is used is determined
by experimental requirements. For example, if maximum
count rate without concern for resolution is required,
then a NaI(Tl) detector is often used. However, if details
of the annihilation line shape are of interest, then the su-
perior resolution of a semiconductor detector [intrinsic
Ge, or Ge(Li)] is required. The annihilation line shape
can be deconvoluted to extract the electron momentum
distribution, but more often it is simply quantified by a
line-shape parameter such as "S," which is the ratio of
counts in a central portion of the annihilation photopeak
to the total counts in the peak (Fig. 27). Parameters like
this have been used extensively in traditional bulk studies
with positrons (Sec. I.B), and their high sensitivity to the
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FIG. 26. Energy analyzer for differential measurements.
Reemitted positrons are swept across a slit in front of a CEM
counter. The best sensitivity is achieved by using the plates at
the end of the E &B drift region as electrostatic "mirrors" and
passing the beam back and forth several times' in the same
space. The resolution achieved for the measurement shown in

(b) was —160 meV (Chen, Schultz, and Lynn, 1984).

FIG. 27. System for measuring annihilation y rays. The 511-
keV line shape is broadened by the electron momentum. The
environment in which the positron annihilates (i.e., in which it
becomes delocalized, trapped at defects, or trapped at the sur-
face) can be parametrized by the line shape; an example of such
parametrization is the parameter "S"shown in the figure.
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environment of the annihilating positron (see Fig. 5) find
similar application in the "near-surface" studies of solids
now done with e+ beams.

As mentioned previously, the sensitivity of a positron
to its environment is reflected not only in the annihilation
momentum distribution, but also in its lifetime spectrum.
Since characteristic lifetimes in metals and semiconduc-
tors are on the order of 10 ' sec (Table II), most of the
techniques currently used for time-bunching the beam
are not adequate for experiments of this type. The new
techniques for beam bunching discussed previously (Fig.
19) will provide suitable time resolution for studies of this
type. Positrons can be tagged by using secondary elec-
trons released from the target surface as the start signal.
This method was first employed by Gidley et al, (1976)
for a measurement of the o-Ps vacuum annihilation rate
(FWHM —7 nsec), and more recently by Gidley,
Koymen, and Capehart (1982) for measurements of Ps
formation at a Ni(110) surface. Lynn, Frieze, and
Schultz (1984) used a similar technique for measurements
of the positron surface-state lifetime at an Al(110) sur-
face. The apparatus used for this particular experiment
(Fig 28) .had a time resolution of -0.6-nsec FWHM.

2. Positronium

The presence of Ps can be identified by an analysis of
the y-ray energy spectrum. The continuous energy dis-
tribution (Fig. 2) arising from the 3y decay of o-Ps results
in a much different spectrum from that produced by the
2y decay of either positrons or p-Ps, as is evident in the
spectrum shown for a high-resolution Ge spectrometer in
Fig. 29. It is important to note that this technique for Ps
detection is sensitive only to Ps in vacuum, because any
o-Ps that does form in a solid is much more likely to en-
counter an electron with the appropriate "opposite" spiri
to the positron, and annihilate (i.e., via pick-off) into 2y
rays than by the normal 3y rays (e.g., Dupasquier, 1981;
Eldrup, 1981).

In order to quantify the differences in the y-ray spec-
tra, such as those shown in Fig. 29, one defines the ratio
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FIG. 28. Positron lifetime apparatus. The arrival of the posi-

tron at a surface is "tagged" by the ejection of secondary elec-

trons, and the annihilation quanta are measured with a fast

scintillator for the stop signal. The system shown achieved a

resolution of —600-psec FWHM (from Lynn, Frieze, and

Schultz, 1984).

100 % Ps

There are of course Systematic and calibration prob-
lems associated with these measurements that we shall
not discuss here, some of which are covered in various
references (Lynn, 1981; Schultz et al. , 1984; Nielsen,
Lynn, Vehanen, and Schultz, 1985).

A particularly informative way of studying Ps is.with
the aid of Anger cameras to produce two-dimensional
ACAR spectra discussed in Sec. I.B.1. Although
significantly more involved, this technique has recently
been employed by the groups at Lawrence Livermore
National Laboratory (Howell, Meyer, Rosenberg, and
Fluss, 1985) and Brookhaven National Laboratory
(Lynn, Mills, West, Berko, Canter, and Roellig, 1985).
The 2D ACAR images are preferentially sensitive to the
2y rays from p-Ps as opposed to the 3y o-Ps annihila-
tions, and. recently they have been used for studies of the

R= T —I'
I' (8) C:

D

Pi Ri —Rf1+
P0 Rf —R0

(9)

where T and I' refer, respectively, to the integrated
counts in the total and peak regions of the spectrum.
This quantity, which compensates for any fluctuation in
incident beam current, varies continuously from a
minimum value R0 when no Ps is formed through to a
maximum R, when 100% of the incident positrons end
up as Ps. By considering the various processes available
for the positron, it can be shown that the Ps fraction f is
related to these ratios by (Marder et al. , 1956; Mills,
1978; Lynn and Welch, 1980)

—1

103 0%Ps

10
100 200 300 400 600 BOO 700 800

Gamma-ray energy E (keV}

FICx. 29. The annihilation spectra measured with a high-
resolution Ge detector for situations representing —100%%uo and
0% Ps. The continuous energy spectrum for y rays resulting
from the decay of o-Ps was shown in Fig. 2. The fraction of Ps
being formed at a surface is determined by scaling the measured
spectrum between these two extremes, using Eq. (9) (from
Lahtinen et al. , 1986).
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positron surface state as well as Ps velocity spectroscopy
(see Sec. II.D.3). The contributions of p-Ps, bulk, and
surface annihilations to surface 20 ACAR spectra are
shown in the example in Fig, 30 (Chen et a/. , 1987). The
high-energy distribution (top) is dominated by annihila-
tions in the bulk Si, and the lower left distribution at
room temperature represents surface and p-Ps events.
The spectrum in the lower right-hand side of the figure,
at 600'C, is almost entirely p-Ps, since the surface bound
positrons are all thermally desorbed as Ps (Sec. II.D.3).
The asymmetry visible in the contribution of p-Ps to
these distributions- is due to the fact that the p-Ps is trav-
eling away from the surface, and it is therefore a measure
of the velocity distribution. One advantage of this kind
of measurement is that it is possible to determine the ab-
solute Ps fraction (i.e., O%%uo or 100%), without the calibra-
tion problems referred to above.

In order to obtain the p-Ps spectrum shown in Fig.
30(c), one must first remove the underlying contribution
due to the surface-localized annihilations from data like
those shown in 30(b). This component is symmetric in

p~, since there is no average center-of-mass current of the
annihilating pair normal to the surface. It is therefore
approximated by a twofold symmetrizing of the data at
pi &0 [i.e., right-hand side of Fig. 30(b)] and subtracted
from the total spectrum. This process is discussed in de-
tail by Chen (1987).

Because of the relatively long lifetime of o-Ps (142
nsec), it travels considerable distances in the vacuum sys-
tem if it leaves a sample surface with any kinetic energy.
For example, 1-eV Ps would travel -6 cm in one life-
time. This fact has been exploited (Sec. II.D.2) for stud-

ies of 0-Ps velocity by using collimating slits outside the
vacuum system of time-tagged positron beams to deter-
mine the time-of-Aight distribution. These experiments
can yield similar results to the 20 experiments men-
tioned above (assuming that p-Ps and o-Ps have the same
energy when formed), with the exception that angular in-
formation requires a series of runs. The first experiment
of this kind was that of Mills, Pfeiffer, and Platzman
(1983), whose apparatus is shown in Fig. 31.

The decay rate of 0-Ps was studied in detail by Gidley
et al. (1976) using secondary electrons as their start sig-
nal, and they have subsequently used the long lifetime as
a convenient means of determining total Ps fractions
(Gidley, Koymen and Capehart, 1982). Other ways in
which Ps has been studied or observed include direct
detection of energetic 0-Ps in a CEMA (Cridley et al. ,
1976) and laser ionization followed by detection of the
released positron (Chu and Mills, 1982a, 1982b; Chu,
Mills, and Hall, 1984; Mills and Chu, 1983). An interest-
ing extension of the laser ionization technique which has
so far not been attempted would be to determine the. Ps
time of Aight by ionizing it at various positions in front of
a target of interest, collecting the positrons. This would
ofFer much better precision and Aexibility than physical
collimation in determining angle and energy distributions
of Ps emitted from surfaces.

II. RESEARCH —FUNDAMENTAL TO APPLIED

A. First encounter

The interaction of an incident beam of energetic posi-
trons with a solid surface is different from that for elec-
trons. This is primarily associated with the difference in
charge, but there is also a difference due to the fact that
there is no Fermi sea of positrons in the sample, and
therefore the exchange part of the potential is not
present. For these reasons, much of what has been stud-
ied with positrons complements other work and provides
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FIG. 30. Representative spectra measured with a 20 ACAR
system. The result in (a) (15-keV incident positrons) is represen-
tative of "bulk" annihilations in the Si(111)sample, showing the
characteristically broad moxnentum distribution. The result in
(b) is for energetic p-Ps (the narrow component) and annihila-
tions in the surface state (symmetric broad component). The
p-Ps component has a slight asymmetry which is hard to see in
this type of plot (see Sec. II.D) and which is due to the Ps
momentum normal to the surface. In (c) the sample is heated to
600 C, so that most of the positrons previously trapped at the
surface are desorbed as Ps as well (from Chen et a/. , 1987).
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FIG. 31. An experimental arrangement for obtaining Ps veloci-
ty distributions by time-of-Aight measurements. The parts la-
beled are S, Pb collimator slits; C, 4"X 8"& 8" plastic scintilla-
tor detector; e+, 5-nsec burst of about 80 positrons; 8, 150-Ci
magnetic guiding field; y& —y3, three-photon annihilation of S&
0-Ps; Al(111), aluminum sample on heater stage (from Mills and
Pfeiffer, 1985).
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FIG. 32. Polar plots of the differential (elastic) scattering cross
sections for 1-keV positrons and electrons on a Cu crystal atom
(from Valkealahti and Nieminen, 1984).

unique insight into the fundamental interactions of
charged particles with matter.

One difference is brought out by Valkealahti and
Nieminen's (1984) calculation of the scattering of 100-eV
and 1-keV electrons and positrons. Their results show
that the differential elastic scattering probability is larger
for 1-keV electrons than it is for positrons (Fig. 32). This
relative difference in scattering cross sections is generally
expected for energetic electrons and positrons. The
angle-dependent calculations plotted in the figure show
very little scattering in the backward direction, but these
are for single-ion-core events, and plural scattering of
this type results in larger ( —10%) total backscattering
fractions. Backscattering probabilities for f3 particles em-
itted from radioactive sources are expected to be different
for electrons and positrons, primarily because of two
effects ( =30% larger for electrons, for most values of Z
and energies from a few tens of keV up to several MeV;
Bise and Braicovich, 1964; Kuzminikh et al. , 1974). The
most important is the fact that the ion-core potential for
electrons is attractive, which makes large-angle (i.e.,
nearly unscreened relatiuistic Rutherford) scattering
more favorable. The second, which is of much less im-
portance, is the fact suggested above that the exchange-
correlation potential makes the tails of the atomic poten-
tial larger in amplitude for electrons, thereby increasing
the small-angle scattering.

In addition to these factors it must also be remembered
that positrons are unique, which means that only one ex-
ists on average in the solid at any one time. Energetic
electrons, on the other hand, can transfer their energy to
others in the solid, which may subsequently be scattered
and counted in the total intensity. Backscattering inten-
sities are strongly dependent on the material thickness

for both positrons and electrons (Cosslett and Thomas,
1965), which must be considered for studies of thin films
or multilayer structures. In general, there is still a large
degree of uncertainty in the absolute backscattering
probabilities for monoenergetic positrons, particularly in
the low-energy ( ( 10 keV) regime.

1. The surface potential

At various incident positron energies, the single-
particle potential depicted in Fig. 8 can be studied, with
the results generally revealing a sensitivity to various as-
pects of the surface. Several examples of surface poten-
tial studies are discussed in the following sections, includ-
ing incident (Sec. II.B.2) and reemitted (Sec. II.D.1) posi-
tron energy loss, surface-state localization and lifetime
(Sec. II.D.3), and the possible implications of surface de-
fects (Secs. II.D.3 and II.E.2). In this section we briefly
discuss two novel ideas for probing the surface potential,
which have not as yet been tested experimentally, but
which may reveal interesting results in the future.

A theoretical proposal for the direct experimental
determination of the electrostatic dipole barrier D of a
metal was discussed in detail by Oliva (1979). The basic
concept involves the determination of the specular
reAection coefficient as a function of the normal com-
ponent of energy for a positron scattering off the metal
surface. Simplistically, a drop in the reflection coeKcient
would occur where the value of the normal component of
energy was equal to D. Corrections due to electron
correlations, core scattering, and inelastic effects
(plasmons) are required; Oliva shows that these correc-
tions can be minimized by using a high-energy ( —30
keV) incident beam at grazing angle ( & 1 ). He estimates
that a determination of D could be made to within 10%
of the actual value. It is worth noting that this measure-
ment, if possible, would be the first direct measurement
of D.

Another potentially interesting source of information
about solid surfaces is the study of fine structure for low-
incident-energy positrons. Using an asymmetric square
well to approximate the surface potential, Read (1983)
has suggested that low-incident-energy positrons mould
scatter with strong energy-dependent features. Her cal-
culations for the 00 beam scattering from Ag(001) show
significant differences over a small range in energy
(16—25 eV) due to changes in the potential well width of
only fractions of an angstrom. As she concludes, this
technique may allow determination of the detailed shape
and position of the potential mell for a variety of sur-
faces, independent of the sign of the positron work func-
tion. Jennings and Neilson (1988) have recently carried
out similar calculations for a Cu(111) surface. They also
find that the scattering probability of low-energy posi-
trons contains fine structure that is dependent on the de-
tails of the surface potential, as shown in Fig. 33.
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FIG. 34. Apparatus used for early LEPD studies. I-V curves
were measured for the specularly reAected positron beam from
a Cu(111) surface (from Rosenberg et al. , 1980).

study of positron dift'raction and subsequently reported
more detailed measurements, which they compared with
various theories (Weiss et al. , 1983).

Specularly reAected positrons in nonmetallic systems
were also observed by Cook et al. for LiF (1984) and by
Mills and Crane in alkali halides (1985b). From the earli-
est work it was clear that the fundamental limitation was
the relatively poor quality of the positron beam, as mea-
sured by angular and momentum spread (i.e., phase
space). Typical singly moderated positron beams have
angular spreads of -20 mm deg, whereas typical LEED
guns provide —I mm deg beams with about the same en-

ergy resolution (20 mm deg means that a beam of 20 mm

FIG. 33. Simulations of I.EPD fine structure for Cu(111) with
angle of incidence 6I=60' along the (11)azimuth. Curves (a) —(c)
are for progressively wider surface potential wells, as modeled
by the authors (from Jennings and Neilson, 1988).
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2. Low-energy positron diffraction (LEPD)

One of the first solid-state projects undertaken with
monoenergetic positron beams was the study of low-
energy positron di6'raction, or I,EPD, and the compar-
ison of the results with those for electrons (LEED). Lynn
and Dickman (1978) reported scattered positron intensity
variations for single-crystal samples, which they attribut-
ed to Bragg reflection, and Mills and Platzman (1980)
measured the specular intensity versus voltage (I- V)
curves for Cu(111) and Al(111). Around the same time
Rosenberg et al. (1980a) published both specular and
nonspecular I Vcurves for C-u(111), using the system
shown in Fig. 34. Their data for the 00 (specular) beam,
together with the theoretical fit done by Read and Lowy
(1981), are shown in Fig. 35. This group continued their
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FIG. 35. The positron diffraction (I.EPD) results obtained with
the system shown in Fig. 34 (from Rosenberg et a/. , 1980).
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diam. has an angular divergence of 1'). A doubly remo-
derated positron beam was used to measure the improved
results shown in Fig 3. 6 (Frieze, Gidley, and Lynn, 1985).
This beam has an angular resolution of —1 mm deg for
both positrons and electrons, which is comparable to that
for commercial LEED guns. DifFerent intensities for
scattering of positrons relative to electrons arise from the
change in the sign of the potential. This is clearly
demonstrated by the reversed intensity of the (01) and
(10) beams in the figure.

Using the same remoderated beam, Mayer, Zhang,
Lynn, Frieze et al. (1987) have recently made a detailed
comparison of LEED and LEPD for Cu(100). Their data
and theoretical fits are reproduced in Fig. 37, showing
broader peaks in the I-V distributions for positrons than
for electrons. The theoretical fits shown in Fig. 37 re-
quired larger inelastic scattering cross sections for posi-
trons than for electrons in order to explain the broader
peaks, which could not be interpreted as due to normal
energy-loss processes (electron-hole and plasmon forma-
tion). As a result, the authors have suggested that the
imaginary part of the potential is larger for positrons
than for electrons, which may be caused by rapid Ps for-

mation and breakup. This would provide an efficient
means of losing energy for positrons in the topmost lay-
ers of a surface. Zhang, Tzoar, and Platzman (1988) have
pointed out that higher-order corrections to the positron
energy loss at a surface are important in this energy
range (50—400 eV). Horsky et al. (1988) have recently
done a similar comparative LEED/LEPD study for CdSe
surfaces, in which they were able to determine the sur-
face structure.

In addition to the above work, LEPD measurements
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FICx. 36. Isometric plots comparing low-energy diffraction re-
sults for electrons (LEED) and positrons (LEPD) from Vv'(110).
The specular and three diffracted spots for each were obtained
with the first brightness-enhanced positron beam [similar design
to that shown in Fig. 21(a)]. The absolute scattering probabili-
ties were twice as high for positrons into the specular beam
(2%%uo) as for electrons (1%). The incident beam energy was 250
eV (from Frieze, Gidley, and Lynn, 1985).
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FIG. 37. LEED and LEPD I-V characteristics are compared
for two nonspecular beams scattering from Cu(100). The
theoretical calculation for the LEED results is fairly standard
and is described by the authors in the original text. For the
LEPD theory, the structural parameters determined from the
LEED results were used, and the potentials were varied for
visual fit. The curve labeled P, is constructed from the same
potential as used for LEED, with the sign of the Coulomb in-
teraction reversed, the exchange interaction eliminated, and the
correlation (with conduction electrons ) retained. P„is as
above, but with both exchange and correlation terms retained.
P„„wasconstructed with both exchange and correlation terms
eliminated (from Mayer, Zhang, Lynn, Frieze et aE., 1987}.
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property that changing the positron-electron correlation
by unrealistically large amounts produces only small
changes in the corresponding I Vp-rofile (Jona et al. ,
1980). This is in marked contrast to the situation for
LEED, and it could assist in producing more accurate
structure determinations, since the correlation term is
not well known for either particle. Although the full po-
tential of LEPD is yet to be demonstrated, it is the devel-
opment of the Geld itself that is providing its own
justification, as is so often the case. The new physics is
coming out of the unforeseen, such as the apparent
difference in the inelastic cross section mentioned above.

3. Positron channeling

When an energetic beam of particles is incident on a
crystalline solid, there is a strong variation of the scatter-
ing and penetration of the beam with crystal orientation.
The particles can be steered by the atomic potentials of
the host crystal and channeled along axes or planes of th
lattice as illustrated schematically in Fig. 40.

The potential used to estimate channeling properties is
Lindhard's (1965) "standard" potential, which is an ap-
proximation to the screened Thomas-Fermi (Moliere) po-
tential. This allows an analytic calculation of thc avcIagc
potential along atom strings or planes, which is the basis
of the so-called continuum approximation. Experimental
evidence of channeling is a decrease in any measurable
close-encounter process, such as Rutherford backscatter-
ing or inner-shell ionization. In the "classical" regime
applicable to high-energy ions (hundreds of keV to MeV)
the effect can be quite dramatic, with "dips" observable
for most major axes and planes that have minimum

values (X;„)of only a few percent of the values for ran-
domly oriented crystals. The phenomenon of channeling,
first observed in the early 1960s, has been studied exten-
sively and is reviewed in several general reports (e.g. ,
Gemmell, 1974; Feldman, Mayer, and Picraux, 1982).

Most of the work that has been done to date has been
concerned with the interactions of H+ and heavier ions,
although there have been a number of experimental stud-
ies of P-particle channeling. Electron channeling in par-
ticular has been investigated at all energies from a few
tens of keV up to several MeV, the lower energies having
particular importance in transmission electron micros-
copy. Positron channeling, on the other hand, has not
been studied extensively primarily because of the
difhculty in obtaining a suSciently intense mono-
chromatic beam of incident positron@.

Uggerhoj (1966; Uggerhoj and Andersen, 1968) report-
ed measurements of blocking patterns for electrons and
positrons emitted from "Cu embedded in a Cu single
crystal. In this type of experiment, the source of parti-
cles is not a beam but a substitutional impurity in the
solid, so what is observed is the "blocking" of the emitted
particles by the other atoms in the crystal. Uggerhoj and
Andersen were able to show that the channeling in the
150—500-keV energy range studied was consistent with
the classical approximation, and they applied the tech-
nique to lattice location measurements of 13-emitting im-
purities in Si. The first successful observation of channel-
ing with an incident beam of P particles (Andersen et al. ,
1971) was axial channeling for 1-MeV positrons incident
on Au(110); it is shown in Fig. 41 together with the com-
parable energy-scaled result for protons. Pedersen et al.
(1972) studied planar channeling for 1.2-MeV positrons
on Si soon afterwards, for several different high- and

O~

I
g

b~

I

l.O

O
E
h

5 o/

NNF LING

0 I-4 -3 -2 —
l 0 I 2 3 4 5

FIG. 40. Schematic illustration of axial and planar channeling
of energetic particles. The potentials that steer the incident
beam are usually modeled by a continuum approximation, using
cylindrically symmetric string potentials for axial channeling
and two-dimensional planar potentials for planar channeling.
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FICi. 41. Classically channeled particles show a pronounced
dip in any measurable close-encounter process, such as Ruther-
ford backscattering. Results shown here are for 1-MeV posi-
trons and 0.670-MeV protons incident in the (110) axis of a
gold single crystal (from Andersen et al. , 1971).
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low-symmetry planes. Both results were more or less
consistent with classical channeling, although there is
structure in the data for planar channeling that is related
to interference effects.

Schultz, Logan, et al. (1988; Logan et a/. , 1988) have
recently used a variable-energy beam to study e+ chan-
neling at 50 keV and below. Their studies included mea-
surements of the positrons transmitted through a 0.26-
IMm-thick Si(100) crystal, which are reproduced in Fig.
42. The upper curve, which shows strong peaks in the
aligned directions, was taken with a surface-barrier
detector on the original beam axis, and the lower curve
was taken with a detector ofF-axis measuring the random-
ly scattered particles. The crystal was tilted along a line
that passed through the ( 100 ) axis (at Ip =3.2'). The
data show strong channeling effects at 50 keV which are
similar to the "classical" results typical for higher ener-
gies.

In addition to the above-noted results, several axes and
planes were studied, with the result that in almost all
cases the channeling efFects were consistent with the clas-
sical description. This observation was not predictable
by the usual semiclassical estimates discussed by Gem-
mell (1974) and others. The extent to which the classical
behavior dominates the (100) axial channeling is shown
in Fig. 43. The basic shape is observed to be the same
from 50 to —10 keV, with the exception of a broadening
proportional to E ' and a decreased magnitude attri-
butable to an increase in dechannehing. The multiple
scattering of the positrons as they' penetrate the crystal
causes the dechanneling, and it is in fact responsible for
masking any quantum structure that might otherwise be
visible in the data. The changes in width and dechan-
neled fractions can both be predicted by simple extrapo-
lation of the scaling laws determined for high-energy
classical channeling of protons in Si.

B. Slowing down

The processes involved in positron energy loss in solids
are similar to those for electrons, but with certain impor-
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The study of positron channeling may lead to potential
uses quite apart from the academic interest in the prob-
lem. One application would be studies of interstitial im-
purities in metals or semiconductors, since energetic ions
are often too destructive. It is also evident that the clas-
sical nature of positron channeling at energies as low as a
few tens of keV must have implications for the shape and
depth of positron implantation profiles (Sec. II.B), which
have so far not been considered in theoretical or Monte
Carlo calculations.
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FlCx. 42. Channeling of 50-keV positrons in a 0.26-pm-thick
Si(100}crystal. The two curves show the transmitted positron
intensity; the upper curve was obtained with a surface barrier
detector on the original beam axis, and the lower curve was ob-
tained by measuring positrogs scattering of-axis. The data, to-
gether with other spectra taken for difFerent orientations of the
same crystal, show that the efFect is classical at 50 keV (from
Logan, Schultz, et a/. , 1988}.
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Flax. 43. (100) axial channeling for the thin Si crystal angle
for several difFerent incident positron energies. The width of
the peak is proportional to E ', consistent with classical
channeling of light particles, and the magnitude of the peak de-
creases with decreasing energy due to the increase of dechannel-
ing effects in the 0.26-pm crystal (from Schultz, Logan, et al. ,
1988}.

Rev. Mod. Phys. , Vol. 60, No. 3, July 1988



728 P. J. Schultz and K. G. Lynn: Positron-surface interactions

tant differences. For energies in the range of a few MeV,
the stopping process is dominated by mass radiative stop-
ping (bremsstrahlung), in which the electron or positron
interacts with the screened Coulomb field of the nucleus
or one of the atomic orbital electrons, emitting a photon.
This energy-loss mechanism is significantly less efficient
for positrons than it is for electrons, since electrons are
attracted by the nuclear charge and repelled by the atom-
ic electrons. Recently Kim et al. (1986) have generated
an approximate scaling law for the ratio of e+ to e
bremsstrahlung energy loss, which quantifies the
difFerence as a function of target atomic number Z.
Another fundamental difference arises because positrons
annihilate in Right, thus decreasing the expected range.
Heitler (1947) showed that the range of positrons in Pb
would decrease due to this eff'ect by —1.7%%uo at 0.511
MeV and -4.2/o at 5.11 MeV (i.e., as the energy in-

creases, the cross section for annihilation in fiight de-
creases, but the total probability increases).

In the next stage of slowing down, P-particle directions
are randomized primarily by Mott (relativistic nuclear)
scattering and energy is lost by electron scattering.
Rohrlich and Carlson (1954) have shown theoretically
that (almost independent of Z) positron-electron scatter-
ing is more efficient than electron-electron scattering
below about 34S keV, but the reverse is true above that
energy (see also Seltzer and Berger, 1974, and Hansen
and Ingerslev-Jensen, 1988). This is due to differences in
the electron scattering cross sections for positrons and
electrons, which have two basic sources.

(i) The upper limit of the energy transfer for positrons
is 100 jo, whereas for electrons it is S0%. This is because
electrons are not distinguishable.

(ii) Collisions with large energy transfer are different.
The relativistic electron-electron collision cross section
(Moiler) has to be replaced with the corresponding
positron-electron cross section (Bhabha).

These differences are evident in Fig. 44, which shows
IO

I I I I

the percentage positron-electron difference in average en-

ergy loss for Pb, Sn, and Al in units of m0c . Some of the
differences for energy loss of positrons and electrons are
relatively well understood and quantified, while others
are only beginning to be measured now that controllable
positron beams are available over wide ranges of incident
energy. One example that follows from the preceding
section is the possibility that channeling effects may play
a role in the mean depth at which positrons stop in single
crystals. This could be significantly different for posi-
trons and electrons of comparable energy.

In general, most of the important scattering processes
through which electrons lose their energy to a lattice are
similarly important for positrons. Other than specific
cases, such as the channeling mentioned above, or the
inner-shell ionization discussed below, differences pre-
dicted theoretically are usually small, although there are
so far few experimental tests. Lennard, .Schultz, and
Massoumi (1988) have initiated detailed studies of these
differences in the intermediate energy range of S —SO keV,
comparing the energy distributions of monoenergetic
positrons and electrons transmitted through thin metal
foils. Examples of the energy distributions they observe
for positrons transmitted through an 8-pm Be foil ( = 1.4
mg/cm ) are shown in Fig. 45. Spectra measured in the
same geometry using similar-velocity electrons are al-
most identical.

In the remainder of this section we shall discuss some
of the factors important to positron energy loss in solids,
starting with inner-shell ionization and following with
three sections more specific to metals, semiconductors
and ionic solids, and insulators, respectively.

1. Core excitations

Most of the energy of an energetic positron ( (100
keV) that enters a solid is lost through core and valence-
electron excitations, as is also the case for energetic elec-
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FIG. 44. Electron and positron energy-loss di6'erences
highlighted for Pb, Sn, and Al. The kinetic energy is
T =(y —1)mc, and dE/ds is the average collision loss per unit
path length s (after Rohrlich and Carlson, 1954).

FIG. 45. Positron energy-loss spectra for transmission through
=1.4 mg/cm Be foil. Spectra are shown after area normaliza-
tion for incident energies: (a) 56.2 keV, {b) 4S.3 keV, and (c)
37.9 keV (from Lennard, Schultz, and Massoumi, 1988).
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trons (Adesida et al. , 1980). Through such interactions
the positron's energy is reduced to a few tens of electron
volts in about 10 ' sec (Perkins and Carbotte, 1970). At
relatively high incident energies (i.e., several tens to hun-
dreds of keV), Schultz and Campbell (1985) and Ito et al.
(1980) have compared E-shell ionization cross sections
for positrons and electrons in thin foils of copper and
silver, respectively. As can be seen from their data,
which are shown in Fig. 46, the cross sections are compa-
rable at inciderit energies higher than a few times the
threshold energy Ux (Ux =8.98 keV for Cu and 25.51
keV for Ag). The important result first demonstrated by
the data for Cu is the fact that at energies below -3U&
the cross section for positrons becomes significantly less
than that for electrons. Similar measurements compar-
ing cross-section ratios o. /o. + for the L-shell in Au
have been made from 25 to 55 keV (Lennard, Massoumi,
and Schultz, 1988).

At much lower energies, Lynn and Fischer (1986) have
observed positron-induced Auger electron emission,
caused by L-shell ionization of a Ni target with 3.0-keV
incident positrons. Their results, which are qualitatively
similar to the more familiar electron-induced Auger pro-
cess, are shown in Fig. 47.

Valkealahti and Nieminen (1983, 1984) have done
Monte Carlo simulations of the implantation profiles of
lower-energy (i.e., keV) electrons and positrons incident
on solids, including both elastic and inelastic scattering.
They describe core and valence-electron excitations in
terms of Gryzinski s excitation function (1965), and
through various assumptions show that the total inelastic
cross section should be slightly less for electrons than for
positrons (Valkealahti and Nieminen, 1984). It is
noteworthy that these assumptions do not include chan-
neling effects or realistic angular effects in inelastic col-
lisions. Corrections due to these effects could lower the
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probability of a close encounter of the positron with the
nucleus. However, these efFects are probably of less im-
portance than the general scattering considerations in-
cluded for determining the overall shape of the stopping,
or implantation, profile. Moreover, Gryzinski s excita-
tion function for the valence electrons does not include
the proper particle-hole or plasmon terms which has a
significant effect on the inelastic mean free path as well as
the stopping profiles. Examples of profiles calculated are
shown in Fig. 48 for 5-keV positrons incident on alumi-
num and in Fig. 49 for both 3- and 5-keV positrons in-
cident on copper. The solid curves in Fig. 49 are their
fits of a Makhovian distribution,

m —1

P(z) = exp[ —(z/zo) j,
Z 0

(10)

to the Monte Carlo data (Makhov, 1960a, 1960b, 1960c).
The shape parameter they find is m = l.9, and the param-
eter zp is a function of incident positron energy, given by

SECONDARY ELECTRON ENERGY (eV)

FIG. 47. Positron-induced Auger electron emission for Ni(100).
The incident positrons were 3.0 keV, ionizing the L shell {from
Lynn and Fischer, 198$).
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FIG. 46. Cross sections for E-shell ionization of Cu and Ag
compared for electrons and positrons. The abscissa is scaled in
terms of the ionization potentials, which are 8.98 and 25.51 keV
for Cu and Ag, respectively. The dashed curve is the theoreti-
cal prediction including differences due to exchange only, and
the divergence observed at low impact energy is due to the
Coulomb repulsion of positrons from the ion cores (from
Schultz and Campbell, 1985).

C)

CO

C/)

x 2

0-4

+
+

+ +
++ y +y + +++ ++ +

++

-2 "
2

Z AXIS ( IQQO A )

FIG. 48. Monte Carlo distribution of trajectory end points for
5-keV positrons at normal incidence on Al. The arrow shows
the entrance position of the positrons (from Valkealahti and
Nieminen, 1984).
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FICx. 49. Stopping profiles obtained by reducing the two-
dimensional data of Fig. 48 to one dimension. The two sets of
data shown are for 3- and 5-keV positrons incident on Cu. The
solid lines are the Makhovian profile [Eq. {10)],and the dashed
lines are the experimentally measured profiles for thin films of
Cu of varying thickness (from Valkealahti and Nieminen, 1984).

I'[( 1/m ) + 1]

z= AE", (12)

which was originally developed for electron stopping.
The constant A in Eq. (12) was found empirically to be
A -400/p A/keV", where p is the target density in
g/cm, z is in A, and E is in keV (Mills and Wilson, 1982;
Vehanen, Saarinen, et al. , 1987), and the power n =1.6
for positrons incident on most materials (Lynn and Lutz,
1980a).

Di6'erent experimental determinations of the constant
A vary by up to 20%, which leads to some uncertainty in
attempts to do quantitative depth studies. This is espe-
cially important in multilayer systems, where both densi-
ty and backscattering variations are contributing to un-
certainties in positron stopping depths. It is also not
clear that the constant A is necessarily independent of
both atomic number Z and incident energy E. For exam-
ple, there is a well-established energy dependence of the
ratio of (calculated) positron to electron ranges in any
given material (ICRU, 1984), which may indicate an en-
ergy dependence to the constant, 3, or may be explained
by a difFerence in the power n (n for positrons would
have to be bigger than for electrons by -0.(B to explain
the energy dependence in Si).

The power n is also cause for some concern, as the re-

where z is the mean stopping depth. The dependence of
zo on the I function simplifies for certain profiles (dis-
cussed in detail in Sec. II.C.1), such as the exponential
profile for which m= 1 and I (2)=1, or the Gaussian-
derivative profile for which m =2 and I ( —,

'
) = ir' /2.

The dependence of mean depth on energy is assumed
to be a power law,

suits that do exist for both positrons and electrons are
not all in agreement, particularly in the low (few keV) en-
ergy ranges of most interest in e+ beam research. For
high-energy electrons, n has been measured to be a de-
creasing function of energy, going from —1.68 at 10 keV
down to —1.16 at 3 MeV (Katz and Penfold, 1952). At
lower energies, one experimental study of electron stop-
ping in evaporated metal films of Al, Cu, Ag, and Au
(Cosslett and Thomas, 1964) found that n was a strong
function of energy, ranging from —1.2 (1 (E & 5 keV) to
—1.4 (5 & E ( 10 keV) to 1.7 (10& E & 15 keV).

The only direct measurements that exist for monoener-
getic positrons are those of Mills and Wilson (1982).
Their experiment measured the, transmitted positron Aux
through thin wedge-shaped foils of Al and Cu supported
on a thin carbon foil, and they extracted not only the
profile shapes but also the mean depth versus energy (Fig.
50). Their results are that n = 1.60+0 Os for 1 & E & 6 keV
e+ in Al, and ri =1.43+&0.0&7I for 1 &E (6 keV e+ in Cu.
One problem that was not considered in the analysis of
these data is the fact (Cosslett and Thomas, 1965) that
the backscattered fraction of positrons varies as the film
thickness, ranging (in the case of Cu) from 0 to 30% from
the thin-to-thick edge of the target film.

The Monte Carlo results of Fig. 49 also show the direct
profile measurements (dashed curve) of Mills and Wilson.
The discrepancy of the measured profile shapes with the
Monte Carlo results at low energy in Fig. 49 was attribut-
ed to a reduction in the amount of backscattering in the
experimental measurement, since positrons that are
transmitted through the thin crystals can no longer
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FIG. 50. Experimentally determined median stopping depth
g+ for monoenergetic positrons in Si, Al, and Cu. g+ is related
to the more familiar mean depth by P+ ——zo(ln2)', which (for
m =2) is 2z{ln2/ir)'~2-0. 94z [see Eqs. {10)-(12)]. The solid
curve is a best fit to the data, yielding g+ ——(332/p)E" (A),
where p is the material density, E is given in keV, and n is ap-
proximately 1.6. Cur~e R is the mean penetration depth for
positrons in Al as calculated by Nieminen and Oliva, 1980
(from Mills and Wilson, 1982).
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scatter. Lynn, McKay, and McKeown (1987) have
shown that the stopping profile can be affected by reim-
planting positrons that were originally. backseat tered
from the sample.

The details of where the positrons stop or reach near-
thermal energies in a solid are determined almost entirely
by these very fast inelastic collisions described above.
The actual loss of energy in the final stages of thermaliza-
tion (i.e., below a few tens of eV) is, however, difFerent for
the different classes of solids, and will be discussed-in the
following sections.

2. Metals
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Perkins and Carbotte (1970) have shown that inelastic
conduction-electron scattering, and specifically plasmon
excitation (Oliva, 1980a), dominates the slowing down of
positrons around energies near the Fermi energy Ef.
Plasmon losses are evident in the results obtained by
Dale et al. (1981), Fig. 51, where they show the energy
distribution of 785-eV incident positrons and electrons
scattered from a tungsten sample. They speculate that
the differences they observe in the inelastically scattered
fractions might be the results of d- and f-shell excita-
tions.

Zhang et al. (1988) have recently considered the
positron-electron interaction in metals in detail for
0&E&200 eV. They include virtual Ps formation by

TUNGSTEN

FIG. 52. Positron energy loss dE/dt vs energy E in Al due to
combined e6ect of positron-conduction electron and positron-
phonon scattering for several temperatures (from Nieminen and
Oliva, 1980).

treating it as a multiple-scattering interaction, and their
results show that the electron wave function is enhanced
at the positron by comparison with previous RPA
(random-phase approximation) calculations. The rate of
inelastic positron-electron scattering is significantly in-
creased by this enhancement, relative to previously deter-
mined RPA estimates.

The last stage of thermalization of a positron in a met-
al, at energies weil below Ef, is dominated by phonon
scattering (Perkins and Carbotte, 1970). In Fig. 52 the
rate of energy loss dE/dt is plotted as a function of posi-
tron energy E for positrons in Al at various tempera-
tures. This figure shows that, as the energy falls below a
few tenths of an eV, the effects of phonon scattering be-
gin to dominate relative to the electron gas. Nieminen
and Oliva (1980) have pointed out that the very long
mean free paths (shown in Fig. 53) and the high probabil-
ity of large-angle scattering at low positron energies
(Oliva, 1979) contribute significantly to the overall
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FIG. 51. Positrons and electrons at 785 eV are scattered o8'
tungsten, showing the elastic peak and the inelastic distribution.
Plasmon excitations are primarily responsible for the energy
losses in this region (from Dale et al. , 1981).

FIG. 53. Mean free path vs energy of a positron in Al due to
the combined e8'ect of positron-conduction electron and
positron-phonon scattering. The dashed line is associated with
elastic core scattering (from Nieminen and Oliva, 1980).
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broadening of the final thermalized profile of positrons.
The thermalization times they obtain are on the order of
1 —10 psec, in reasonable agreement with previous esti-
mates (Carbotte and Arora, 1967).

A subtle yet important point made by Carbotte and
Arora (1967) is that increasing electron density (decreas-
ing r, ) leads to more screening of the positron-electron
interaction in the metal, and therefore a longer thermali-
zation time. This is illustrated in Fig. 54. Theoretical es-
timates all predict that thermalization times increase

significantly as temperature decreases, in some cases even
exceeding the mean positron lifetime in the solid (Car-
botte and Arora, 1967). Kubica and Stewart (1975) mea-
sured high-resolution 10 ACAR spectra for several ma-
terials down to low temperature, and by careful examina-
tion of the sharpness of the Fermi edge in the momentum
distributions they concluded that the positron thermal-
izes down to T =25+25 K in potassium, T = 10+10K in
Mg, and T =30+25 K in Al. Their results for Na indi-
cated that the positron was not completely thermalized
(T =50+30 K), but the interpretation was uncertain due
to the possibility of defects induced by a martensitic
transformation. This evidence of low-temperature
thermalization in a material with a very low conduction-
electron density is in apparent conAict with Carbotte and
Arora's early theory, which did not include positron-
phonon interactions. A later work (Perkins and Car-
botte, 1970), which included this effect, demonstrated
that low-temperature thermalization would be expected.
The thermalization time predicted as a function of tem-
perature by the Perkins-Carbotte theory is shown in Fig.
55.

For positrons incident on a metal surface at energies
up to a few keV, thermalization times are suKciently
long and the large-angle scattering processes sufficiently
important that a small fraction will be reemitted into the
vacuum before they are completely thermalized. This is
demonstrated by the differential energy distribution (Sec.
I.E.1) of low-energy positrons emitted from a
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FIG. 55. Positron thermalization time vs temperature. The in-
clusion of the positron/phonon interaction leads to both shorter
thermalization times than those predicted previously (e.g., Fig.
53), and a dependence on temperature (after Perkins and Car-
botte, 1970).

Ni(100) + CO surface, shown in Fig. 56. The importance
of the nonthermal component at low energies can be
gauged relative to the tail at 3.0 keV incident energy,
where the nonthermal fraction is small. It has also re-
cently been demonstrated (Nielsen et al. , 1986) that the
nonthermal positrons have a Anite probability for trap-
ping in open volume lattice defects, contrary to some pre-
vious theoretical calculations. These results are shown in
Fig. 57, where a reduction of the nonthermal component
is caused by the introduction of thermally activated va-
cancies [small points, Fig. 57(a)] or by damaging the
near-surface region of the solid with Ar+ ion sputtering

[Fig. 57(b)]. Recent theoretical models are now con-
sistent with the existence of resonances in the cross sec-
tions for trapping of epithermal positrons in vacancies
and vacancy clusters (McMullen and Stott, 1986; Puska
and Manninen, 1987; Shirai and Takamura, 1987).
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FIG. 54. Positron thermalization time vs electron density. The
decrease is due to an increased positron-electron interaction
(from Carbotte and Arora, 1967).
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FIG. 56. Reemitted positron-energy distributions for
Ni(100)+ CO. The various spectra indicate emission of non-
thermal positrons after being implanted in the sample at ener-
gies below 3 keV (from Fischer, 1984).
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FICx. 57. Emission of 50-eV incident positrons before complete
thermalization in Al(111) (open circles). The small points were
obtained (a) at 850 K (where thermal vacancies are present) and
(b) after sputtering the surface with 3-keV Ar+ ions. The fact
that these curves are both below the open circles is evidence for
prethermalized trapping of positrons in defects (see Sec. II.E).
From Neilsen et al. , 1986.

The observation that positrons can trap prior to com-
plete thermalization indicates not only that the thermali-
zation time of a positron is relatEUely long, but also the
the trapping process above thermal energies is very
efFicient. This result would also be expected to apply to
the interaction of a low-energy positron with the poten-
tial well at the surface of a metal. The interaction is fun-
damentally important to many of the processes studied
with positron beams, such as the low-energy diffraction
discussed above (Sec. II.A. 1) and the positron reemission
and Ps formation discussed in Sec. II.D.

A single-particle potential such as that pictured in Fig.
8 can be simplified for low-energy positrons as a series of
step potentials, and the interaction of the positron with
this potential (which is kept static and does not adjust to
the presence of the positron) can be calculated simply.
Using this model, energy loss of positrons as they pass
over the potential well at the surface would lead to an in-
elastic component of the reemitted positron energy distri-
bution. The fraction that is inelastic is a complicated
function of the magnitude of y+. As

~
q&+

~

increases,
the time spent over the well (and therefore the probabili-
ty of losing energy) decreases, although this is compen-
sated to some extent by the fact that there are more
lower-energy states available into which the positron can
scatter. This number of states depends on both the posi-
tron and the electron band structure at the surface.
Another result of this simple model is the prediction of
internal reAection of the positron off the potential step at
the surface (Nieminen and Oliva, 1980). Since the
reQection probability fI varies as the ratio of energy width
(of the positron distribution) to step height, one would
expect that (i) /3 should decrease as temperature de-
creases, and (ii) P should become large as the kinetic en-
ergy of the positron becomes much smaller than

~ y+ ~

(see Wilson, 1983, and references therein).
Lynn, Schultz, and MacKenzie (1981) showed that the

formation of Ps at a Cu(111) + S surface as a function of
temperature did not show the decrease at low tempera-
tures that would be expected from internal reAection of
thermally diffusing positrons approaching the simple step

potential described above. Their results are shown in
Fig. 58, together with two theoretical predictions based
on kinetic desorption (upper curve; Kreuzer et al. , 1980)
and the step potential with refIection discussed above
(lower curve; Nieminen and Oliva, 1980). The increase at
higher temperatures which is evident in Fig. 58 is due to
thermally activated Ps (discussed in more detail in Sec.
II.D.3). The relatively weak dependence on temperature
below this activated desorption was also observed for the
yield of reemitted positrons (Schultz and Lynn, 1982),
and it was suggested at that time that the inelastic losses
during the reemission process were in fact much stronger
than anticipated. In both of these studies, the incident
positron energies were relatively low (-500—2000 eV),
and so it is possible that part of the temperature depen-
dence observed can be attributed to reemission of non-
thermal positrons or nonthermal Ps emission.

Wilson (1982, 1983) investigated positron energy loss
at the image-induced potential well by guiding very-low-
energy ( &25 eV) positrons at Cr(100) and Al(100) sur-
faces. His data, shown in Fig. 59, show the total annihi-
lation rate for positrons as a function of target bias Vz-.
For this study the beam voltage V& was maintained at a
small value (-22 V), and a grid near the sample was at
ground potential ( VG

——0 V) to ensure that all reemitted
or reAected positrons would escape from the detection re-
gion. At VT ( VG the reemitted positrons were returned
to the sample showing the same sort of integral energy
distribution that was described in Sec. I.E.1.

The sharp increase labeled V,h„,h in Fig. 59 corre-
sponds to the target bias at which the beam reaches and
interacts with the surface, and the kinetic energy the pos-

I
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FICx. 58. The fraction of Ps formed at a Cu(111) + S surface for
525-eV incident positrons. The solid curve is a theoretical pre-
diction based on quantum-mechanical reflection of a plane wave
from an attractive potential step (the surface). The fact that the
data do not follow the simple model is attributed to inelastic
processes near the surface, or positrons that are not fully
thermalized which return to the sample surface (from Lynn,
Schultz, and MacKenzie, 1981).
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3. Semiconductors and ionic solids

Positron energy loss in semiconductors is similar to
that in metals, except that electron-hole creation ceases
to be possible when the positron energy becomes less
than the band gap. This is indicated schematically in
Fig. 60, which shows a wider region of energy that must
be lost to phono@ modes in the absence of more efficient
mechanisms. The e6'ect of the band gap is seen in the re-
sults of Mills and Crane (1985a), who measured the ener-
gy distribution of 500-eV incident positrons reemitted
from a series of ionic crystals. The particularly wide dis-
tributions observed (reproduced in Fig. 61) are suggested
to be evidence of Ps formation and subsequent dissocia-

FIG. 59. Positron reAection from Cr(100) and Al(100). Annihi-
lation of positrons in the target region, after correction for
background, is proportional to (1—R), where 8 is the reflection
probability {from %ilson, 1982).
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itrons have when they reach the surface is
E, = V,h„,h —VT. Wilson points out that the rough
equality of the trapped (annihilating) fraction at E; =2
and 20 eV indicates that the inelastic processes are very
strong, and that refiection of the incident beam o6' ihe
sample is not observed even at the lowest incident ener-
gies. These results are the erst direct evidence that the
interaction of the positron with the surface potential
must be considered dynamically, and that a nonadiabatic
distortion of the charge at the surface which produces
the image potential may be important. Another possibili-
ty is that the above-mentioned resonant trapping of posi-
trons into the surface state is dominating at these ener-
gies. So far, theoretical calculations of resonant trapping
cross sections have not been performed for the surface
state. These calculations are now being performed.
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FIG. 60. Schematic representation of the relative importance
of various energy-loss mechanisms for positrons in metals, semi-
conductors, and insulators.

FIG. 61. Positron emission spectra for nine ionic crystals {from
Mills and Crane, 1985a).
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tion (Mills and Crane, 1985a), although it has also been
suggested (Lynn and Nielsen, 1987) that the energetic
positrons are the result of a slower rate of energy loss to
phonons relative to electron-hole excitations. Gullikson
and Mills (1986) supported this model in their results for
rare-gas solids, discussed in the next section. The inhibi-
tion of energy loss caused by a band gap, which has re-
cently been confirmed in Si (Nielsen, Lynn, and Chen,
1986), is in fact evident in some of the earliest data on
work-function emission of positrons (Mills, Platzman,
and Brown, 1978).

The implication of the band gap for slowing down of
positrons in a semiconductor was discussed well before
positron beams were operating efFiciently by Pendyala
(1973), who was studying the positron emission process in
an attempt to develop a slow-positron beam. He suggest-
ed that the inability to thermalize positrons efficiently at
energies below the gap width may reduce the annihilation
rate and lead to relatively intense emission of "hot" posi-
trons from semiconductor surfaces.

The formation of positronium in many solids is not
favored because of the screening of the attraction by the
high density of electrons, as was mentioned in an earlier
section (Kahana, 1960). It has been a fairly widespread
belief that all metals and semiconductors belonged to this
class of materials. However, Dupasquier and Zecca
(1985) have pointed out that Ps formation may be ener-
getically possible in Si. There is so far no experimental
evidence of Ps formation in semiconductors, although
further studies on clean semiconductors at low tempera-
tures may substantiate their claim.

4. 1nsulators

The prolonged thermalization time caused by band

gaps in semiconductors and ionic solids is even more pro-
nounced in insulators, which are also represented on the
schematic in Fig. 60. This was first identified by Gullik-
son and Mills (1986), whose data for rare-gas solids are
shown in Fig. 62. The absence of an optical-phonon
branch in these simple solids (which is available for the
ionic solids) reduces the efficiency of the energy loss even
more. Gullikson and Mills point out that the average en-

ergy lost per collision in solid Ne is only about 6 meV, in
agreement with the average phonon energy in this sys-
tem.

Positron energy loss in many insulators involves Ps
formation in one way or another. This has long been
studied by bulk lifetime studies of insulators, liquids, and
molecular solids (ICPA65; ICPA82, ICPA85) and has
stimulated at times lively debate between competing
models (see Eldrup et al. , 1985, and references therein).
One of the crucial points in the dynamics of Ps in insula-
tors is whether or not jt thermalizes completely prior to
annihilation. In a high-resolution ACAR study, Kubica
and Stewart (1975) showed that the width of the narrow
p-Ps peak (e.g., Fig. 3) depends on sample temperature,
coIisistent with the change in center-of-mass momentum
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FIG. 62. Positron emission spectra for solid noble gases Ar,
Kr, and Xe. The spectra are effectively the same for the two
different incident positron energies studied (4800 and 1800 eV).
Eth is the minimum energy to which positrons thermalize in
these solids, as determined by the band gap (from Gullikson and
Mills, 1986).

that would be expected at thermal equilibrium. Their re-
sults showed that free Ps thermalized down as low as
T =10+5 K, indicating complete thermalization within
experimental limits, although the details (of energy loss
for low-energy Ps) are still not well understood.

Eldrup and co-workers (1983) demonstrated that Ps
formation in ice was enhanced when energetic positrons
(i.e., —1 keV) lost a large fraction of their energy to ion-
ization and breakup of the ice molecules (Fig. 63) in the
so-called spur mechanism of Ps formation (Mogensen,
1974, and 1975). The data shown in Fig. 63 also
confirmed the model of excitonic Ps formation within the
so-called Ore gap (Dupasquier, 1981, p. 546), which is the
energy range between the ionization threshold and the
limit of stability for energetic Ps in the solid. This is seen
in the figure as a peak from -6 to 10 eV, while the
second (less distinct) peak at -25 eV is evidence for the
second level of ionization. These results were subse-
quently supported by Monte Carlo calculations done by
Van House et al. (1984b) and Eldrup et al. (1985), which
are shown in Fig. 64.

The dynamics of Ps formation in LiF have been stud-
ied by Howell, Rosenberg, and McMullen (1988) by
measuring the emitted Ps energy distribution as a func-
tion of incident e+ energy. They estimate that the defor-
mation potential for Ps coupled to the phonons in the lat-
tice is -3 eV. Structure is observed in the Ps energy
spectrum, which they discuss in terms of the detailed Ps
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FIG. 63. The 3y annihilation fraction of o-Ps vs incident posi-
tron energy. Some of the positrons in ice form Ps, which then
diffuses to the surface and escapes into the vacuum. There i.s no
significant contribution in the above due to Ps annihilation in
the solid, since it almost all decays by 2y emission (from Eldrup
et al. , 1983).

formation mechanism, and the Ps work function yi, , is es-

timated to be 3.0+0.4 eV.

C. Diffusion

In Sec. I.E.2, we described how a measurement of the
fraction f of Ps emitted from a surface is made. By
measuring f as a function of incident positron energy, it
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FIG. 64. Calculated fractions (Monte Carlo) of positrons form-

ing 0-Ps as a function of incident positron energy. The curves
(a) —(d) represent cumulative contributions of various electronic
bands to the total Ps formation probability. The ionization en-
ergies for these bands are (a)—(d) 9.8 eV, (b) —(d) 11.5 eV, (c)—(d)
16.3 eV, and (d) -30 eV. From Eldrup et al. , 1985.

is possible to learn something about the diffusion of the
thermahized positrons. In fact, in this context the mea-
surement of f is just a convenient measure of the Aux of
positrons back to the surface, and the discussion that fol-
lows is applicable to any measurement of back diffusion
whether it is the Ps fraction, reemitted positrons, or the
measurement of annihilation line-shape parameters (Sec.
I.E). Almost all of the earliest work in this area was done
using f as the experimentally determined parameter, but
more recently the line-shape parameter S has been used
more extensively. In this section we shall review some of
the underlying assumptions and properties of positron
diffusion, in terms both of our current theoretical under-
standing and of the experimental research done to the
present time. These concepts will be referred to in Sec.
II.E in the discussion of defect studies of the near-surface
region of solids.

1. Data analysis

Positrons from a monoenergetic beam reach near-
thermal energies in a time that is fairly short compared
to their lifetime in most solids, as discussed in the preced-
ing section. The so-called stopping or implanation profile
looks something like that shown in Figs. 48 and 49, and
the subsequent motion of the positrons in the lattice
could be described using the Boltzmann equation, which
accounts for normal drift and collisional effects on the
positron's motion. Since the mean free path for positron
scattering is much less than typical penetration depths
(cf. Fig. 53), it is assumed that the diffusion equation ade-
quately describes the positron motion (Mills, 1978; Lynn,
1981, and references therein; Case and Zweifel, 1967).

In a discussion of the limitations of the diffusion equa-
tion, Brandt and Arista (1979) have pointed out that, at
least in cases where defects are present in the lattice, the
energy distribution of the ensemble of diffusing positrons
may not be Maxwellian, due to positron trapping into de-
fects. This would necessitate the application of the
Boltzmann equation. An energy-dependent trapping rate
(below 1 eV) has been observed both in bulk studies of
solids (Warburton and Shulman, 1977; Fluss et al. , 1978;
Luhr-Tanck et al. , 1985) and in near-surface studies with
positron beams (Nielsen, Lynn, and Chen, 1986) in cases
where equilibrium concentrations of defects are present.
Theoretical descriptions of resonance trapping in vacan-
cies (McMullen and Stott, 1986; Puska and Manninen,
1987) support these observations, and Lynn, McKay, and
Nielsen (1987) have shown that prethermalized trapping
may significantly affect measurements of bulk positron
lifetimes. The significance of observed energy-dependent
trapping rates for positron diffusion is not yet deter-
mined. Brandt and Arista also state that the Boltzmann
equation must be used in constrained or confined media,
which may pose special problems for the near-surface re-
gions of a solid studied with positron beams, but again
the distance scales are determined by the scattering
length, which is typically only several tens of angstroms.
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D+ from Ps fraction data (or any other measure of
back-diffused positrons) according to Eq. (21) involves a
nonlinear fit of a numerically integrated function, which
is prohibitively time consuming for many applications
(Nielsen, Lynn, Vehanen, and Schultz, 1985). If the
shape parameter m in Eq. (10) is set equal to unity, P(z)
reduces to an exponential and Eq. (21) can be solved
analytically. Assuming the power-law relationship be-
tween mean depth and energy [Eq. (12)], and neglecting
the reflection coefficient (P~O) (Mills, 1978; Lynn, 1981),
we find that the exponential profile yields for the fraction
returning to the surface

1
(22)

1+(E /Eo )"

This is shown in Fig. 65(b), together with the bulk frac-
tion, which is

Fb ——1 —F, .
For a measurement of Ps this is written

which is the (negative) derivative of a Gaussian. The
evaluation of the Laplace transform of Eq. (25) yields for
the fraction returning to the surface the expression

+, =[I—m'~ o~exp(o. )erfc(o )],
where erfc is the complimentary error function, and

(26)

~0

2L L 1/2
+

(27)

As above, the Ps fraction would be given by f =foF, .
In spite of the fact that m=2 is a long way from the ap-
parent parameter m = 1.4 observed experimentally,
McMullen (1984) has demonstrated that Eq. (26) is much
better than the exponential profile at reproducing the La-
place transform [Eq. (21)] of the experimental profiles of
Mills and Wilson (1982), as shown in Fig. 67. The use of
the Gaussian-derivative profile above was also found to
be superior to the exponential profile by Lynn, Chen,
et al. (1986) in defect-profiling studies of He in Ni (see

(24)

where fo is the branching ratio for Ps, which is the rela-
tive fraction of those positrons at the surface that form
Ps.

At present, most of the experimental data to be found
in the literature have been fit using the exponential
profile and Eq. (24). As Valkealahti and Nieminen (1983)
have pointed out, this simplification would probably re-
sult in an extracted D+ that was too small by -25%.
Their estimate was confirmed by the results of Nielsen,
Lynn, Vehanen, and Schultz (1985) for silicon, which
show that the exponential profile cannot be made to fit
the data over a wide range of positron energies [Figs.
66(a) and 66(b)] and that the value for D+ —1.9+0.3
cm /sec was about 40% less than that obtained using
nonlinear fitting to the general Makhovian profile [Fig.
66(c); D+ -2.7+0.3 cm /sec].

It is interesting to note that the fit to the data shown in
Fig. 66(c) requires a profile shape parameter of m=1.4,
rather than the m = 1.9 predicted theoretically
(Valkealahti and Nieminen, 1984). This is closer to the
experimental profiles of Mills and Wilson (1982), as
demonstrated by the Monte Carlo results in Fig. 49. It
may be significant that the data for Si were fit over all en-
ergies from 500 eV up, which may introduce systematic
effects due either to variations of the stopping power
(Sec. II.B.I) or to emission of epithermal positrons
(Huomo et al. , 1987). The profile may also have been
affected by the experimental geometry (as discussed at
the beginning of this section) which, in this case, caused
all backscattered positrons to be returned to the sample.

In addition to the simple exponential profile considered
above, it is also possible to obtain an analytical solution
to Eq. (21) with a shape parameter of m=2, to yield the
profile

P(z) = exp[ (vr/4)(z/z) ]—
2(z )

I ( 1 I l I ) i ~ I I ( l I I I 1 l 1 l I

Q4—

0.2;

I 1 I i i I 1 I i I I 1 i i i i I i i i

10 20 30
INCIDENT POSITRON ENE:RGY (keV'j

FIG. 66. Ps fraction vs energy for Si(111). The three curves are
all the same data compared with fits to (a) exponential profile
[Eq. (22)], n =2.0; (b) exponential profile, n =1.6 and energy
confined to 0.5 eVkE((6.0 keV; (c) Makhovian profile [Eq.
(10)] with n =1.6 and m =1.4 (from Nielsen, Lynn, Vehanen,
and Schultz, 1985).
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FIG. 67. The Laplace transform of positron stopping profiles
[Eq. (21)]. Shown are fits to the experimental results {Mills and
Wilson, 1982) for 3.1-, 4.1-, and 5.0-keV positrons incident on
Al and Cu. Also shown are the predictions based on the ex-
ponential profile [Eq. (22), m =1] and the Gaussian-derivative
profile [Eq. {26),m =2] {after McMullen, 1984).

L+ =(D+ r,s)' =( 3 /2')Eo, (28)

where 3 (-400/p A/keV") is the same constant intro-
duced in Eq. (12), and A ' depends on the profile

[ A'=1.0 for the exponential profile, Eq. (22); A' —1.26
for the Gaussian-derivative profile, Eq. (26)].

In addition to uncertainties in the profile, there are a
variety of experimental parameters that are important,
such as knowledge of the reference states of 0% and
100&o Ps formation and the response function of the
detection system. Dependence of the magnitude of I.+
on such parameters has been discussed by Lynn (1981),
Jorch et al. (1984), and Schultz, Lynn, and Jorch (1984).
There is some evidence that measurements of Ps fractions
at energies below a few keV may be infIuenced by forma-
tion with nonthermal positrons (Huomo et al. , 1987), but
most evidence supports the claim that systematics of L, +
(such as temperature dependence) are not overly sensitive
to experimental or profile parameters (Schultz, Lynn, and
Nielsen, 1985; Nielsen et al. , 1986).

2. Positrons in metals: theory

Sec. II.E) and by Vehanen, Saarinen, et al. (1987) in mul-
tilayer profiling. The Gaussian-derivative profile is now
used almost exclusively, but still needs further scrutiny.

As is clear from the preceding discussion, the ability to
extract precise values of D+ (or L+, the incan diffusion
length) is complicated by uncertainties in the details of
the positron stopping profile. The Laplace transforms of
diff'erent profiles [Eq. (21)] lead to diff'erent relationships
between D+ and energy. This is usually expressed for
convenience in terms of a characteristic energy E0 at
which half the positrons return to the surface (F, = —,

'
) by

difFusion coefficient D+ (T) to the mean (relaxation) time
between collisions through the Einstein equation. The
model accounts for scattering from phonons, conduction
electrons, and impurities (Bergersen et al. , 1974). In gen-
eral it is found that impurity scattering is negligible at
temperatures above -25 K or so, and that acoustical-
phonon scattering is about 2 orders of magnitude more
important than electron scattering, resulting in a depen-
dence on temperature that is universally like T ' . Be-
cause of recent convicting experimental results for
D+ (T), it is useful to review some of the assumptions un-
derlying the theory.

Woll and Carbotte (1967) have calculated the transi-
tion rate, M, (k, k'), for conduction-electron scattering of
the positron from state k into k ' =k +q in the small-

~ q t
limit 'required for thermalized positrons. For this

they assumed a static screened interaction and the low-
temperature limit of the electron Fermi function. Using
their result with the additional assumption of diffuse
scattering, Bergersen et al. (1974) found a relaxation
time z„for conduction-electron scattering at tempera-
ture Tis given by

4 AEf
v, =—(m/m*)

7T (ks T)

where Ef is the Fermi energy, kz the Boltzmann con-
stant, and m the electron rest mass. The phenomenologi-
cal "effective" mass in the above, m* (sometimes called
the quasiparticle mass), is usually larger than the more
familiar band mass used in electron transport theory and
arises from three principle contributions (Hyodo et al. ,
1986). The most important (Mikeska, 1967) is phonon
scattering. Since it is more likely for a low-energy posi-
tron to absorb a phonon than to create one (because of
the number of available phonon states above and below
the positron wave vector), there is an asymmetric
broadening of the positron's momentum distribution.
The other contributions to n ' are the effect of electron
density enhancement in the vicinity of the positive parti-
cle (Hamann, 1966) and band effects.

Conwell (1967) has calculated the relaxation time for
electron-phonon scattering employing the deformation-
potential approximation (Bardeen and Shockley, 1950).
This approximation represents the coupling of the elec-
tron energy with dilations of the lattice. Because carriers
and holes in semiconductors have long wavelengths at

0
normal temperatures ( —100 A), and so interact primari-
ly with acoustic lattice vibrations of simi1ar wavelength,
they can be treated by a continuum theory. Thus the de-
formation potential cd can be seen to represent the weak,
long-range potential that results from the shifting of the
band edges in nonpalar semiconductors when acoustic
phonons set up localized regions of dilated and contract-
ed lattice. Adapting this for positron scattering with
phonons in metals, Bergersen et al. (1974) obtained

Positron diffusion in metals is calculated in the relaxa-
tion time approximation, which relates the positron

mh 8
&3s (m 'k T)

(30)
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TABLE V. Positron diffusion coe%cients: metals. Positron diffusion coe%cient D+ and its temperature T dependence. All data that

were quoted as Fo rather than D+ or I.+ were converted using Eq. (28), in which the constant ( A/3')-(4/1. 26)-3.2 pgm/cm
(determined empirically by Mills and Wilson, 1982, and Vehanen, Saarinen, et a/. , 1987). q is the power relating D+ to T:

D+ =D+(300){T/300)". Values for D+ obtained by other techniques are given by Dupasquier and Zecca (1985) and Paulin (1979}.
Key to techniques for Tables V and VI are as follows: e, positron beam measurement; yield, positron yield vs energy; Ps, Ps vs ener-

gy; S, line-shape parameter vs energy; [a] exponential profile, m =1, n =1; [b] exponential profile, m= 1, n=1.6; [c] Gaussian profile,

m =2, n = 1.6, E-min=0; [d] Gaussian profile, m =2, n = 1.6, E-tnin=4 keV; [e] Makhovian profile, m= 1.4, n= 1.6; bulk, bulk posi-

tron technique (Sec. I.B); eSR, depolarization measurements.

Material

Ag(111)
Al
Al
Al
Al poly
Al foil
Al(100)
Al(100)
Al(100)
Al(110)
Al(110)
Al(111)
Al(111)

D+ (300)

0.3(1)'
0.4

0.39
2
0.76(14)

0.31(1)
0.33

0.19(1)

—0.5
—0.4(2)

—1.0(4)
—0.8(1)

—0.7(5)
—0.5
—1.0(3)

T (K)

80-300

370-500
160-500

160-300
20-500

160-300

Technique

e+-Ps [a]
Theory
e+-Ps [a]
e+-Ps [a]

e+ (transmission)
e+-Ps [b]
e+-Ps [a]
e+-Ps [b]
e+-Ps [b]
e+-Ps and S [e]
e+-Ps [b]
e+-Ps [a]

Footnotes

g
h
1

3

h
k
h

Surface
Al(100)
Al(110)
Al(111)
C(0001)
Cd(1120)
Cd(0001)
CoS&2

Cu
Cu
Cu foil
Cu poly
Cu(111)
Fe
Fe
Ga
In
Inp
K

1.2
1.4
1.4
0.16

0.002"
1.56
0.9
1.06(20)
0.415(2)
0.9(1)'

0 1.0
(4X10 '

0.4
0.4
0.10(3)'
0.4

—2.6(4)
—1.0(2}

—0.5
—0.5

—0.5

170-375
40-375

300
300

Theory
Theory
Theory
e+-Ps [c]
e+-Ps [b]
e+-Ps [b]
e+-yield
Theor y
e+-Ps [a]
e+ (transmissi. on}
e+-Doppler
e+-Ps [a]
eSR-diffusion
eSR-hopping
Theory

Theory
Bulk
Theory

1

l

l

h
h
0
p
e

g

b
r
r
c

~= —3(m*p) . (31)

The applicability of the deformation potential to calcu-
lations of positron-phonon interactions in metals is some-
what complicated since, as Bardeen (1956) originally
pointed out, conduction electrons would electively
screen any 1ocal potential induced by deformation. Nev-
ertheless, in evaluating Eq. (30), Bergersen et al. (1974)
calculated sz [following Hodges and Stott (1973b)] in-

is the bulk modulus. In Eq (30) a factor
(1—cos8) was neglected, which would lead to a small nu-
rnerical correction but essentially the same result
(McMullen, private communication). The relaxation
time is related to the mobility p given by Bardeen and
Shockley (1950) through the positron effective mass, or

eluding the volume dependence of the potentia1 due to
the positron's zero-point motion, Vo, electron-positron
correlation V„„,and e1ectron chemical potentia1 p, as

r, eV, r, eV,.„

3 dr, 3 dr, dQ
(32)

D+p= (33)

where r, is the usual free-electron radius and 0 is the
unit-cell volume. The above is the volume dependence of
the positron's energy in the lattice, which is discussed
further in Sec. II.D.2.

The connection between relaxation time and D is+
made through the mobility p, using the Einstein relation
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TABLE V. (Continued).

Material D+ (300) T (K) Technique Footnotes

Li
Mg
Mo(110)
Mo(111)
Mo(111)
Na
Nb(110)
Ni
Ni poly
Sn(100)
Tl
W
W
W(111)
Zn
Zn-22/o Al

0.7
0.5

1.2(1)
0.7

0.7
0.73(1)
0.04
0.4
1.26
1.4
8.5(4.0)
0.5
0.6

—0.5
—0.5
—0.9(3)
—0.86(3)
—0.50(4)
—0.5
—0.8(1)

—0.5
—0.5

—0.5

475-1000
300—1400
300—1400

300-1750

300

Theory
Theory
e+-Ps [b]
e+-Ps [c]
e+-Ps [d]
Theory
e+-Ps [b]
e+-Ps [a]
e+-Doppler
e+-Ps [a]
Theory
Theory
e+-Ps [a]
e+-yield [a]
Theory
Bulk

c
h

u
c
h

'Data for 400 K.
Lynn and Welch, 1980.

'Bergersen, Pajanne, Kubica, Stott, and Hodges, 1974.
Lynn, Schultz, and MacKenzie, 1981.

'Vehanen, Lynn, Schultz, Cartier, Guntherodt, and Parkin, 1984.
McKee, Stewart, Manis, and Sang, 1979.
Mills and Wilson, 1982.

"Schultz, Lynn, and Nielsen, 1985.
'Lynn and Lutz, 1980a.
'Lynn and Schultz, 1985b.
"Vehanen, 1988.
'Nieminen and Puska, 1983.

Sferlazzo, Berko, Lynn, Mills, Roellig, Viescas, and West, 1988.
"Assuming ~=220 psec.
'Gullikson, Mills, and Phillips, 1988.
~Schultz, 1983, unpublished [based on theory of (c) above].
Triftshauser and Kogel, 1982a.

'Seeger, Major, and Jaggy, 1985.
'Data for 77 K.
'Beling, Simpson, Stewart, Wang, Fung, Wai, and Sun, 1987.
"Huomo, Vehanen, Bentzon, and Hautojarvi, 1987.
"Mills, 1981a.
"Wilson and Mills, 1983a.
"McKee, Carpenter, Watters, and Schultz, 1980.

which is generally applicable for any charged particle
that obeys Maxwell-Boltzmann statistics. Recently Hyo-
do, McMullen, and Stewart (1986) have shown that the
positron momentum is not a Maxwell-Bolt. zmann distri-
bution in potassium single crystals, but the difference is
probably not significant in the present context. The
positron-phonon interaction, and in particular the
strength of the coupling, has been reviewed recently by
McMullen (1985). He concludes that strong
positron —acoustic-phonon coupling effects are not seen
in the metals for which data are available, so that the
T ' dependence of D+ resulti'ng from Eqs. (30) and
(33) should be correct as far as the assumptions outlined
at the beginning of this section are valid. Theoretical es-
timates of D+ for metals are listed in Table V, together
with experimental results.

3. Surface diffusion theory

Ap. (c')
I"(ed') k&T

(34)

and for impurities

277fl
1 2

ni ~cell ~i ~ (35)

Applying the same type of diffusion model to the sur-
face, Nieminen and Puska (1983) have shown that surface
(i.e., two-dimensional) di6'usion can be calculated for pos-
itrons localized in the two-dimensional surface state (see
Sec. II.D.3). In their model, the relaxation time for
scattering from acoustic phonons, r h, is
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where p, is the areal mass density of the surface, (c ) the
average surface sound velocity, m" and sd' the surface
effective positron mass and deformation potentials, re-
spectively, n; the impurity concentration, 3„»the sur-
face unit-cell area, and V; the average potential difference
between a host and impurity cell. Nieminen and Puska
(1983) used a corrugated-mirror model for the surface po-
tential to evaluate cd', which simply replaces the planar
approximation with a more realistically modulated po-
tential. They calculated D+ for Al surfaces and found
(a) D + is in general larger than D+ for three-
dimensional bulk difFusion in the same material. This is
primarily due to the fact that cd' for the surface is smaller

. than Ed for the bulk. (b) The smaller Ed' coupled with the
fact that the host-impurity potential difference V; is in

general larger on a surface than in the bulk means that
impurity scattering may be much more important for
surface diffusion. (c) The T ' dependence in Eq. (34) re-
sults in a temperature-independent surface-diffusion
coefficient [cf. with Eq. (33)].

Their calculations for surface-diffusion coefficients D+
are included in Table V, although there have so far been
no experimental measurements of surface difFusion. It
may turn out that a delocalized positron does not exist in
the surface state for most materials, but rather all posi-
trons are coupled with surface defects or impurities (see
Sec. II.D).

4. Positrons in metats: observations

Nielsen, 1985), this would only lead to a stronger depen-
dence of D+ on temperature than is indicated in Fig. 68.
Neither the anisotropy nor the large values of the tem-
perature dependence are as yet understood, although
various suggestions offered have included dynamic
screening of the positron when scattering from phonons,
or contributions from (previously neglected) transverse
phonon scattering (Singh et a/. , 1988).

The change of the temperature dependence for alumi-
num data in Fig. 68 (below —100 K) has recently been
shown to be associated with nonthermal positrons.
When the data are analyzed using only those positrons
with 2000-eV incident energy or higher, the Finnish
group finds that the temperature dependence of D+ is
consistent with T '~ from -20—500 K (Vehanen,
1988). This observation coupled with the recently ob-
served resonant trapping at vacancies (see Secs. II.B.2
and II.E.1) suggests that nonthermal positron trapping in
the surface state may be responsible for the low-
temperature discrepancy.

Huomo, Vehanen, Bentzon, and Hautojarvi (1987)
have in fact suggested that the anomalously large values
of the temperature dependence indicated in Fig. 68 may
all be the result of systematic problems with the fitting
procedure of the Ps fraction data [see Eqs. (22) to (24)].
Their conclusion is that data acquired below 4 keV (for

I l I I ( I t l I I I I I I
f I I I I

7.2—

Until -1980 experimental studies of positron diffusion
in solids were limited to bulk techniques (cf. Sec. I.B),
which were briefiy reviewed by Paulin (1979). Two ex-
amples more recent than this are the study by McKee
et al. (1980) of positron trapping at grain boundaries in
Zn/Al alloys and the study of positron depolarization in
Fe presented by Seeger et al. (1985). While the results of
some of these bulk studies are included in Table V, the
current emphasis is on studies done with variable-energy
posit1 on beams.

Values for D+ and L+, as discussed in Sec. II.C. l, can
be taken froIn measurements of the positron back-
diffusion probability to the sample surface as a function
of incident positron energy. In the earliest reports of
temperature-dependent studies it was generally assumed
that the simple T ' dependence predicted theoretically
was correct (e.g., Lynn and Lutz, 1980a; Mills, 1980c;
Schultz et al. , 1982). A systeinatic compilation of data
for L+ [Eq. (28)] versus temperature in a variety of ma-
terials was presented by Schultz, Lynn, and Nielsen
(1985), showing the first evidence that the temperature
dependence of D+ was possibly more negative than
T ' . These results, which are shown in Fig. 68, also
indicate that the difFusion in Cd is anisotropic. Because
defects are very dificult to anneal out of Cd in vacuum, it
may be that some of the results were affected by defect
interactions (e.g. , nonthermal trapping). However, as
mentioned in the original report (Schultz, Lynn, and

6,8—

5.6 —+

5.2—

l.5 2.0 2.5
In [T(K)]

FIG. 68. Positron diftusion length squared, I.+ vs temperature
for several metals. , The slopes of the lines are larger than
the theoretically predicted —2, which is based on
positron/acoustic phonon scattering (from Schultz, Lynn, and
Nielsen, 1985).
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Mo and Ag) should not be used because reemission of
nonthermal positrons leads to erroneous values of I.+
(and therefore D+). Their results when fit in this way
(Fig. 69) exhibit a weaker dependence on temperature
than those of Schultz et al. (1985), yielding T ' for Mo
and T for Ag. Huomo and co-workers have also re-
cently obtained a similarly weak temperature dependence
for D+ in Al (Huomo, Vehanen, and Hautojarvi, 1987).
The most important point that these authors make is that
results obtained for positron back-diffusion to a solid sur-
face still contain uncertainties in both the data acquisi-
tion and the analysis procedure. One aspect of data
analysis presently being investigated by this group is
whether or not nonlinearities in the analysis for f [Eqs.
(8) and (9)] may be introducing errors that are not
present when data are analyzed using the line-shape pa-
rameter S.

Howell, Rosenberg, Meyer, and Fluss (1987a) have ob-
served emission of nonthermal Ps from Pb up to incident
positron energies of 3 keV. By measuring the energy dis-
tribution of the nonthermal Ps (i.e., K ~ 1 eV), they were
able to show that the intensity of the nonthermal com-
ponent varies as K, where E is the Ps energy. This
dependence can be seen from the data to vary slightly
with incident energy. They attribute this power-law
dependence, also observed by Mills and Crane (1985a), to
details of the positron energy loss in the solid. The study
of nonthermal contributions to both e+ and Ps emission
from surfaces is certainly one that will be studied in
much greater detai. l in the future, since the motion of
thermalized positrons in metals is not only of fundamen-
tal interest but also important for the application of the
technique to other areas (e.g., defect and interface stud-
ies; see Sec. II.E).

5. Positrons in semiconductors

The experimental results for positron diffusion in semi-
conductors are even more poorly understood than those

I

I.2— I I I I I I I I I

0

bJ
E 0.8

C3

0.6—

500 500
I I I I I I I I I I

700 l000 l400
T(K)

FIG. 69. Positron diffusion coefticient (D+nI + ) vs tempera-
ture for Mo{111). The temperature dependence is in this case
consistent with the predicted —

2 slope, when the minimum in-

cident positron energy included in the fit of Eq. (26) to the data
is 4 keV (from Huomo, Vehanen, Bentzon, and Hautojarvi,
1987).

for metals. The comparison is in fact quite general for
experimental positron studies of semiconductors and
metals. The first studies were bulk Doppler-broadening
measurements of the positron mobility in solid-state Ge
and Si detectors (Mills and Pfeiffer, 1976, 1977), yielding
values for D+ that were comparable with other solids
(i.e., —1 cm /sec) but a particularly weak dependence of
D+ on temperature foi Ge (see Table VI). These mea-
surements were followed by positron beam studies of D+
vs temperature in Ge (Jorch, Lynn, and MacKenzie,
1981). In this work it was observed that Eo [see Eq. (28)]
and therefore D+ did not follow any simple model.
These data, which are shown in Fig. 70, were fit instead
by a model that included the formation of a small
positron-polaron state (solid lines in the figure). The pos-
itron coupling with the Ge lattice was examined in more
detail by Jorch, Lynn, and McMullen (1984). It should
be noted that it was assumed in all of the above work that
the measurements were of diffusion of thermal positrons
in the crystalline solid. The recent observations of in-

TABLE VI. Positron diffusion coefficients: semiconductors. Experimental values of D+ and its temperature dependence q. See
Table V for key to techniques.

Material

Vie

Ge(100)
Ge(110)
Cxe(111)
Si
Si(111)
Cz-Si(100)
FZ-Si(100}

D (300)

0.9'
0.5
0.2
0.5
3.2'
2.7(3)
2.1(2)
2.7{2)

—0.1

See text
See text
See text

—0.4

T (K)

36-93
300-1000
300-1000
300-1000
80-184

Technique

Doppler shift
e+-Ps [b]
e+-Ps [b]
e+-Ps [b]
Doppler shift
e+-Ps [e]
e+-S [e]
e+-S [e]

Footnotes

b
c
c
c
d

f
, f

'Data for 80 K rather than 300 K.
Mills and Pfeiffer, 1976.

'Jorch, Lynn, and MacKenzie, 1981;Jorch, Lynn, and McMullen, 1984.
Mills and Pfeiffer, 1977.

'Nielsen, Lynn, Vehanen, and Schultz, 198S.
Schultz, Tandberg, Lynn, Nielsen, Jackman, and Denhoff, 1988.
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FIG. 71. Positron diffusion parameter Eo as a function of tem-
perature for Si(100). The low-temperature effect (300—500 K) is
reproducible, following annealing of the sample to —1300 K
(from Nielsen, Lynn, Vehanen, and Schultz, 1985).
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FIG. 70. Positron diffusion parameter Eo for Ge [see Eq. (28)].
These data were fit (solid lines) by a polaron model for the posi-
tron motion as opposed to the conventional diffusion model
(from Jorch et a/. , 1981).

complete thermalization of positrons in insulators, dis-
cussed in Sec. II.B, suggest that the interpretation of the
results shown in Fig. 70 may be influenced by the temper-
ature dependence of positron thermalization.

Another detailed study of positron diffusion was car-
ried out for several Si crystals by Nielsen, Lynn,
Vehanen, and Schultz (1985). This work, which was dis-
cussed in Sec. II.C.1 in relation to the data analysis (see
Fig. 66), also revealed unusual features of the tempera-
ture dependence of Eo. As the results in Fig. 71 show,
there is a sharp decrease in the diffusion length near
room temperature relative to the tendency expected from
results at higher temperatures. This decrease is attribut-
ed to an electric field caused by an inversion layer at the
surface of the Si. It is well known that thermal treatment
of Si can deplete the oxygen near the surface [normally

5 10 I5 E (I&BY)

049-

I 0.48-

~ 047

046
~ ~ I I I I I I I I

,0.5 I.O
z (pm)

I I

1.5 2.0

FIG. 72. Positron annihilation line-shape parameter S vs in-
cident energy E for Czochralski-grown (Cz) Si(100). The data
are fit (solid line) assuming D+ ——2. 1 cm /sec and no effect due
to electric field. The other six curves show the effect of electric
fields of strengths 10, 5)&10, and 10 V/cm on positron
motion, with the fields directed into the bulk (upper three
curves) and out towards the surface (lower three curves).

-10's cm 3 for Czochralski-grown (Cz-), silicon], which
would lead to trapping of charge in the surface region.
The effect observed did not show any hysteresis with tern. -

perature, and it was removed by low-energy sputtering of
the sample, confirming that the cause was related to the
electric field at the surface.

Now that semiconductors are being studied more rou-
tinely using bulk-positron and positron beam techniques,
the inAuence of electric field on positron motion must be
considered. For example, some of the silicon-silicon epi-
layers studied by Schultz, Tandberg, Lynn, et al. (1988)
show clear evidence of polarization eff'ects due to known
impurities trapped at the epilayet interface (see Fig. 118
and the discussion in Sec. II.E.4). In Fig. 72 we show
fairly typical line-shape parameter (S) data for a Cz-
Si(100) crystal. The solid curve that goes through the
data is generated by an iterative solution to the diffusion

/
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equation (13), assuming D+ ——2.1 cm /sec, and no effect
due to either field-induced mobility or defect trapping.
Also shown on the figure are curves generated including
the effects of uniform electric fields of 10 V/cm, 5&(10
V/cm, and 1 & 10 V/cm originating from negative
(curves above the data) and positive (below the data)
charges at the surface. Fields of 10 —10 V/cm are fairly
typical for abrupt p nju-nctions (e.g., Sze, 1981,p. 248).

Results for D+ and its temperature dependence g are
summarized for semiconductors in Table VI. Although
there are relatively few studies of positron motion in
semiconductors, the analogy with hole mobility and the
possible extension of such studies to new kinds of materi-
als (e.g., superlattices; see Sec. II.E) will ensure that this
area will be emphasized much more in the future.

6. Positronium diffusion

If the deformation-potential approximation described
above can be used for describing Ps diffusion properties
in solids, then the formalism is also much the same as
that derived above for positrons (Hyodo, 1985). The
most important scattering mechanism for neutral Ps is
the interaction with longitudinal-acoustic phonons. Here
we get

(36)

where I (p, co) is the imaginary part of the Ps self-energy,
co is the phonon frequency, Mp, is the Ps effective mass, p
is the density, and s is the sound velocity in the solid.
The simplest description of the self-energy of a particle is
the difference between its bare energy and its energy in an

interacting system. In this case, the imaginary part of
the self-energy depends on the relaxation time for Ps
scattering (McMullen, 1985) as Hh ——iii/I, and the Ps
diffusion coefticient is therefore estimated as

(37)

As an example, Kakimoto et al. (1985) found Ed ——7.6
eV and Mp, ——2. 10m, for MgFz and estimated a Ps
diffusion coefficient at 300 K to be about 1.7 cm /sec.
Bulk measurements of this type, done using ACAR (see
Sec. I.E), complement the Dp, estimates that can be de-
duced using positron beam techniques and are discussed
in reviews by Paulin (1979), Dupasquier (1981), and Du-
pasquier and Zecca (1985).

Incident beams of positrons have been used. to study Ps
diffusion in crystalline and amorphous ice (Eldrup et al. ,
1983, 1984, 1985), in a variety of ionic solids (Mills and
Crane, 1984), and on oriented crystals of quartz (Sferlaz-
zo et al. , 1987), all of which are summarized in Table
VII. The diffusion coefficients are all small (on the order
of O. l cm /sec or less). The thermally assisted diffusion
usually predicted for Ps would lead to a very small
diffusion coefficient, Dp, (10 cm /sec, which is con-
sistent with many of the observations or calculations list-
ed in Table VII. In addition, the temperature depen-
dence where measured is usually found to be small, if not
zero. An example of this is shown in Fig. 73 where Eo is
plotted for two separate crystals of ice (Eldrup et al. ,
1985). These data correspond to values of Dp, ranging
from -0.10 cm /sec (ED=1700 eV) to -0.33 cm /sec
(Eo ——2100 eV) using Eq. (28), where the Eo values are

TABLE VII. Positronium diffusion: The Ps diffusion coefficient Dp, and its temperature dependence q
for a variety of materials. The techniques referred to are positron beam studies (e+), such as those dis-
cussed in the text, and angular correlation of annihilation radiation (ACAR), which was described in
the first part of the review.

Material

Crystalline ice
Si02(0001)
Si02
Si02
Si02 powder
MgF2
NaF
NaF
NaF
KC1
KC1

Dp, (300)

0.17(9)
0.07(3)

0 0.26
0.047(13)
1.5 &&

10-'
1.7

0 0.31(2)
0.008(4)
0.09
0.0010(5)
0.005

=0

T (K)

44-150
300

, 100-700

300
4.5-155

600

Technique

e+
+

ACAR
+

ACAR
ACAR
ACAR

+

Theory
e+

Theory

Footnotes

'Eldrup, Vehanen, Schultz, and Lynn, 1985.
Sferlazzo, Berko, and Canter, 1987.

'Dupasquier, 1984.
Sferlazzo, Berko, and Canter, 1985.

'Brandt and Paulin, 1968, 1972.
'Kakimoto, Hyodo, and Fujiwara, 1985.
Mills and Crane, 1984.

"Boev and Arefiev, 1985.
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FIG. 73. Diffusion parameter Eo for Ps in crystalline ice as a
function of temperature. The lines are only guides for the eye,
and the two curves are for two different ice crystals grown
in situ in the vacuum system (from Eldrup et al. , 1985).

deduced from the slope of data such as the extreme
right-hand side of Fig. 63 (E & 10 eV). The discrepan-
cies being found between Dp, as measured by positron
beams and bulk ACAR techniques remain as unsolved
problems to be studied in the future.

D. Surface processes

Much of the research done with variable-energy posi-
tron beams involves the surface in one way or another.
For example, most of the di6'usion studies described in
Sec. II.C are possible because of the unique signature of
positrons that return to the surface after thermalizing at
some distribution of depths in the solid. This sensitivity
can be understood, at least qualitatively, by referring to
the single-particle potential for a positron near a surface
(shown previously in Fig. 8). For a thermalized positron
approaching the surface from inside the metal, the most
common interaction processes are the following.

(i) Reemission into the vacuum as a free positron either
without energy loss (elastically) or having lost energy
(inelastically). This will occur for thermalized positrons
only if the positron work function, y+, is negative.

(ii) Localization of the positron in a surface state. This
occurs because of the image-induced potential mell at the
surface (Fig. 8). It is possible that surface defects or im-
purities may bind positrons in even deeper traps, or that
a Ps-like state may form (Sec. II.D.3), but these details
are not yet known.

(iii) Energetic Ps emission by the pickup of a near
surface electron, which is possible if the binding energy
(6.8 eV) is greater than the sum of electron (y ) and pos-
itron (y+) work functions. Excited (Ps*) and negatively
charged (Ps ) states of energetic Ps have been observed,
but they are generally of lower intensity (Mills, 1981b;
Schoepf et al. , 1982).

(iv) Thermal Ps emission by excitation of a surface-

bound positron out of the "surface state. " For most met-
al and semiconductor surfaces, this occurs at elevated
(approximately a few hundred C) temperatures.

(v) Reffection of the positron wave function by the at-
tractive (if y+ is negative) or repulsive (if y+ is positive)
potential step at the surface.

It is important to recognize that these fates are funda-
mentally diC'erent from those available to a positron ap-
proaching the surface from outside the metal, with the
exception of trapping and energy loss at the surface po-
tential well (including reffection), which were discussed in
Sec. II.B.2. In this section we shall restrict our discus-
sion to the case of those positrons which interact with the
surface by approaching from inside the solid.

The positron reAection coeKcient, which is propor-
tional to 13 in Eq. (15), Sec. II.C.1, was predicted by
Nieminen and Oliva (1980) to be dependent on tempera-
ture. However, various experimental results (Lynn,
Schultz, and MacKenzie, 1981; Schultz and Lynn, 1982)
indicate that the fraction of positrons transmitted
through the potential step at the surface is weakly depen-
dent on temperature. This discrepancy was explained by
Wilson (1983) as being the result of inelastic processes
(see Sec. II.B.2), but it has also been suggested to be the
result of multiple approaches (from inside the solid) of
positrons to the surface (Neilson et al. , 1986a). There is
also some disagreement on a theoretical description for
the branching ratios (i.e., relative probabilities) of the
above processes, although most models are correlated
with the magnitude of the positron work function y+
(e.g. , Kreuzer, Lowy, and Gortel, 1980; Nieminen and
Oliva, 1980; Neilson, Nieminen, and Szymanski, 1986a).
Discrepancies between predicted and measured branch-
ing ratios may be related to many-body efFects (Wilson,
1982) or (as above) to the "multiple approach" model of
Ncllso11, Nlcmlncn, aIld Szymanskl, (1986a). Spcclftc
diA'erences will be discussed in the following sections. It
is, nevertheless, a relatively general result for metals
where op+ is negative that at room temperature the
division is roughly equal between (i) reemitted positrons,
(ii) surface trapped positrons, and (iii) energetic Ps.

A technical, but nevertheless important, feature of the
branching ratios for the various positron fates at the sur-
face has been discussed by Schut et al. (1988) and Baker
et al. (1988). The study of positron back-diff'usion to the
surface, which is of particular importance for the defect
studies described in Sec. II.E, is usually done by monitor-
ing either the Ps fraction f or a line-shape parameter S
(see Sec. I.E). Any change in the surface that affects the
branching ratio for Ps (such as adsorbtion of an impurity,
or temperature changes) must be considered in the
analysis of the data. The fraction of the incident positron
beam which would normally be backscattered or reemit-
ted as thermal or epithermal positrons can be (experi-
mentally) returned to the target or allowed to escape. By
measuring both f and S for both of these situations,
Schut and co-workers show how careful accounting of all
the particles allows a determination of the ex'.ct branch-
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ing ratios. A point they emphasize is that whenever the
branching ratio for Ps is nonzero, both parameters f and
S must be simultaneously measured for accurate results,
since the very narrow line shape resulting from p-Ps will
affect the determination of back-diffusion.

1. Reemitted positrons

The following discussion of the positron reemission
process will in general be restricted to metal surfaces for
which y+ is (necessarily) negative. There is much less
known about the mechanism of positron reemission from
nonmetallic surfaces primarily because there are fewer
experimental results than for metals. A notable exc'ep-
tion is the recent observation of nonthermal positron
emission from rare-gas solids discussed in Sec. II.B.4.
This is the result of the inability of positrons to thermal-
ize completely before reaching the surface of any materi-
al with filled electronic shells and no optical phonons
(which would allow greater energy loss than the acoustic
branch). Positron work functions that have been mea-
sured or calculated so far are listed in Table VIII.

The earliest indirect measurements of the angular dis-
tribution of positrons reemitted from negative y+ sur-
faces (Murray and Mills, 1980) supported the view that
the emission process was relatively elastic and that the
angular distribution of positrons was sharply peaked
about the surface normal. These data also indicated that
the positron yield, or emission rate F0, increases as y+
becomes more negative for many metals. Recently Gul-
likson, Mills, and Murray (1988) measured Yo for Ni(100)
and Cu(111) surfaces by systematically varying y+. They
found that the data (as earlier) are consistent with two
models. The first is a resonant-electron-transfer model
derived from the theory for ion neutralization (Yu and
Lang, 1983; Lang, 1983), which predicts that lower-
energy positrons form Ps more efhciently than those at
higher energies (solid curve, Fig. 74). The second model

I I l I I I I l I 1 I 1 l I I I I

relates the positron emission rate to the density of final
states of the emitted positron (dashed curve; Mills,
Pfeiffer, and Platzman, 1983). At the present time, nei-
ther model includes efFects due to recoil or many-body
processes, although these are likely to be small.

As more data were acquired for various surfaces, it be-
came evident that inelastic processes were also impor-
tant, and (depending on the surface) that virtually any
fraction of the reemitted positrons could have kinetic en-
ergies between 0 and y+ (see, for example, Schultz and
Lynn, 1982; Wilson, 1982, 1983; Wilson and Mills,
1983a, 1983b). When measuring the integral energy dis-
tribution with a magnetically guided beam, one finds that
the angular distribution is convoluted with the total ener-
gy, so the interpretation of a broad energy distribution
can be ambiguous (see Sec. I.E.1). The broad energy con-
tribution for a variety of surfaces is clearly shown in Fig.
75, which is a plot of the integral energy distributions of
reemitted positrons (Wilson, 1983). Data of this type
were described in Sec. I.E, but the important feature is
that the elastic contribution leads to a steep slope in the
integral distribution, broadened only by the instrumental
resolution (which is of the order of -0.1 eV) and the
thermal spread of the positron ensemble. Reemission
from the oxygenated W(111) surface appears to be almost
entirely inelastic or spread over large angles, whereas
that for either Al(100) or Cu(111) + S is primarily elastic.
There are still insufticient data for well-characterized sur-
faces for us to fully understand the extent to which the
positron reemission process is inelastic.

This work was supported by other studies which re-
vealed that contaminated surfaces were often responsible
for wide energy distributions of reemitted positrons. The
differential total energy measurements reported by Fisch-
er (1984; Fischer, Lynn, and Gidley, 1986) demonstrated
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FIG. 74. The slow-positron yield for Ni(100) and Cu(111) vs the
positron work function. The curves through the data points are
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FIG. 78. REPELS (Reemitted positron energy-loss spectrosco-
py) spectrum for CO on Ni(100). The data shown are the ratio
of normalized peak counts in the case of Ni(100)c(2)&2)CO to
clean Ni(100), showing the loss peaks for the Ni-C stretch {57
meV) and the C-0 stretch (248 meV). From Fischer, Lynn, and
Frieze, 1983.

acronym "REPELS," which stands for reemitted posi-
tron energy-loss spectroscopy, and which is similar to the
more familiar electron energy-loss spectroscopy (EELS).
The first REPELS results were those of Fischer et aI.
(1983), who demonstrated the technique by observing the
carbon/oxygen and carbon/nickel vibrational modes (248
and 57 meV, respectively) for CO on a Ni(100) surface.
The width of the discrete energy-loss peaks that they
measured (Fig. 78) was dominated by the thermal spread
of the positrons. In a subsequent study (Fischer, 1984;
Fischer et al. , 1986) the thermal spreading was reduced
by lowering the sample temperatures, which improved
the resolution of the technique considerably. Although
somewhat more difficult to do than EELS (primarily be-
cause of positron beam availability and intensities) and
limited in available energy to the magnitude of the nega-
tive positron work function (i'f it exists), the technique, as
they point out, has some advantages. These include the
relative ease of probing very small energy losses ( «1
eV}, which is very hard to do with conventional particle
optics in an EELS spectrometer, as well as the absence of
exchange effects, which may prove important for studies
of adsorbed paramagnetic molecules.

The techniques for measuring reemitted distributions
of positrons were briefly described in Sec. I.E.1 and, as
Murray, Mills, and Rowe (1980) first pointed out, a series
of spectra taken with a simple retarding-field analyzer
(Figs. 24 and 25) reveals not only the absolute magnitude
of cp+ but also any changes that may have occurred in
cp for the surface. Much of the earlier work on temper-
ature effects and correlations between positron and elec-
tron work functions suffers either from poor statistics or
uncertain experimental conditions. For Cu(111) + 5
(Schultz and Lynn, 1982) it was shown that y+ and y

do not change by the same amount with changing tem-
perature. This was revealed by a temperature depen-
dence of the point E& (as defined in Fig. 25):

E3 ——0++0 —
Vg (39)

Since the work function of retarding grids (ys )

remains constant, it is easily seen from Eq. (39) above and
the definitions for y+ and y [Eq. (I)] that the cancella-
tion of the dipole contribution D in E3 means that it is
sensitive to changes in the bulk chemical potentials p+
and p . This fact was subsequently exploited by Schultz,
Lynn, et al. (1983) to test competing calculations of p+
and IM, finding in general good agreement with the sum
of the chemical potentials (E3) and the theoretical esti-
mates. A difference in the temperature dependence of

and y+ was also observed for Ni(100) by Fischer,
Lynn, and Gidley (1986). By comparing Eq. (39) with
Eq. (2) it can be seen that systematic changes in E3 (as-
suming constant yg ) can also be compared with those ob-
served for the Ps formation potential c.p, . Bulk solid in-
formation derived from temperature-dependent studies of
both ep, and E3 is discussed in more detail in Sec. II.D.2.

The equivalence of the dipole contribution to both y+
and y means that detailed comparisons of cp+ with y
as a function of well-characterized systematic changes to
the experimental system allows the separation of bulk
effects from surface effects, as discussed above. This is
not directly possible from measurements of y alone.
For example, any change to the surface which causes
only the surface dipole to change would be expected to
affect y and y+ by equal and opposite amounts, so that
the point E3 should not move. Such a change is demon-
strated in Fig. 79, where the energy distribution of re-
emitted positrons is shown for (a} clean and (b) CO-
covered Pt(100). The CO coverage, which is signaled by
a C(2&&2) LEED pattern, has been shown to be accom-
panied by an increase in y of -200 meV (Thiel et al. ,
1983). The results in Fig. 79(b) show that y and y+
changed by 250+140 meV and —290+140 meV, respec-
tively, consistent with a changing surface dipole.

Gullikson and Mills (1987a) have measured y+
changes as a function of temperature in Al (discussed in
the next'section} and were able to show that the "E,=0"
point (Fig. 25), and thus y, moved by less than 20 meV
over the temperature range 20 to 300 K. This precision
(with a simple retarding-field analyzer) was made possible
by turning the sample off the beam axis, as described in
Sec. I.E.1, and it provided a check on the surface impuri-

ty concentrations over the time required to do their ex-
periment. In the future, accurate measurements of the
absolute changes in work-function curves of this type
may help to resolve questions about subsurface adsorp-
tion and interfacial potentials for thin epitaxial over-
layers.

Gidley and Frieze (1988) have recently initiated a sys-
tematic study of the bulk chemical-potential sum,
p++p = —(g++y )=—

q&o [as deduced from Eqs. (1)
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FIG. 79. Integral positron reemission energy distributions for
(a) clean Pt(100) and (b) Pt{100)c(2&&2)CO. The previously mea-
sured change in Ip for the adsorption of CO on Pt(100) is
-200 meV, which is consistent with the results above
[b.y =+250+140 meV; see Fig. 25 and Eq. (39)]. The mea-
sured change Acp+ ———290+140 meV in the spectra above is

consistent with the view that the adsorption affects only the sur-

face dipole contribution to the work function (from Schultz,
Jackman, Jorch, and Lynn, 1983).

sion data are shown for two foils, as well as the theoreti-
cal its of the diffusion equation. In solving the diffusion
equation, the authors assumed perfectly absorbing boun-
daries and a Makhovian implantation profile [Eq. (10)]
with n = 1.8 and m = 1.14. The diffusion-related parame-
ter Eo (Sec. II.C.1) was found to be —10 keV, corre-

0

sponding to a mean diffusion length L+ —1380 A.
These values were obtained after heating the foils to tem-

5Q r I I i I
I

I I I

4Q—

~O0

FIG. 80. Measured, reemitted positron elastic peak energies
(top), and top-layer electron work functions (bottom; from
Holzl and Schulte, 1979), for multilayer systems. From Gidley
and Frieze, 1988.

and (39)], for a variety of thin-film bimetallic systems.
They point out that the matching of electron Fermi levels
that occurs at an interface due to charge transfer has no
equivalent for the positron ground-state energy. The
reemitted positron elastic peak position (E3 ) of any layer
depends only on the bulk chemical potentials of that lay-
er, independent of any overlayers. The motion of posi-
trons between dissimilar layers is prevented, according to
their model, if the direction is to a layer where p++p
is more positive (i.e., yo more negative). This is illustrat-
ed schematically in Fig. 80, where a thermalized positron
is energetically allowed to cross an interface if the peak
position of the new layer is to the left of that for the host
layer.

Measurements of positron work functions have been
made not only for bulk single-crystal surfaces, but also in
a few thin (unsupported) single-crystal foils. Both
transmission and back reemission studies were done for
W(100) films of 1000-, 2500-, and 5000-A thickness by
Chen, Lynn, Pareja, and Nielsen (1985). The work func-
tion was y+ ——3.0+0.3 eV, and the reemitted positrons
were found to be in a narrow angular cone with a
FWHM -30'. The maximum transmission reemission
yields were 18% and 12% for 1000 and 2500 A foils, re-
spectively. In Fig. 81 both the forward and back reemis-
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FIG. 81. Yield of reemitted positrons vs incident positron ener-

gy for (a) —1000-A-thick %'(100) and (b) —2500-A-thick
W(100) films. The solid curves are theoretical fits to the data
(from Chen et al. , 1985).
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peratures ~2000 C to remove defects. Schultz, Gullik-
son, and Mills (1986) also studied transmission reemis-

0
sion for a Ni(100) single crystal approximately 1200 A
thick, and they found -20%%uo reemission for 8-keV in-
cident positrons, with a narrow angular spread consistent
with elastic emission.

2. Energetic positronium formation

lkJ

g
«I

1—
4kJ

i I i ( 1 I I i ( I I i i [ 1 I I I 1 I

AC {111)

SURFACE

EXPOSEO SlNF ICE

As discussed in the Introduction (Sec. I.C.3), the term
work function, as applied to Ps emission from solid sur-
faces, will be reserved for the case in which Ps is removed
from a point just inside the bulk to one just outside the
surface (Sec. II.D.4). For metal surfaces, the energetics
of Ps formation at ihe surface is determined by the so-
called formation potential sp, [Eq. (2)] which is often neg-
ative due to the relatively large binding energy of the
positron-electron pair ( —6.8 eV for Ps in vacuum). The
first observation that Ps formation at surfaces is relative-
ly efficient (Canter, Mills, and Berko, 1974) was followed
by observations of n=2 excited Ps (Canter, Mills, and
Berko, 1975), time-of-flight measurements to deduce the
triplet o-Ps decay rate (Gidley et al. 1976; Gidley and
Zitzewitz, 1978), and then quantitative measurements of
the fraction of Ps formed as a function of incident posi-
tron energy (Mills, 1978; Lynn, 1979a, 1979b). Based on
limited experimental data, a correlation was established
by Murray, Mills, and Rowe (1980), relating the fraction
of free positrons emitted to the absolute magnitude of
y+. Nieminen and Oliva (1980) also predicted theoreti-
cally that the amount of Ps formed at a surface should be
inversely correlated with

~ y+ ~

. Their model used
dynamical arguments to compare the time it takes Ps to
form with the time a positron would spend in the surface
region. The electronic density of states at the surface
must also play an important role which would be dificult
to assess, but which they included approximately in cou-
pling constants.

The differential energy distribution of Ps emitted from
an Al(111) surface was measured by Mills, Pfeiffer, and
Platzman (1983) using the time-of-(light (TOF) apparatus
previously described (Fig. 31). Their model for the for-
mation process, which is represented by the lines through
their data in Fig. 82, is that the capture of the electron is
a nonadiabatic one-step process, which leaves the metal
in an excited state. This means that the kinetic energy of
the Ps, which has a maximum given by E.p„is representa-
tive of the density of states of the electrons from which
the Ps is formed. Furthermore, since Ps is formed out-
side the surface, where the electron density falls to —

—,',

the bulk value (Held and Kahana, 1964; Lowy and Jack-
son, 1975), this interpretation would imply that the kinet-
ic energy distribution of Ps is an exceedingly local probe,
specific to the surface electronic structure. Technically
this model is analogous to the dynamic Berglund-Spicer
(1964) three-step model of photoemission, which
separates the process of photoinduced release of an elec-
tron from a solid surface into the stages of (i) ionization,

t ~ a a t

i i i i I 1 i I i l i 1 i l ( i I I i I i I l i

2 3

Pa ENERGY Ei {cV)

FIG. 82. Normal component of kinetic energy for Ps emitted
from Al{111). The solid curve is modeled assuming the Ps is
formed nonadiabatically, leaving the solid in a one-hole excited
state, the velocity therefore representative of the local electron-
ic density of states at the surface (from Mills, Pfeiffer, and
Platzman, 1983).

(ii) electron transport, and (iii) ejection from the solid.
The analogy is based heavily on the premise that the ini-
tial process of ionization (and thus emission of Ps) can be
considered independently of the deexcitation of the host
lattice (Walker and Nieminen, 1986).

The sudden emission process for Ps was also supported
by the TOF measurements of Howell, Rosenberg, Meyer,
and Fluss for Pb(100) (1987) and for a variety of dissimi-
lar metals (Howell, Rosenberg, Fluss et al. , 1987). Their
results, shown in Fig. 83, also show the increase at low
energies (&1 eV) found in the data of Mills et al. This
increase is not explained either by thermal emission of Ps
(next section) or by the simple nonadiabatic models
represented by the solid lines in Figs. 82 and 83. There
are so far two theoretical treatments that may explain
this low-energy contribution (which is nevertheless
greater than thermal energy). Levine and Sander (1982)
attempted to describe thermal Ps emission by a tunneling
process of positrons localized in the surface state and oc-
cupying discrete excited levels. There is not much sup-
port for this as a mechanism for thermal Ps emission, pri-
marily because the levels in the surface state are expected
to be much wider apart and more diffuse than predicted
by Levine and Sander. However, it is possible that tun-
neling from the surface state is contributing to the low-
energy Ps. It is perhaps more likely that the low-energy
component is the result of dynamic effects of the ejection
process. Adapting techniques developed for ion neutral-
ization, Ishii (1987; Ishii and Shindo, 1987; Isii, 1984) has
shown that the inelastic component of the energy distri-
bution for energetic Ps can be described in this way. The
second Ni(100) curve in Fig. 83 was obtained by reducing
the angle of acceptance of the TOF apparatus from -30'
half angle to 15'. The authors conclude from these
higher-resolution data that the discrepancy near 1 eV
that still remains in the experimental data must be real,
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while the lower-energy contribution that was removed by
this process is actually due to scattering of more energet-
ic Ps within the chamber. This conclusion is in apparent
contradiction with the inelastic models described above.

The most convincing evidence that the sudden approx-
imation is reasonable and that Ps velocity is influenced by
the surface electron density of states is provided by the
surface 2D ACAR data from Brookhaven National Lab-

30

oratory, reported by Chen et al. (1987). As discussed in
Sec. I.E.2, the Ps momentum perpendicular (k~) and
parallel ( k

~~.
. .one component) to the target surface can

be separated from the total annihilation spectrum (Fig.
30). Conservation of energy demands

2mE
-L +

II g2 (40)

where E is the Ps kinetic energy, limited to a maximum
given previously [Eq. (2)] by the formation potential

~ps =0'+ +0'— 1

20

10

0
V&

)0

20
0

t'&~ etc'rpv 2OOO eV 30o halt ample
Figure 84(a) shows the surface band structure project-

ed along high-symmetry lines for Al(100), which is ex-
panded and shown again in Fig. 84(b) together with the
curve of the lowest measurable energy states, as deter-
mined by the momentum balance given above. It is ener-
getically favorable for Ps to form with electrons taken
from anywhere in the D-shaped region of E vs k space
above this line and below the Fermi level. The band gap
(hatched area) suggests a reduced density of electrons
available at low k~~ relative to what would be predicted by
a simple free-electron density of states. This is clearly
evident in Fig. 85, where the two-dimensional Ps momen-
turn distributions that would be predicted from this band
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FIG. 83. Ps (normal) energy distributions for various metal sur-
faces. The nonadiabatic model of Fig. 82 is applied to these
spectra, and the explained intensity at low energies is again evi-
dent (from Howell et al. , 1987).
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FIG. 84. Projected band structure for the (100) surface of Al.
The shaded portion of the lower figure is a band gap, and the
solid curve is the dispersion of the lowest occupied states that
can form Ps in terms of the final Ps momentum parallel to the
surface [see Eq. (40)]. The dashed curve is the dispersion of the
true surface state and surface resonance state {Hansson and
Flodstrom, 1978). From Chen, 1987.
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FIG. 85. Theoretical intensity distributions of Ps formed at an
Al(100) surface. Curve (a) is based on a free-electron model,
while curves (b) and (c) are based on the band structure of Fig.
84 (cuts parallel to [Ol1] and [001] directions, respectively).
From Chen et al. , 1987.

b} (c)

structure are shown. These predictions are also shown. as
contour plots in Figs. 86(a) to 86(c), together with the ex-
perimental results 86(d) and 86(e) for two different sur-
face directions. The three-lobed distributions expected
can be seen in both sets of data. Schultz, Lynn, and
Frieze (1984) have suggested that the particular sensitivi-
ty of the process to surface densities of states would lead
to an enhancement of the large-k~~ regions of the distribu-

tions due to electrons which originate in surface states.
Chen et al. (1987) demonstrated that this would be a
small effect relative to the projected band gaps (i.e., lack
of bulk electron states) presented in Figs. 84—86. It is in-
teresting to note that a higher intensity of low-energy Ps
is seen in the experimental results in Fig. 86 than there is
in the theoretical predictions. This contribution is simi-
lar to that discussed above with reference to Figs. 82 and
83. Similar theoretical p-Ps momentum distributions to
those of Chen et al. (Fig. 86) have been presented by
Walker and Nieminen (1986) and by Shindo and Ishii
(1987).

Another mechanism for Ps emission has recently been
suggested to explain unusual results for graphite (Sferlaz-
zo et al. , 1988). In graphite the band structure does not
support the usual one-electron-hole process for Ps emis-
sion because the electron momentum parallel to the sur-
face is too large [cf. Eq. (40)]. The observation of Ps
emission in spite of this fact led to the proposal that
momentum conservation is satisfied by the emission and
absorption of phonons, which fits the observed depen-
dence of the Ps emission on temperature.

In addition to the energy-balanced processes discussed
above, Howell and co-workers (1986, 1987) noted evi-
dence of fast Ps formation (10 to 20 eV} in their TOF re-
sults. This process is quite different, involving pickup of
electrons by epithermal backscattered positrons. Fast Ps
has also been reported by Mills and Crane (1985a), who
saw -0.5% formation of 10—500-eV Ps from keV posi-
trons directed through a 50-A carbon foil. Gidley et al.
(1987) measured approximately 3% to 5% formation of
energetic Ps for glancing-angle positrons ( —100 eV) skip-
ping off various solid surfaces at glancing angles of about
O'. Their results showing the angular distribution for Ps
formed at a Cu(100) surface are reproduced in Fig. 87.
In their paper they proposed a simple kinematic model
whereby a glancing-angle positron could produce a quasi-
elastic Ps atom, which they predicted to be ejected at 45
relative to the surface plane. The maximum in the Ps
emission angle in Fig. 87 is -27' (relative to the surface
plane) for Cu(100). Ishii (1987b) has recently extended
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FIG. 86. Symmetrized contour plots of the spectra shown in
Figs. 85(a)—85(c), compared with experimental results in Figs.
85(d) and 85(e). The "three-lobed" structure is supported in the
experimental data, and the low-energy component seen in Figs.
82 and 83 is also present in these data (from Chen et al. , 1987).

FIG. 87. Formation of Ps by low-energy (100-eV) positrons in-

cident on a Cu(100) surface atI glancing angle (6'). The emission

angle is measured relative to the plane of the surface (from Gid-
ley et al. , 1987).
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his dynamical model of the positron-surface interaction
to describe the glancing-angle pickup. - He finds that
direct Ps formation combined with formation directly
from a dynamical positron-surface skipping state qualita-
tively reproduces the experimentally observed distribu-
tions. Future applications of energetic neutral beams of
Ps include surface difFraction and reflection studies
(Weber, 1988), as well as Ps/atom collision cross-section
measurements.

Gidley, Koymen, and Capehart (1982) have used the
preferential surface sensitivity of Ps formation together
with a highly polarized (50%%uo) incident positron beam to
study surface magnetism. Positrons will only form triplet
o-Ps (m, =+1) with electrons if the spins are aligned, and
will form both p-Ps and o-Ps (m, =0) with equal proba-
bility if they are antialigned. The resulting ratio, which
is normally 3:1 for a random arrangement of electrons,
can be significantly affected by a preferential alignment of
the spins of the electrons at the surface. The results of
this study for Ni(110) as a function of temperature are
shown in Fig. 88. The solid curve in the figure is the bulk
magnetization, and the dashed curves are fits of a two-
dimensional model to their data. In an experiment of
this type, reproducibility is crucial to the results, since
the Ps fraction is extremely sensitive to small changes of
the surface (see, for example, Sec. II.D.3).

This measurement clearly reveals the temperature
dependence of the spin polarization of the electron cap-
tured to form Ps, but the interpretation has possible com-
plications. As in the above technique of Ps velocity stud-
ies, this only samples the electrons at the surface which
lie within the Ps formation potential [Ep, =3.1 eV for
Ni(110)], and it must be assumed that the pickup process
reAects only the near-surface electron density of states.
The relatively large fraction of the Ps which is emitted at

very low energies (discussed above) is still not under-
stood. This component may be partly responsible for the
discrepancy between the results shown in Fig. 88 and
other electron polarization studies, which usually report
larger values for surface polarization. For example, if the
low-energy Ps is due to the inelastic processes suggested
by Ishii (1987), then spin-Ilip of an electron in the mea-
sured Ps might occur, which would lead to an error in
the analysis. Further work on the inhuence of positron
polarization on both fast Ps formation and, as yet un-
studied, thermally desorbed Ps is needed to resolve these
uncertainties.

As discussed in the previous section, temperature-
'dependent measurements of both positron and electron
work functions or of Ps formation potentials are
represeritative of bulk changes in the solid, since

~E3 ~sp ~(V + +0 —) ~(p++I —) =~% 0

where p+ and p are the bulk solid positron and electron
chemical potentials, respectively, and Ay0 is the magni-
tude of the change in the sum of the chemical potentials.
Rosenberg et al. (1987) have compiled measurements of
Ac.p, for a variety of materials, and their results are
shown in Fig. 89. The strong temperature dependences
observed are consistent with previous observations for
Cu (Schultz and Lynn, 1982) and recent studies of Al
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FIG. 88. Temperature dependence of the spin polarization I',
of the electron captured at a Ni(110) surface to form Ps. The
solid curve is based on the bulk magnetization properties of Ni
(normalized to the lowest-temperature data), and the dashed
and dotted curves are models for surface magnetization with
the critical temperature T, = T, and T, unconstrained, respec-
tively (from Gidley, Koymen, and Capehart, 1982).
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FIG. 89. Temperature dependence of Ps formation potentials
Ep for various surfaces. This is related to the change in the
bulk chemical potentials of the solids in Eq. (41). From Rosen-
berg et al. , 1987.
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(Gullikson and Mills, 1987a},which are shown in Fig. 90.
For experiments performed at constant pressure, one can
write the temperature dependence of a work function as
(see, for example, Holzl and Schulte, 1979)

dip Bg
dT "Bv, (42)

This follows from the definition given by Bergersen et al.
(1974) for the deformation potential [Eq. (32)], which can
be written in the alternate form

(44)

They suggest that if the right-hand term of Eq. (43),
which is due to the electrostatic efFects of lattice vibra-
tions (Herring and Nichols, 1949), vanishes, one could
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FIG. 90. Temperature and volume-change dependence of the
Ps formation potential for Al. The slope can be related to the
bulk deformation potential of Al by Eq. (43). From Gullikson
and Mills, 1987a).

where the thermal coeScient of expansion
a=(1/V)(BV/BT)~. Gullikson and Mills pointed out
that the sum yo ——y++y substituted in Eq. (42) above
would exhibit a dependence on temperature that is

d0'o ~So
dT BT

extract cd from the slope of the data after correcting for
thermal expansion. Applying this analysis to their re-
sults for Al [Fig. 90(b)], they obtain ed ———11.7+0.5 eV,
which is somewhat larger than the theoretical estimates
of Bergersen et al. ( —8.6 eV) and of Farjam and Shore
(1987; —9.83 eV). The data of Schultz and Lynn (1982)
when analyzed' as above yield cd ——11.9 eV for Cu,
which compares favorably with the theoretical estimate
of Farjam and Shore ( —10.42 eV). It is possible that the
above discrepancy between theory and experiment is due
to the incomplete cancellation of the lattice vibrational
term, (Oyo/BT)i, in Eq. (43). This is reasonable, since
temperature-induced changes of the potentials for posi-
trons and electrons in a solid lattice do not necessarily
lead to equal and opposite shifts in p+ and p . If it
could be made reliably, an experimental determination of
the deformation-potential constant would be useful in es-
timating the numerical value of the positron diffusion
coefficient, as well as determining electron and hole
mobilities in semiconducting materials.

A related study (Howell et al. , 1988) indicates that the
temperature dependence of the Ps work function cpI,, is
similar for an insulator (LiF) to that observed for
d pro/dT [Eq. (43)] for positrons in metals. They find that
de&, /dT= —0.95+0.1 meV/K for LiF. This result is
sensible in view of the fact that yp, depends on the sum
of the e and e+ chemical potentials in the solid, just as
the emission potential c.p, does.

3. The surface state and thermal positronium

The earliest theories of the positron surface state were
developed in response to the relatively long lifetimes
(=400 to 500 psec} that were being measured in the early
1970 s for positrons localized at radiation-induced vacan-
cy clusters or voids. The existence of a surface-localized
state for positrons was predicted theoretically by Hodges
and Stott, (1973a), who suggested matching the image po-
tential with the internal correlation energy of the posi-
tron, producing the same kind of single-particle potential
that Cole and Cohen (1969) described for localized elec-
tron bands on He surfaces. This type of picture, which is
shown schematically in Fig. 91, is still the most common
physical description used. Following an improved (al-
though still static} description of the potential (Nieminen
and Manninen, 1974), the model was superseded by a
variational calculation of the positron coupled to the
screening cloud of the many-electron system by Niem-
inen and Hodges (1978). Their assumption of a non-
dispersive distribution of surface plasmons was corrected
by Barberan and Echenique (1979), and finally the most
complete variation al calculations extending the same
basic hydrodynamic approach were presented in a series
of papers by Barton (1981, 1982) and Barton and Babiker
(1981). For most of the early theoretical work on the
positron surface state there was no direct experimental
support. However, by the time Barton's work was pub-
lished, the first observations of thermally activated Ps
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FIG. 92. Ps fraction vs temperature for clean and oxygen-
exposed Al{111)surfaces, showing the thermally activated com-
ponent. The solid line is a fit to the data of Eq. (45). From
Mills and PfeifFer, 1985.

were available. His conclusion was that many-body as-
pects alone are not sufBcient, and that single-particle
properties are also required to describe the positron in
the idealized surface state.

Positrons that localize in the surface state are typically
bound with energies Eb on the order of a few eV. The
first observations of the temperature dependence of Ps
emitted from solid surfaces (Lynn, 1980; Mills, 1979b;
Rosenberg, Weiss, and Canter, 1979b) showed that the
process could be described in terms of the activation en-

ergy for desorption, E„in a curve of the form

ties, but most measurements (described below) are con-
sistent with velocity-independent reAection.

Chu et al. suggest that I can be described as an "at-
tempt rate" for escape from the surface trap, which is of
the order of the ratio of positron thermal velocity to im-
age well width, or =10' sec '. In detailed calculations,
they obtain an anom alously large value of I for
Cu(100) + 5, which they suggest may be compensated by
a temperature-dependent activation energy. Such a
dependence on temperature is not unreasonable, since it
is well known that contaminated surfaces often have
strongly temperature-dependent work functions (Holzl
and Schulte, 1979). This is most likely associated with
temperature-dependent changes in the surface dipole.
The activation energy E, in Eq. (45) is given in terms of
the positron binding energy to the surface state Eb, the
electron work function y, and the Ps binding energy

where the prefactor I is discussed below and Po and 9,
are the fractions of incident positrons emitted as Ps
directly (i.e., Ep, energetic) and from the surface state, re-

spectively. Those positrons that are trapped in the sur-
face state (fraction =f, ) have an annihilation rate of X,.
An example of thermally activated Ps emitted from an
Al(ill) surface is shown in Fig. 92. Guided by the ex-
ponential activation evident in the experimental data,
Chu, Mills, and Murray (1981) and Manninen and Niem
inen (1981) considered the process thermodynamically in
a model for which the positron is confined to the surface,
the electrons are in both bulk and surface states, and the
Ps forms an ideal gas in the vacuum. The model requires
that the chemical potentials be in equilibrium, as given
previously in Eq. (5): Iu, ++IM =pp, . This formalism is
equivalent to the Richardson-Dushman equation govern-
ing thermionic emission. Their solution for the preex-
ponential factor I in Eq. (45), which comes from a de-
tailed mass balance (i.e., the flux into the solid must equal
the Ps thermally activated), is given by

E =Eb+y ——,'R (47)

The energy distribution of Ps activated from the sur-
face was demonstrated to be thermal by Mills and Pfeiff'er
(1979), whose data are shown in Fig. 93. To measure this
Ps velocity distribution they used a pulsed positron beam
coupled with an apparatus similar to that shown in Fig.
31. The data shown in Fig. 93(a) are difFerence spectra
for Ps emitted at 1060 and 300 K, measured for various
slit positions in front of the target. The lower curve
represents the Boltzmann velocity distribution

C(v, ) = 3 (v, )exp( mv, /k~ T), — (48)

where the preexponential A (v, ) is the absorption
coefBcient of Ps incident on the surface. The velocities
determined by fitting these data were in excellent agree-
ment with the measured sample temperatures. Since
2 (v, ) is not a constant, Mills and Pfeiffer concluded that

(46)
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where (Pp, ) is the velocity-averaged Ps reflection
coefficient. A velocity dependence of I3p, could lead to a
modification of the Maxwellian distribution of Ps veloci-
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the angular distribution of Ps velocities would be
different from the usual cosine law. In their more recent
study (1985), they again found good agreement with a
thermally activated process for an Al(111) sample. Their
conclusion that the Ps refiection coeKcient Pp, is in-
dependent of velocity is in disagreement with the model
proposed by Pendry (1981), in which Pp, is proportional
to velocity v, .

Precise measurements of thermally activated Ps in a
larger variety of well-characterized situations will be of
value to the understanding of the activation process. The
clear sensitivity of E, to impurities demonstrated in Fig.
92 shows that a quantitative description of thermal ac-
tivation may in turn lead to increasing studies of un-
known surface and image potentials.

In addition to Ps momentum distributions already dis-
cussed, 2D ACAR measurements have been used to
characterize the positron/Ps localized at the image-
induced surface state. In order to perform these experi-
ments in relatively short times (necessary for surface
cleanliness), one requires a high fiux of moderated posi-
trons. Two systems of this type have been reported; one
uses a LINAC beam (Howell, Fluss, et a/. , 1985) and the
other uses a reactor-based beam (Lynn, Mills, er al. ,
1985). Because of the two-dimensional nature of the
trap, it was expected that there would be a large anisotro-
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FIG. 94. Contour plots for positrons annihilating from
surface-localized states. The experimental results (left) are
those of Chen et al. (1987), and the theoretical prediction
(right) is from Brown et al. (1987).

py in the surface-state momentum distributions. Howev-
er, this has not been observed for those metal surfaces
studied so far (Al, Cu, and Ni). The momentum broaden-
ing predicted perpendicular to the surface relative to the
parallel component is due to the localization of the posi-
tron at the surface, and it is as much as a factor of 2 in
some calculations. Figure 94 shows a contour plot for a
recent calculation (Brown, Walker, and West, 1987) that
uses a mixed-density approximation (MDA) and modified
potential to minimize the anisotI'opy. The agreement
with the experimental results of Chen et al. (1987), also
shown in Fig. 94, is still clearly less than adequate. Lou
et a1. (1988) have shown that the perpendicular com-
ponent of electron momentum at the surface is reduced
by the model potential they used. Their calculated 2D
ACAR distribution is nearly isotropic, consistent with
the experimental results.

One of the most intriguing clues to the nature of the
surface state was presented by Gidley, Koymen, and
Capehart (1988; also Koymen et al. , 1984). They deter-
mined that a reduction of about 3 eV in the magnitude of
the electron work function for Ni, caused by chemisorp-
tion of alkali metals, made almost no change in the
amount of Ps thermally desorbed from the surface state.
Their conclusions about this, as based on the Born-Haber
energy balance represented by Eq. (47) above, is that the
alkali-metal overlayer causes an effective broadening of
the image potential well, thereby increasing EI, enough to
counter the shift in y . Calculations for Na and Cs
overlayers on Ni(100) and Ni(110) indicate that the posi-
tron is actually localized at the interface (Nieminen and
Jensen, 1988). This theoretical work supports the above
observations by predicting that the alkali overlayer leads
to very little change of the Ps desorption energy as well
as a decrease in the surface-state lifetime.

An alternate suggestion presented by Platzman and
Tzoar (1986) is that the positron at a metal surface is ac-
tually bound as weakly physisorbed Ps, rather than, as in
the conventional picture, a positron wave function in a
potential well (which might equivalently be termed chem-
isorbed e+). This would explain the lack of sensitivity of
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FIG. 95. The e6'ective potential for Ps "physisorbed" at a sur-
face. The solid curve represents the van der Waals attraction of
the Ps to the surface, while the dashed curve shows the bare
positron single-particle potential.

E, to alkali-metal coverage, since the interaction between
the neutral Ps and the metal surface would be a van der
Waals interaction, and this polarization potential would
not be tied to changes in y . Manson and Ritchie (1984)
first treated the Ps-surface interaction quantum mechani-
cally, associating the interaction energy with virtual exci-
tation of the Ps at;om and surface plasmons. They found
that the potential varies as 1/z for large separation and
as 1/z nearer the surface. This change in the functional
form was associated with quantum effects, and is affected
by the speed of the atom relative to the surface. More re-
cently Paranjape and Mahanty (1985) extended this work
beyond the dipolar approximation to include the mul-
tipole excitations of the Ps atom. Figure 95 shows the
1/z potential of this model in comparison with the nor-
mal image potential. The reactivity of Ps near a metal
surface (that may be expected by analogy with atomic hy-
drogen) would suggest that the van der Waals description
of the interaction is valid only at very large distances
from the surface.

The possibility of Ps localization at the surface was
also adopted by Cuthbert (1985) in an independent
theory. His model extends the variational approach (re-
ferred to at the beginning of this section) by including
short-range effects through a single, distinguishable elec-
tron. The Ps-like contribution to the wave function that
this introduces reduces the energy, thereby improving
the solution, and the binding is due to the van der Waals
attraction on the center-of-mass composite wave function
(Fig. 96). It is important to note that this cannot be
thought of as a true Ps atom near the surface because, as
the author points out, the wave function is highly distort-
ed. Although this model is not used to predict a surface
20 ACAR spectrum, the exceptionally small overlap of
the correlated positron and electron means that the
momentum distribution would be expected to represent
all the electrons at the surface. This has recently been
observed for positrons/Ps localized at graphite surfaces
(Sferlazzo et al. , 1987).
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FIG. 96. Electron (left), positron (right), and center-of-mass
(middle) probability distributions as a function of perpendicular
distance from the surface (angstroms). The "Ps-like" center-of-
mass wave function reduces the total energy of the positron lo-
calized at the surface {from Cuthbert, 1985).

Whether the positron is in a highly screened or a
bound Ps-like state at the surface, its lifetime is known to
be much longer than in the bulk solid. Until recently,
theoretical calculations were usually performed by the
use of a local-density approximation (LDA), neglecting
dynamic correlations. In addition, the maximum posi-
tron lifetime in the low-density limit of a locally homo-
geneous electron gas was previously expected to be the
spin-averaged Ps lifetime

~ ~Ps~ =+Ps 4~0 Ps+ &~p--Ps ~

which yields ~ps=500 psec. The most recent calculations
of this type were done by Nieminen and Puska (1983;
also, Puska and Nieminen, 1983), who found a positron
surface-state lifetime of ~, =400 psec for Al, which is
more or less independent of the crystal orientation.
Their model, which is the first to include microscopic
differences of the surface through the use of a corrugated
image plane, also predicts that the positron would local-
ize in surface vacancies, at least for Al(110) surfaces.
Their result is shown in Fig. 97, and the increase in life-
time they expect for the surface vacancy is only marginal
(to =410 psec).

So far the only direct measurement of v; was that
made for Al(110) using the apparatus shown in Fig. 28
(Lynn, Frieze, and Schultz, 1984). The lifetime they re-
ported was 580+10 psec, which is apparently incon-
sistent with the LDA calculations. To determine this
lifetime from the data, the simple two-state trapping
model had to be modified to include the effect of spatial
variations of the positron density on the solution of the
diffusion equation (Frieze, Lynn, and Welch, 1985).
Nieminen, Puska, and Manninen (1984) showed that the
discrepancy can be removed if the bare positron lifetime
(r= ~ ) is used rather than the spin-averaged lifetime
shown above. However, the remaining uncertainty about
dynamical screening effects coupled with the paucity of
experimental results leaves the discussion still largely un-
settled. In the end, it may turn out that surface defects
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probe that creates Auger electrons from the outer surface
layer only.

4. Ps emission from insulators and molecular crystals
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FICx. 97. Contour plots of positron potential (a) and wave func-
tion (b) at an Al(110) surface using the corrugated mirror mod-
el. The right-hand sides illustrate the (weak) tendency of the
positron to localize at a surface vacancy for this surface (from
Nieminen and Puska, 1983).

In many insulators and molecular crystals Ps can form
-in the bulk solid, diffusing in a delocalized Bloch state
(for a general review of Ps in solids, see Dupasquier,
1981). Some of the materials in which Ps will form will
actually emit the Ps into the vacuum if it is formed
su%ciently close to the surface. This process is charac-
terized by a potential difference, which we define to be
the Ps work function Pp„because of the obvious analogy
with the electron or positron work function (Sec. C.l). It
is important to note that this is quite difterent from any
of the above discussions of Ps, since it is not formed
specifically at the surface.

The first positron beam study of "excitonic" Ps formed
near a surface was that done in crystalline and amor-
phous ice (Eldrup et al. , 1983, 1984, 1985). This work
was discussed brieAy in Sec. II.B.4 in the context of posi-
tron energy loss in insulators, and an example of the exci-
tonic Ps emitted from ice as a function of incident posi-
tron energy was shown in Fig. 63. The value of Pp, ob-
tained in this study was —2+ I eV. Other measurements
of excitonic Ps emission have been made recently for ion-
ic solids (Mills and Crane, 1984), and in quartz (SiO2) and
Mgo single crystals (Sferlazzo, Berko, and Canter, 1987).
Sferlazzo et al. found q&p, = —3.27+0.04 eV for quartz,
but they found no evidence for the excitonic component
in MgO. Their data, presented in terms of the Ps time of
Aight, are shown in Fig. 98. The inset in the upper
right-hand corner shows the essentially monoenergetic
component of the Si02 data, which they attribute to
work-function emission of excitonic Ps.

In a similar experiment Sferlazzo, Berko, and Canter
(1985) suggested that physisorbed Ps was stable on the
surface of quartz. This conclusion was reached by fitting
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or impurities (like that pictured in Fig. 97) are in fact
dominating all of the experimental studies of the surface
state (Lynn, 1979b). Positron sensitivity to a variety of
surface conditions has riow been demonstrated (see Sec.
II.E), and as we learn more about these interactions it be-
comes increasingly obvious that they must be included in
any complete description of energy-loss, surface-state lo-
calization and subsequent desorption as thermal Ps.

It has been demonstrated that one can calculate core
electron-positron annihilation rates with high accuracy
(Lynn, MacDonald, et a/. , 1977). Weiss et al. (1988)
have recently observed Auger electron emission caused
by positrons annihilating while localized in the surface
state of Ni(110) and polycrystalline Cu. This may turn
out to be a highly sensitive probe of the exact nature of
the positron state at a surface, and specifically of whether
the wave function is localized at surface defects or impur-
ities. It also has the potential of being the only surface
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FICx. 98. Positronium formation in solid quartz and MgO. The
continuous, broad energy distribution results from inelastic
losses of the Ps to the solid. The authors state that the data for
quartz (inset, upper right) also include a contribution due to ex-
citonic Ps formation, like that shown for ice in Fig. 64 (from
Sferlazzo et a/. , 1987).
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Eq. (45) to their data for Ps fraction versus temperature
and deducing an activation energy of =0.15 eV, with a
prefactor more than 30 times that found for metals. The
thermal activation in this work is not nearly as well
defined as that for most metal surfaces (e.g., Fig. 92), and
future studies, such as the surface 2D ACAR described
previously or the laser desorption experiments in pro-
gress at Livermore, may be required to confirm these
conclusions. It may in fact turn out that a mechanism
similar to the phonon-assisted Ps emission described ear-
lier for graphite is responsible for the observations for
quartz, since the data have in both cases the same unusu-
al depend. dence on temperature.

E. Defects

One of the most widely adopted research areas for pos-
itrons has been the identification and study of various
types and concentrations of defects in crystalline solids
(West, 1973). It is therefore no surprise that, soon after
the first UHV positron beams were operating, studies of
defect properties at and near crystal surfaces were initiat-
ed (Lynn, 1979a). One of the most striking advantages of
the positron beam technique follows from the narrow en-

ergy width and controllable energy it makes possible al-

lowing nondestructive measurements on a greater variety
of defect-related problems than any other method, posi-
tron or otherwise.

For studies of equilibrium defects in bulk solids (Sec.
II.E.1), one particular advantage of the diffusion-length

type of study relative to conventional bulk positron tech-
niques (Sec. I.B) is the fact that the measurement of a
diffusion length will continue to decrease with increasing
defect density long after a bulk Doppler-broadening or
lifetime parameter indicates saturation trapping. The
procedure is (in principle) limited only by the need to in-
ject positrons at energies high enough to prevent
significant nonthermal positron reemission and/or non-
thermal Ps formation. The variety of surface-specific in-
teractions that can be observed, together with the low in-
cident positron energies available, make the study of
near-surface defects possible (Sec. II.E.2). Such studies
have so far been restricted to indirect methods (e.g.,
LEED) or more spatially limited direct measurements
(e.g., scanning tunneling microscopy). The variable ener-

gy of positron beams allows (at least in principle) some-
what selective studies of interfaces and multilayer struc-
tures (Secs. II.E.3 and II.E.4). This is because the mean
depth at which the positrons thermalize is proportional
to energy [Eq. (12)].

The present state of nonuniform defect studies with
positron beams is far from its full potential, as is true of
many of the areas already described for this relatively
new probe of solids. However, it is clear from the work
reviewed in the following sections that defect studies will
in the future be one of the more actively pursued
research areas for variable-energy positron beam facili-
ties.

1. Bulk defects

The concept of bulk studies of solids with most of the
positron beams that currently exist is slightly distorted,
since the penetration depth [Eq. (12)] is limited to a max-
imum of a few microns. In particular, the way defects
are often characterized is to use the "half-energy" for
positron back-diffusion to an interface (solid/vacuum,
solid/liquid, solid/solid), which is the parameter Eo de-
scribed in Sec. II.C [Eq. (28)]. This means that the por-
tion of the bulk solid being sampled is within a few multi-
ples of the mean diffusion length (of order 10 A) of the
interface. Nevertheless, for systems with supposedly
"equilibrium" distributions of defects (such as thermally
activated vacancies), the present evidence is that the shal-
low penetration depths are sampling uniform defect den-
sities.

The first measurements of thermally activated vacancy
trapping using a positron beam were for silver (Lynn,
1979a) and copper (Lynn and Welch, 1980). These were
followed by studies in a variety of other materials, includ-
ing aluminum (Lynn, 1981; Lynn and Schultz, 1985;
Huomo et a/. , 1987) and niobium (Nielsen, Lynn, Hurst,
Vehanen, and Schultz, 1985). The ability to study
difficult materials (e.g., chemically reactive, high-
melting-point, or thin foil) without the same restriction
of source-specimen geometry inherent to conventional
positron annihilation techniques is a principle benefit of
the positron beam. The vacancy formation energy E~&, is
found by measuring E0 as a function of sample tempera-
ture and modeling the effective lifetime of the diffusing
positron [r,tr in Eq. (28)] by

kU KbV
~e6'=jef ~b+ g v +KU.

(50)

= l~oexp( E,
„

/kii T), —f (51)

where vo is the so-called "specific" trapping rate, and S i,
is the entropy of formation for a monovacancy. An ex-
ample is shown in Fig. 99. In this study it was found that
reasonable values of the formation energy (E/i, =0.6—0.7)
could only be obtained by using an energy dependence
for the mean depth of the stopping profile (Sec. II.B.1) of
z= AE that was known not to be correct for Al. This
discovery has in part Ied to the present realization that
diffusion and nonthermal trapping-related phenomena of
positrons near surfaces must be studied in much greater
detail before accurate parameters (such as E,„)can be ex-
tracted reliably.

Although the problems mentioned above limit the pre-

where A, b and A, , are the annihilation rates in the bulk
solid and a vacancy, respectively, and ~b, is the trapping
rate into vacancies. The probability for detrapping, ~,b,
is generally assumed to be zero for monovacancies. The
trapping rate, determined from the above, is then related
to E], by the expression

~b, ——voexp(S/i„ /kii )exp( EI /kii T)—
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FIG. 99. Temperature dependence of the dift'usion-related pa-
rameter Eo for aluminum. The increased slope above -500 K
is due to trapping in thermally generated vacancies {from Lynn
and Schultz, 1985a, 1985b}.

cision of measurements of E&, to about 10%%uo, such mea-
surements have still resulted in useful information for
some diKcult problems. One example was the deter-
mination (Nielsen, Lynn, Hurst, Vehanen, and Schultz,
1985) that the effect of vacancy trapping in Nb is much
smaller than was previously thought (Maier et al. , 1979).
These data, shown in Fig. 100, are inconsistent with the
previous value of E &, ——2.6 eV, although they are now in

agreement with the most recent Doppler-broadening
bulk study of Nb (Smedskjaer et al. , 1985). Another ap-
plication of the technique to a diScult materials problem
was the study of thin foils of amorphous alloys (Vehanen,
Lynn, et al. , 1984). In this study the extreme sensitivity
of positrons to open-volume defects was reconfirmed by
the discovery that positron trapping continues in these
alloys at temperatures well above the crystallization tem-
peratures (T, ). Prior to this study most evidence sup-

ported the view that annealing above T, would result in

70—

60— V =-0.9 Ry

50
~O

O

IX
40

bulk recovery of the alloys, and that positrons would
therefore annihilate from a more delocalized state than
was observed.

Nielsen, Lynn, and Chen (1986) have recently shown
that positrons below 1 eV in aluminum have a relatively
high probability of trapping in vacancies prior to com-
plete thermalization. Their results were shown previous-
ly in Fig. 57. Before these results, prethermalized trap-
ping was not expected to be significant (Hodges, 1970).
McMullen and Stott (1986) subsequently recalculated the
trapping rate as a function of energy by modeling the va-
cancy as a simple spherical well (radius =2.99a o',

depth= Vo) and using the exact positron scattering states
in place of the normally used orthogonalized plane-wave
approximation. Their results are shown in Fig. 101,
where it can be seen that in all cases they predict finite
trapping rates for positrons in the eV energy range (-0.1

Ry). Lynn, McKay, and Nielsen (1987) have extended
the McMullen and Stott model by including the vacancy
concentration in their estimates of trapping rates. They
showed that most of the nonthermal trapping occurs at
energies between —,'kz T and 10k& T (because of the longer
thermalization times at low energy), and they obtained
good agreement with the data of Nielsen, Lynn, and
Chen when they used the shallow well depths (Vo = —0.6
to —0.7 Ry) calculated previously by Manninen et al.
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FIG. 100. Temperature dependence of Eo for niobium. The
solid curves are generated assuming D+ uT ' and (a) no vacan-
cy trapping, (b) E» ——3.3 eV, (c) E» ——3.0 eV, (d) E~» ——2.6 eV
(from Nielsen, Lynn, Hurst, Vehanen, and Schultz, 1985).
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FIG. 101. Cross section for positron trapping at vacancies as a
function of positron energy during slowing down. The curves
show that for increasing depths of the potential well {Vo) there
is an increased probability of prethermalized (&0.01 Ry) trap-
ping of the positron. The symbol Vo is the authors' and is not
related to our use for zero-point potential (from McMullen and
Stott, 1986).
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(197S) and Nieminen, Boronski, and Lantto (198S). More
extensive calculations of this type have been carried out
by Puska and Manninen (1987) and by Shirai and
Takamura (1987).

2. Surface defects

As dlscUsscd En Sec. II.D, thc image-induced potential
well at a surface (Fig. 8) means that the surface is itself a
two-dimensional defect as far as a positron is concerned.
It has, however, been observed that structural imperfec-
tions on the surface (i.e., steps, islands, surface vacancies)
that are either intrinsic or caused by some thermal or
adsorbate-mediated reconstruction are often detectable
with low-energy positrons. The erst observation of this
type was for AI„O on Al (Lynn, 1980), where a low
value of the reemitted Ps fraction f was observed to in-
crease following heating of the sample. This result,
shown in Fig. 102, was attributed to the crystallization of
the amorphous oxide overlayer, although a more recent
interpretation (Mayer and Lynn, 1986) suggests that the
recovery of f is associated with oxygen leaving the sur-
face, rather than crystallizing. In any event, the cScient
trapping of positrons before heating in the surface oxide
or at the metal/oxide interface is clearly evident in Fig.
102.

This sensitivity to surface defects has been confirmed
in several subsequent studies as well. As discussed in Sec.
II.D.3 (see Fig. 97), it is possible that the unexpected long
surface lifetime measured for Al(110) (Lynn, Frieze, and
Schultz, 1984) is attributable to an exceptional sensitivity
to defects or impurities. In other words, it may be almost
impossible to measure a delocalized positron surface state
for any metal surface, since the highly mobile positron in
such a state would always seek out a lower-energy site.

Possible evidence that this is the case is the fact that in-
troducing even a small amount of surface damage by
low-dose ion bombardment causes observable differences
in the commonly measured surface "signal, "which is the
branching ratio to Ps (fo) in Eq. (24). This was demon-
strated in the work of Nielsen, van Veen, and Lynn
(198S) for Mo(100).

Trapping of positrons at surface imperfections was re-
cently studied by Koymen, Gidley, and Capehart (1987),
who produced a variable number of surface steps by epit-
axially depositing Ni on a clean Ni(110) substrate. They
calibrated their measurements by using LEED to deter-
mine the step density, which they were able to do up to
the coherence limit (-180 A) of the electron gun. The
results they present, which are reproduced in Fig. 103,
show that the positronium fraction formed at the surface
is sensitive well beyond the LEED limit. The authors
suggest that the steps are the predominant trapping sites
of the positrons on the surface, but point out that their
measurements do not preclude other possibilities.

The reconstructed Si(111)-7)&7 surface, first observed
in 19S9, is the most studied in all of surface science. Re-
cent advances in diCraction techniques and transmission
and tunneling microscopy are now leading to consistent
structural models for this surface (Takayanagi et al. ,
1985, and references therein). It is now fairly widely ac-
cepted that the surface unit cell contains stacking faults
which terminate in open surface voids about one or two
atomic layers deep, and spaced a few tens of angstroms
apart. It was suspected that these voids might trap posi-
trons efhciently, therefore reducing the amount of Ps
which ultimately will form at the surface. An attempt to
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FIG. 102. Positronium fraction as a function of sample temper-
ature for aluminum. The oxygen exposure causes positrons to
trap at the surface, inhibiting the usual near-room-temperature
activation of thermal Ps. High-temperature treatment of the
oxygen-exposed surface has been reinterpreted as the oxygen
dift'using into the bulk Al, leaving a clean surface (from Lynn
and Lutz, 1980a; and Mayer and Lynn, 1986).
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FIG. 103. Positronium fraction as a function of surface ledge
size for Ni(110). The ledges, which are known to be monatomic
height, are formed by evaporating Ni on the Ni(110) substrate.
The dashed line is the coherence limit of the LEED system used
to measure the small ledge dimensions (from Koymen et al. ,
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look for evidence of this revealed no change in fo upon
formation of the 7 & 7 reconstructed surface, and a slight
increase (from -0.5 to -0.6) after subsequent exposure
to hydrogen (Nielsen, Lynn, Vehanen, and Schultz,
1985).

More recently surface 20 ACAR from Brookhaven
National Laboratory (Sec. I.E.2; Lynn, Mills, West, Ber-
ko, Canter, and Roellig, 1985) was used to measure the
two-dimensional electron momentum distributions for
positrons annihilating at reconstructed Si surfaces (Chen,
1987). The data (shown in Fig. 104) are much closer to
what would be expected for positrons annihilating with
electrons from the bulk band structure after exposure to
hydrogen. These results suggest that the positrons are
annihilating at the surface with electrons whose momen-
tum is similar to those from the bulk solid. Chen (1987)
also found that the hydrogen-covered Si surface resulted
in a decreased Ps fraction fo, in apparent contradiction
with the previous study described above.

3. Interface and multilayer effects

Figure 10S shows a highly simplified schematic of posi-
tron interface trapping. The first observation that posi-
trons were trapped at interfacial defects was for copper
overlayers on a W(110) crystal (Schultz, Lynn, Frieze,
and Vehanen, 1983). The Cu, which forms an epitaxial
overlayer of Cu(111), takes up the strain of the lattice
mismatch in the first two atomic layers. From the results
shown in Fig. 106, it can be seen that the yield of 2-keV
incident positrons reemitted from the Cu(111) overlayer
is only -30% of the anticipated yield. This reduced
yield continued until the Cu/W(110) system was annealed
to above 122S K, which is very close to the temperature
required to thermally activate the first atomic layer of Cu
on W(110) (Bauer et al. , 1974) and is well above the tem-
perature required to anneal out any point defects in the
bulk Cu itself.

The observed recovery of the interfacial defects at the
Cu/W(110) interface was supplemented with measure-
ments of the yield versus energy in the as-deposited state.

SU BSTRAT E OVERLAYER

e+ +I

L

Lr
FIG. 105. Schematic representation of positron trapping at an
open-volume defect at an interface.

These results showed approximately a 50% decrease in
the reemitted yield for incident positron energies above
—1 keV, which is consistent [Eq. (28)] with the interfa-
cial trapping. Monte Carlo simulations of the stopping
profile were carried out for the Cu/W(110) system (Lynn
and McKeown, 1988), using the partial-wave scattering
cross sections discussed in the second paper by
Valkealahti and Nieminen (1984). Examples of the simu-
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FIG. 104. Electron momentum distributions measured by sur-
face 2D ACAR at a clean and hydrogen-exposed Si(111) 7X 7
reconstructed surface. The lower curve is more representative
of the bulk electronic band structure than the results for the
clean surface (from Chen, 1987).

FIG. 106. Reemitted positron energy distribution for epitaxial
Cu(111) evaporated on a W(110) substrate. The data are nor-
malized to the defect-free yield of 30% reemission (upper
curve), which was observed only after the as-evaporated system
(lower curve) was brieAy annealed to temperatures above 1225
K (from Schultz, Lynn, Frieze, and Vehanen, 1983).
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et a/. were able to model their data with considerable
success, as shown by the solid line (m =2) in the figure.
The application of the modeling technique to this set of
data was simplified considerably by the fact that there
was no positron diffusion in the amorphous layers, so
that a good test of the implantation profile was possible.
The shape reflects the broadening introduced by the finite
width of the profile, and a linear superposition of contri-
butions from annihilations at the surface (S=0.415), in
the Alz03 (S=0.398), in the ZnS (S=0.430), and in the
glass substrate (S=0.416). This result is an important
demonstration of the applicability of the Gaussian-
derivative profile for systems in which the layers do not
introduce significant density changes.

An example of a "trapping" overlayer on a crystalline
substrate, in which the positron diffuses, is that of SiOz
on Si. Iwase, Uedono, and Tanigawa (1985) first reported
qualitative measurements in this system, showing an in-
crease in the overall fraction of positrons trapped follow-
ing y irradiation. More recently Nielsen, Lynn, Chen,
and Welch (1987) have made measurements in Si02 on
Si(110) which fit with a superposition of parameters, in-
cluding the diffusion in the substrate. Their results,
shown in Fig. 109, yield the same value for L+ as
unmodified Si(110) for the portion at energies & 7.5 keV,
and the interface is seen very clearly to be near 7 keV.
Using Eq. (28) for the mean penetration length, this cor-

0
responds to 3200 A, which is in adequate agreement with
the known thickness of 3500 A.

In another study of this type, Nielsen, Lynn, Leung,
et al. (1987) found a different behavior when a 520-A ox-
ide was grown on a Si(100) substrate. To reduce the
effects of the electric field, the authors measured the sam-
ple at 500'C, obtaining the data shown in Fig. 110. At
depths greater than the interface, the bulk diffusion
length for the data shown was consistent with the field-
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FIG. 109. Doppler-broadening parameter "S"as a function of
incident positron energy in SiO2 on Si(110). The curvature for
energy greater than -7 keV corresponds to positron diffusion
in the crystalline Si (e.g., Fig. 66). The influence of the interface
is observable in the limiting value of the line-shape parameter,
which the curve approaches (from Nielsen, Lynn, Chen, and
Welch, 1987).
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FIG. 110. Positron line-shape parameter S measured vs in-
cident energy for Si(100) with a 52-nm overlayer of thermally
grown SiO&. The sample had been heat treated at -700'C, and
the measurement was done at 500 C (from Nielsen, Lynn,
Leung, Welch, and Rubloff, 1987).

free value. The increase of the line-shape parameter ob-
served at the SiOz/Si interface indicates positron trap-
ping in open-volume defects. Nielsen et al. (private com-
munication) have associated this increase with 3y annihi-
lations, suggesting that o-Ps is being formed in what may
be large open-volume spaces (voids) near the interface.

4. Depth profiling of defects

The discussion above and the data presented in Figs.
106—110 are special cases of the more general topic of
depth profiling of defects with variable-energy positrons.
This technique is generally complicated by positron
diffusion, which must be considered together with the de-
tailed shape of the implantation profile to properly decon-
Uolute the unknown defect distribution. Since the first re-
ported observations of subsurface defect profiles with
positrons (Triftsha, user and Kogel, 1982a, 1982b, 1982c),
several advances have brought us to the point where
more reliable profiles can be extracted from the data, so
long as they are smoothly varying. At the time of writ-
ing, the emphasis of the work in this area is on more so-

— phisticated analysis of the measurable data (e.g., S pa-
rameter, or Ps fraction f), and it will likely soon be possi-
ble to resolve more complicated distributions with this
technique routinely.

In the first study, Triftshauser and Kogel (1982a,
1982b, 1982c; also Kogel and Triftshauser, 1983) studied
the line-shape parameter for polycrystalline Ni and Cu
samples irradiated with energetic He ions. Their results,
shown in Fig. 111 for Ni, are presented as the parameter
I, vs incident positron energy. This parameter (some-
times referred to as "W") is analogous to the S parameter
discussed in Sec. I.E.1, except that it is the relative frac-
tion of counts in the wings of the Doppler-broadened an-
nihilation line-shape spectrum. The depth dependence of
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the He-induced damage is clearly visible in these results,
as well as the increase of the trapping with dose, but so
far they have not modeled the damage profile by any-
thing more than the mean depth of the damage. Mea-
surements similar to these were presented recently by
Iwase, Uedono, Tanigawa, and Sakairi (1985).

The problem of modeling the damage caused by the
energetic He ions was addressed by Lynn, Chen, Nielsen,
Pareja, and Myers (1986; Lynn, 1986). For a distribution
n (z) of positrons in a solid with a bulk annihilation rate
of A.b, and a trapping rate

ic, =vC(z) (52)

for a one-dimensional distribution of defects C(z), the
steady-state diffusion equation is

E,(keV)

FIG. 111. A Doppler-broadening line-shape parameter as a
function of incident positron energy for He -irradiated poly-
crystalline Ni specimens. The solid curve is the result of a fit to
the data for annealed Ni (from Triftshauser and Kogel, 1982a,
1982b, 1982c).

where I', +I'd+I'b ——1. These formulas are, of course,
completely general. In the work of Lynn, Chen, et aI.
(1986) for He-implanted Ni, it was demonstrated that the
diff'usion equation (53) could be solved exactly for a
reasonably accurate profile, namely, the Gaussian deriva-
tive [Eq. (25)], and a simplified model of the defects as a
"box" extending from depth z& to z2. Their results for
the difference in the S parameter for three different He
implant energies relative to that for unirradiated Ni are
shown in Fig. 112. The solid lines in the figure are the re-
sults of their model calculations, which correspond to de-
fects extending over the ranges 40—220 nm, 125—400 nm,
and 100—600 nm for the 30-, and 90-, and 180-keV
curves, respectively. The fit is seen to be quite good in all
cases, and the defect ranges are shown to agree with
those calculated by Monte Carlo techniques. Uedono
et al. (1988) have shown in a similar study that positrons
are sensitive to defects in (70-keV) helium-implanted
nickel at levels down to —1 &( 10' He/cm .

A similar type of data analysis was employed by
Keinonen et al. (1987), who studied the radiation-
induced damage and its recovery with thermal annealing
in n-type Si(100) crystals implanted with 1X 10' 35-keV
H+ ions/cm . The positron results, which provided in-
formation about the concentration and depth of the de-
fects, were combined with Rutherford backscaitering and
channeling studies using 2.0-MeV He+ ions, which pro-
vided profiles of the displaced Si. Through this combina-
tion of techniques, they were able to show that the vacan-
cy and displaced-atom distributions in Si which remain
after isochronal annealing are not related to the initial
deposited energy distribution, contrary to previous ex-
pectations.

The first depth-dependent positron lifetime study has
recently been reported by Schodlbauer et al. (1987); re-
sults are shown in Fig. 113. These data were obtained us-
ing the apparatus shown in Fig. 19 with a polycrystalline
nickel sample that was uniformly implanted with helium

0.07

8 n(z) aD —(Ab+~, )n(z) — [udn(z)]+ Bz
(53)

O. 06

0.05

& = 30kev

where P(z) is the normalized implantation or stopping
profile of the positrons, and ud [see Eq. (13)] is the field-
dependent drift velocity (ud pE; p =mobi——lity;
E=electric field). By integrating Eq. (53) it is seen that
positrons annihilating from three distinguishable states
have fractions (F, represents surface; Fd, defect trapped;
Fb, bulk) that are given for incident positron energy E by

o.04

O. 03

0.02

0.0 I

F,(E)= —J(E) Bn(z)
z=0 (54)

0.00
I 0 20 30 40 50

INCIDENT POSITRON ENERGY (keV)
60

Fd(E)= f nI(z)d ,z
0

Fb(E)= f Abn(z)dz,
0

(56)

FICx. 112. Difference data obtained by subtracting a curve fit to
the S parameter vs energy for annealed Ni from that for the
He+ irradiated Ni crystals. The solid curves are the result of
fitting the simple model described in the text (from Lynn, Chen,
Nielsen, Pareja, and Myers, 1986).
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FIG. 113. Positron lifetime ~& and intensity I2 in He-implanted
nickel (5000 ppm He) as a function of positron beam energy
(from Schodlbauer, Kogel, Sperr, and Triftshauser, 1987).
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Fs non

The asymptotic limit of K (E) is

(57)

(5000 ppm). The data show positron trapping (as evi-
denced by a short diffusion length), but quantitative re-
sults have so far not been obtained with this technique.

One of the reasons the simple model of the 1986 study
done at Brookhaven Nationai Laboratory works fairly
well is that it is assumed (reasonable for this type of ex-
periment) that the surface is a perfectly absorbing bound-
ary. If, for example, Ps is emitted, it is clear by inspec-
tion of Figs. 2 and 29 that it would affect the measured
annihilation line shape (SchultzLyn, n, and Jorch, 1984).
It is in general true that depth profiling is simplified con-
siderably by ensuring that the surface is absorbing. How-
ever, Schut et al. (1988) have demonstrated that a care-
ful accounting of the positrons that end up in all avail-
able channels (including e+ and Ps reemission) may be
valuable for separating the surface and bulk contribu-
tions to the total trapping probability.

To analyze more complicated distributions of defects,
it is no longer possible (in general) to solve the diffusion
equation analytically. Vehanen, Makinen, Hautojarvi,
and Huttunen (1985) have defined a parameter which by
construction of Eqs. (54) through (56) above can be seen
to be the ratio of the fraction returning to the surface in
the defected sample, I', ', to the fraction which would re-
turn to the surface in the absence of defects, I',"'". Their
result is

I.O—
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0,0 ™ ] l l l
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FIG. 114. Positronium parameters K(E) [Eq. (57)] vs energy
for Ar -ion-sputtered Al(110). The various incident energies
are shown; the Ar+ Auence was in all cases —10' cm at an
incident angle of 0=75. From the asymptotic limit of K(E)
[Eq. (58)] the total concentration and mean depth of the defects
can be deduced (from Vehanen, Makinen, Hautojarvi, and Hut-
tunen, 1985).

where C, is the total defect concentration, v is the
specific trapping rate, and (z) is the mean depth of de-
fects (Makinen et al. , 1986). This analysis requires a
measurable Aux of positrons to return to the surface, al-
though in such cases it is so far the most direct way of
determining the total concentration and mean depth of
C(z). In general, the technique has been applied to cases
in which the defect distribution is itself very narrow and
near the surface, such as the characterization of defects
caused by Ar+ sputtering damage of Al(110) (Vehanen,
Makinen, et al. , 1985) that is shown in Fig. 114. The
Ar+ energies (and established defect concentrations)
ranged from 0.4 keV (-0.2X 10' /cm ) to 3 keV
(-1.0)& 10' /cm ). Other studies by these authors using
this technique include variations of ion dose and/or angle
of incidence (Makinen et al. , 1986) and an annealing
study of the ion-induced defects in Mo(111) that is shown
in Fig. 115 (Bentzon et al. , 1987).

Two independent techniques for actually modeling
different profiles of defects against experimentally ob-
tained data have been developed, although both result in
essentially the same information and neither is yet at a
stage where it may be reliably applied to totally unknown
systems. The first was adapted from a model developed
for ion desorption studies by van Gorkum and Kornelsen
(1979). van Veen (1984, unpublished) applied their tech-
nique to e+ beam measurements, and elements of this
work have been partially described by Nielsen, van Veen,
and Lynn (1985). The important components of the
model are clearly outlined in part I of the paper by van
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Gorkum and Kornelsen (1979). A second method em-

ploying a Green's-function solution was developed by the
Finnish group (Ma.kinen et al, 1986; Bentzon et al. ,
1987). Neglecting subtle complications of either tech-
nique, they both rely on an iterative approach to solving
the diffusion equation (53).

After iteratively solving for the fractions of positrons
which annihilate from surface (F, ), defect localized (Fd ),
and bulk (Fb ) states, one compares the solution deter-
mined above with the experimental data. This is a direct
comparison in the case of Ps fraction data, Eq. (24), or, in
the case of line-shape parameter measurements, a linear
combination given by

S=I',S, +FdSd +I'bSb,

200
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FIG. 115. Total defect concentration and mean depth vs an-
nealing temperature for Mo(111) following sputtering with 3-
keV incident Ar+ ions. The migration of vacancylike defects
between 900 and 1200 K leads to both a reduced total number
and a deeper mean depth for the defects {from Bentzon et aI.,
1987).
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FIG. 116. Defect profiles determined (a) experimentally and (b)
by molecular dynamics simulation for Al(110) sputtered with
400-eV Ar+ (- 10' cm ) {from Vehanen, Makinen,
Hautojarvi, and Huttunen, 1985).

where S„Sd,and Sb are the line-shape parameters for
positrons annihilating from the surface, defects, or in the
undefected bulk solid, respectively

As yet, techniques that actually deconuolute an un-
known distribution of defects are only in developmental
stages. The techniques referred to above require that the
implantation profile I'(z) and an assumed defect profile
C(z) be given and that the specific trapping rate be a
known function for each type of defect. These parame-
ters are adjustable, but the results become more time con-
suming as more parameters are varied.

Vehanen et al. (1985) have found a defect profile,
C(z), for Ar+ sputtering damage in Al(110) using a simi-
lar technique to that described above. They parametrize
C(z) with a Gaussian distribution atop an exponential
tail. Their results, shown in Fig. 116, are compared with
molecular-dynamics calculations of the damage caused
by 100 incident Ar+ ions. The two curves in Fig. 116
were volume normalized for comparison.

Another more recent example from that same group is
shown in Fig. 117 (Punkka et a/. , 1987). In this example,
a Si single crystal was irradiated with 100-keV As+ ions
(5 && 10' cm ), which created defects leading to a
change in the line-shape parameter AS, relative to that
observed in the undefected sample. The profile of dam-
age assumed was two "boxes," also shown in the figure.
In this study it was demonstrated that laser annealing
(1.9 J/cm; A, =0.69 pm) of the irradiated sample
significantly reduced the defect concentration, as shown
by the data and assumed defect profile also shown in Fig.
117. Other results from this study were presented by
Hautojarvi et al. (1987).

There is considerable interest in epitaxially grown
semiconductor/semiconductor interfaces, as well as hy-
brid structures made with metals, oxides, and/or semi-
conductors. An example described in the preceding sec-
tion (Fig. 109) illustrated the sensitivity of the variable-

Rev. Mod. Phys. , Vol. 60, No. 3, JUIy 1988-



P. J. Schuttz and K. G. Lynn: Positron-surface interactions 77'1

0.0 O. I I.O
l l I

f

0.020

2.0
1

0

0.49-

lO l5 E (keV)

{a) i-Si / n-Si

0.0l5- As irnpl.

iO

~ 04e

~ 047.
V)

-Si
O.ol 0

0.000
0.0 5,0

Einc {keV)

I

'D
\

. Laser ann.
~\ ~

I

0.005 -e+» . ~ '!' ~

4&octapO Og&4
N ~ M.44

~ i V+ 4p 4i ~ R 4 44~ o+ 4 W-~ 4

I t ~ ~ Sae "--V-tI
l0.0 l 5.0 20.0

0.46

C3

—65-
CL

I I a a

Positron
drift

, b, and d
only

50 l00 keV As+ = Si l4-
~ . I - i . . a

20—
E
CJ

gl
C)

g lO
C3

0 0.0
l

O. I

as implanted

loser treatment

0.2 0.5

l2-

b, c, and d
only

/

05 I.O
z (p.m)

I I

l.5 2.0

Trapping profile

DEPTH ( p, rn )
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fore and after laser annealing (from Punkka et ah. , 1987).

energy positron techmque to the Si02/Si(110) interface.
New studies presently underway are investigating some
of the structural and electronic properties of heterostruc-
tures that are nominally epitaxial, grown using standard
MBE (molecular-beam epitaxy) techniques (e.g. , Bean,
1986). Materials presently being investigated with
variable-energy positrons include GaAs and Si Ge„al-
loys, which have (among others) applications as potential
optical sources or detectors that can be matched to exist-
ing fiber optics. Other experiments have been performed
for Si/Si superlattices, revealing new information about
both electric field effects introduced by electrically active
impurities in the epilayers and structural properties asso-
ciated with the MBE fabrication of the material. Figure

0
118(a) shows data for a -3000-A epilayer grown on an
X-type Si(100) substrate. The results are only slightly
difFerent from those for "bulk" material (dashed curve,
taken from Fig. 72), due to a layer of boron trapped at
the interface, which results in a bipolar field of -2)& 10
V/cm directed towards the interface. The data in Figs

FIG. 118. S-parameter data for MBE-grown intrinsic Si epi-
layers on n-type Si(100). Data are (a) without defect trapping,
and (b)—(d) for a sample containing oxide-type defects. All data
are for samples at 20'C, except (c), which is at 300'C. The solid
curves are obtained by iteratively solving the diffusion equation
(53), including both defect trapping [profile vC(z)] and positron
drift. The dashed curve is for bulk material (cf. Fig. 72). From
Schultz, Tandberg, et a/. , 1988.

118(b)—118(d) are for a —3500-A epilayer on Si(100) that
contains oxidelike defects near the interface. The various
data sets shown are Fig. 118(b) at 20 C (as grown), Fig.
118(c) at 300'C, and Fig. 118(d) after returning to 20'C.
The solid curves through the data are the result of the
iterative modeling of the diffusion equation discussed
above [see Sec. II.C.4 and Eq (53)]. In. cluded in the mod-
eling are the effects of positron drift velocity and trap-
ping in defects, observed to be concentrated at the inter-
face and spread (dilutely) throughout the overlayer. The
figure also shows the bipolar potential calculated for this
sample, and the defect distribution used in the model
(Schultz, Tandberg, et al. , 1988).

One of the important considerations for positron trap-
ping in sexniconductors is the charge state of the defect.
For example, the data in Fig. 118 show clear signs of
trapping in defects at the interface, which implies that
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they are either neutral or negatively charged. Qn the
other hand, studies of thick silicon epilayers (4 —6 pm) on
Si substrates containing varying numbers of dislocations
(from —5 X 10 to ) 10 cm ) show no signs of positron
trapping, indicating that these defects are positively
charged. It is clear that more detailed studies of the
charge states for various defects will be pursued in the fu-
ture, and in particular studies will investigate whether or
not the electric fields associated with charged defects are
leading to prethermalized trapping of positrons. Puska
et al. (1986) have discussed some theoretical aspects of
positron states in defects in semiconductors, and Dlubek
and Krause (1987) and Dannefaer (1987) have reviewed
some of the bulk solid studies of semiconductors that
have been conducted with positrons.

A promising area for investigation with variable-
energy positrons is that of modification-induced damage
in MBE-grown epilayers. An example that follows logi-
cally from the Si/Si study described above is shown in
Fig. 119, where silicon. epilayers of varying depths are
doped using relatively low-energy (O.S —1.0 keV) arsenic
ions. Electrical mobility studies show that carrier con-
centrations of 10' cm or more, when implanted during
overlayer growth at -750 C, can lead to mobilities that
are only -75% of the theoretical values. By contrast,
wheri the growth temperature is -500 C the mobility
reduction is evident at concentrations of a few times 10'
cm . As the data in Fig. 119 show, not only is the posi-
tron sensitive to the structural damage that is presum-
ably leading to this decreased mobility, but evidence of
this damage is clear, even before electrical mobility
shows an effect ( + data in the figure).

Although still preliminary, studies of this type are pro-
viding the groundwork for using positrons to determine
nondestructively depth profiles of defects in the near-
surface region of a solid. It is already possible to solve
the problem without assuming a functional form for the
defect profile, but without significant advancements in
the numerical procedure the technique is limited by the
experimental precision of the data. These concerns, and
the correlation of defect and implantation profiles, will
eventually establish the limits to which a profile of un-
known defects can be uniquely determined experimental-
ly.

III. SUMMARY ANI3 CONCLUSIONS

We have attempted to provide the reader with an un-
derstandable overview of studies of condensed matter
with variable-energy beams of positrons. The positron
interaction was described from its first encounter with a
solid surface, through many of the possible processes un-
til its eventual decay. Some of the applications of the
probe are described, as well as many of the fundamental
interactions of positrons with solids that are currently of
interest to researchers in the field. This pursuit of the
basic understanding is essential to the evolution of posi-
tron (or indeed even Ps) beams as quantitative probes of
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material properties.
Perhaps the fastest-emerging area of research with pos-

itron beam facilities is that of defect profiling in bilayer
and multilayer systems. We expect this to be one of the
most useful applications of the technique to materials sci-
ence. Already, in the last 2 years, new information on
Inetal-metal, semiconductor-semiconductor, and oxide-
semiconductor systems has been revealed, some of which
is described in this review. This area is not without
difhculties, but as the profiling and data analysis capabili-
ties improve we will see it evolve as a more quantitative
defect and interface probe. Among the areas that could
benefit from studies of this type are adhesion, wear, cor-
rosion, and (as demonstrated) the various techniques used
for growing epitaxial multilayer systems.

There has been a great deal written about new experi-
ments that can be performed with positrons. One of the
areas currently developing is that of the remoderated e+
microbeam, which has application to imaging studies of
near-surface or interfacial defects. A beam of this type

FIG. 119. 5-parameter vs positron ener'gy for As-doped MBE-
grown Si on Si(100). The data are as follows: (a) V symbols,
0.75 —1.6-pm overlayers, various doping levels from 1.8)& 10"to
6.6& 10' cm, 0.5- and 1.0-keV As+ ion energy, growth tem-
perature Tg =750 C; (b) + symbols, 1.0-pm overlayer, 7&(10'
cm carriers, 0.5-keV As+, Tg =500'C; (c) 0 symbols, 1.0-LMm

overlayer, 3&10"cm carriers, 1.0-keV As+, Tg =500'C; (d)
& symbols, 0.3-pm overlayer, 4.5 &( 10' cm carriers, 1.0-keV
As+, Tg =750 C; (e) A symbols, 0.6-pm overlayer, & 1)&10
cm carriers, 1.0-keV As+, Tg =750'C (from Jackman,
Schultz, Tandberg, and DenhoA; 1988).
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would complement electron probes (such as TEM or
STM) and provide depth-dependent information about
numbers and types of various defects. There are present-
ly no fundamental problems in developing a working mi-
crobeam with —10 e+/sec, which would be useful not
only for imaging but for all of the techniques discussed in
this review.

In spite of a promising future in both pure and applied
areas of materials research, it is clear that more experi-
mental and theoretical work is needed to understand ful-

ly e+ diffusion and interactions with real surfaces and
adsorbates. The full description of emission processes
will require more accurate estimates for energy-loss rates,
which take account of large variations in electron densi-

ty, including electric field and correlation effects. Future
studies on liquids and liquid/solid interfaces will likely
contribute to the understanding of the energy-loss and lo-
calization phenomena (e.g. , Britton and Rice-Evans,
1988). The area of Ps chemistry at surfaces is another
that has so far received very little attention. The use of
polarized and unpolarized positrons to study molecules
on surfaces that have metastable triplet states (e.g. , in-
duced by uv light) would be of interest to the study of ex-
cited molecular spin-state interactions with Ps atoms.
Studies of this nature will not only provide new surface
chemistry, but also contribute to the ongoing field of e+
and Ps chemical interactions in bulk solids.

There are a variety of other research areas involving
variable-energy positrons which have only just been ini-
tiated, but which will certainly receive more attention in
the coming years. Foremost among these is the applica-
tion of two-dimensional angular correlation techniques to
surface and near-surface studies of solids. Some of the
preliminary 2D ACAR experiments discussed in this re-
view have already contributed to our understanding of Ps
emission, the surface band gap, and positron interactions
at a surface. These may yet be enhariced by angle-
resolved Ps measurements, or by the use of spin-polarized
incident positron beams. The applications of the probe
will also be greatly expanded as the time resolution of
various "tagging" or pulsing techniques is reduced to a
few hundred picoseconds or less on a routine basis. Posi-
tron lifetime studies have been extremely useful for bulk
solid-state research, and it is certain that similar capabili-
ties will allow new and interesting problems to be ad-
dressed in solid surface research.

One undeveloped area is the use of variable-energy Ps
beams for studying surfaces. The benefit of this probe is
that it is neutral and therefore does not strongly interact
with the surface potential. Whether or not Ps will pro-
vide unique information about solid surfaces that is not
otherwise obtainable with more conventional atomic
beams depends to some extent on what is learned in the
early stages of the development of these beams, as well as
on the (as yet uncertain) ability to make reasonably in-
tense beams (& 10 Ps/sec) that are energy tunable. It is
expected that because it is the "simplest" hydrogenic sys-
tem available, with a mass three orders of magnitude less
than hydrogen, there will indeed be a demonstrable ad-

vantage in using Ps scattering for a variety of problems.
These questions can only really be answered by the
pioneering studies currently underway.
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