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ABSTRACT

Owing to the ability of the positron to annihilate from a variety of defect-
trapped states, positron annihilation spectroscopy (PAS) has been applied
increasingly to the characterization and study of defects in materials in
recent years. In metals particularly, it has been demonstrated that PAS can
yield defect-specific information which, by itself or in conjunction with
more traditional experimental techniques, has already made a significant
impact upon the determination of atomic-defect properties and the monitoring
and characterization of vacancy-like microatructure development, as occurs
during post-irradiation annealing. The applications of PAS are now actively
expanding to the study of more complex defect-related phenomena in
irradiated or deformed metals and alloys, phase transformations and struc-
tural disorder, surfaces and near-surface defect characterization. A number
of these applications in materials science are reviewed and discussed with
respect to profitable future directions.

1. INTRODUCTION

The positron is the antimatter equivalent of the electron; as such it has
exactly the same mass as the electron, but a charge that while equal in
magnitude is opposite in sign to that of the electron. When a positron
annihilates with an electron, as it will when electrons are present in its
environment, Y-rays are emitted carrying with them the rest-mass energies of
the electron and positron according to the equation E * me . It is these
Y-rays that are detected in positron annihilation spectroscopy, and it is by
means of these that one can probe the electronic and atomic environment from
which the positron annihilates. As exotic as antimatter sounds, positrons
are really quite readily available from commercially-produced radioisotope
sources, such as Na, which decays by the emission of positrons with a
spectrum of energies up to about 0.5 MeV. Such energies ensure that the
positrons emitted from a radioactive source located on or near a sample will
be implanted at sufficient depths (up to about 100 to 200 urn in a metal or
alloy) that the Information obtained from positron annihilation using these
sources will correspond to the bulk properties of the material under inves-
tigation. Recently, low-energy positron-beam sources have also become
available; these can produce monoenergetic positrons of sufficiently low and
variable energies that surfaces and near-surface regions of materials can
now also be studied with the positron. The present article will give the
reader a brief introduction to positron annihilation spactroscopy (PAS) and
its applicability to the characterization of materials. A number of reviews
of the techniques and applications of PAS exist; among these are Hautojarvi
(1979), Siegel (1980,1982a), and Smedskjaer and Fluss (1983). The most



recent International conference proceedings in this area are Hasigut1 and
Fujiwara (1979) and Coleman et al. (1982); furthermore, a variety of inter-
esting new applications can be found in the present Symposium Proceedings.

The physical basis for the PAS techniques, and the type of information that
they can yield regarding materials, can be described with the help of the.
schematic diagram shown in fig. 1. When an energetic positron is introduced
into a material sample, for example, from a radioactive source such
as 22Na, the positron is thermalized within a few picoseconds by a suc-
cession of ionizing collisions, plasmon and electron-hole excitations, and
phonon interactions. These thermalization processes result in a positron
that, in a crystalline material, is in a periodically extended Bloch-like
free state (similar to the low-momentum band states of electrons in metals),
in which its density is highest in the interstitial regions owing to the
repulsion of the positron from the positively charged ion cores of the
atoms. If crystal-lattice defects with significantly lower-than-average
electron density, such as vacancies, small vacancy clusters, or voids, are
present in the material in sufficient concentration, the positron can
subsequently be trapped in a rather deeply-bound state in such a defect.
Similar trapping may occur in free volumes (Bernal holes) or structural
defects in amorphous alloys. The positron is also sensitive to the presence
in crystalline materials of dislocations, grain boundaries, and interfaces,
which in general represent somewhat smaller negative perturbations to the
average electron density in the material than a vacancy-type defect, but
which may contain defects themselves (e.g., jogs on a dislocation line) that
can trap positrons more deeply. The ability of the positron to take up this
variety of states in materials, from which it annihilates yielding charac-
teristic Information, provides PAS with its demonstrated value and future
potential as a unique microcharacterization tool for materials.

The PAS techniques, lifetime, Doppler broadening, and angular correlation,
are based upon measurements of ~106 positron-electron pair annihilation
events, each of which normally yields two Y-rays. Owing to the conservation
of both energy and momentum in the annihilation process, the resulting
Y-rays are emitted in opposite directions, plus or minus an angular
deviation 6 with energies equal to the rest-mass energy of an electron or
positron (me * 511 keV), plus or minus an energy increment AE. The prob-
ability distributions of the deviations 9 and AE, which are measured in

keV
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Fig. 1. Schematic representation of positron annihilation spectroscopy
(PAS) indicating the basis for the three experimental techniques of PAS:
lifetime, Doppler broadening, and angular correlation. After Siegel (1978).



angular correlation and Doppler-broadening experiments, respectively, can
yield detailed information regarding the electron momentum states, and
accordingly the defect nature if the positrons are trapped, in the region
from which the positrons annihilate. The probability per unit time for the
annihilation of a positron depends upon the electron density experienced by
the positron. Hence, the positron lifetime, which is deduced experimentally
from a measured distribution (between zero and hundreds of ps) of the time
increments 6t between the injection of a positron into the material and its
subsequent annihilation, yields information regarding the electron density
in the region or regions from which the positrons annihilate. More than one
positron lifetime can be extracted from a <5t distribution, if the dominant
positron states in the sample are sufficiently distinct, as would be the
case for positrons annihilating from both free and deeply bound defect-
trapped states. However, such a separation of states from Doppler broad-
ening or angular correlation data is not as easily accomplished, but can
provide additional information not available from lifetime experiments.

Positrons annihilating from bound states in defect regions of lower-than-
average electron density have longer lifetimes than those in defect-free
materials. In most metals, for example, free positron lifetimes range from
about 100 to 150 ps, with vacancy- or dislocation-trapped positron lifetimes
some ~50% longer. Positron lifetimes in voids are about 450 ps; in smaller
vacancy clusters they are intermediate between this value and that for the
monovacancy. The localization of positrons in defects also gives rise to
narrower, more peaked angular correlation and Doppler-broadened spectra,
owing to the lower electron momenta experienced by the positrons in their
defect-trapped state. Since the positron is generally repelled from regions
of higher—than-average electron density in a material (e.g., an interstitial
atom or small interstitial cluster), PAS is 'often able to distinguish
between the defect clustering processes that involve vacancies or inter-
stitials when both defect species are present, as in irradiated metals. In
general, a positron annihilation parameter, such as the positron lifetime or
the degree of peakedness (e.g., normalized peak height) of an angular corre-
lation or Doppler-broadened spectrum, responds to positron trapping in
different defect types in a given material by tending to increase its value
monotonically with increasing positron-defect binding energy. Such a
parameter responds in a similar fashion to an increasing concentration of a
given single defect type, as long as this concentration change increases the
probability of positron trapping at the defect prior to annihilation.

2. VACANCY FORMATION

The sensitivity of PAS to changing defect concentration, first realized
almost 20 years ago (Dekhtyar et al. 1964, Berko and Erskine 1967, MacKenzie
et al. 1967)s has led in the intervening years to a vigorous application of
PAS to the study of equilibrium vacancy formation in metals and alloys
(Siegel 1982b, Schaefer 1982), and in molecular solids as well (Eldrup
1982). An example of this application of PAS is shown in fig. 2, in which a
Doppler-broadening parameter for tungsten (Smedskjaer et al. 1984a) is shown
as a function of temperature in the region between room temperature and its
melting point. The variation of the positron annihilation parameter with
temperature in the low temperature region is seen to be linear in response
to the thermal expansion of the lattice, which lowers the average electron
density and momentum overlapped by the Bloch-state positron with increasing
temperature. An additional linear temperature dependence in this region
arises from the coupling of the positron and electrons via the phonons in
the material. As the temperature is increased further, the exponentially
increasing equilibrium vacancy population gives rise to observable positron
trapping and concomitant changes in the positron annihilation parameter at



about 10~6 atom fraction vacancies. At the highest temperatures, beyond
vacancy concentrations of about 10" , the probability of positron trapping
approaches unity, giving rise to the rather typical sigmoidal curve shown in
fig. 2. Measurements of this transition with temperature from Bloch-state
annihilation behavior to vacancy-trapped state behavior have yielded values
of the vacancy formation enthalpy in a wide range of metals and alloys
(Siegel 1982a,b, Schaefer 1982). Such measurements have yielded either the
most precise or the only values for ̂  the monovacancy formation
enthalpy, H F

l v, in a large number of metals. These values, when subtracted
from the respective low-temperature activation enthalpies for self-diffusion
in metals, Qx » Hf^v + H

Miv, have in addition provided values for the
activation enthalpy for monovacancy migration, H iv. Vacancy migration
during post-irradiation or post-quenching annealing experiments has also
been actively investigated by PAS (see section 3). A generally consistent
picture has emerged from these high- and low-temperature (equilibrium and
nonequilibrium) measurements of vacancy mobility. This is shown in table 1
for some selected metals. Table 1 also indicates that PAS measurements of
monovacancy formation enthalpies are in rather good agreement with those
obtained from careful quenching studies, when available.

Vacancy formation in dilute and concentrated alloys has become more actively
studied with PAS in recent years. These studies have sometimes met with
less quantitative success than those in pure metals, owing to a present lack
of detailed understanding of the way In which the positron interacts with
the alloy system. It is anticipated, however, that this situation will soon
change with the advent of significant progress in the theoretical under-
standing of the electronic structure of concentrated disordered alloys and
the positron response thereto. Careful measurements, analogous to those
shown in fig. 2, of the enhanced vacancy formation due to the presence of
vacancy-solute bound states in dilute alloys (e.g., Smedskjaer et al. 1984b)
have, nevertheless, yielded values for the Gibbs free energy and/or enthalpy
of vacancy-solute binding in a number of alloy systems.
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Fig. 2. Doppler broadening lineshape for tungsten as a function of
temperature, and the two-state trapping model fit to the data up to the
melting temperature TM. After Smedskjaer et al. (1984a).



Table 1. Monovacancy formation enthalpies, H ^ , froa PAS compared with
those from quenching (Siegel 1982b). Chosen values for H ^v a r e subtracted
from the activation enthalpies for low-temperature diffusion, Q,, to yield
values for the monovacancy migration enthalpy, n j v (Siegel 1982c). These
are compared with values from annealing studies (Balluffi 1978, Anteeberger
et al. 1978, Berger et al. 1979, Rasch et al. 1980).

Metal
PAS

HF
ly(eV)

Quenching Chosen

HM
lv(eV) HM

lv(eV)

Annealing

Al
Ag
Au
Cu
Ni
Mo
W

0.66
1.11
0.97
1.31
1.8
3.0
3.8

0.66
1.10
0.94
1.30
1.6
3.2
3.6

0.66
1.11
0.94
1.31
1.8
3.2
3.6

1.28
1.76
1.78
2.07
2.88
4 .5
5.4

0.62
0.65
0.84
0.76
1.1
1.3
1.8

0.62
0.66
0.83
0.76
1.1
1.3
1.8

EXPERIMENT: 2D-ACAR
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Fig. 3. Schematic representation of a 2D-ACAR investigation of the equi-
librium vacancy ensemble in aluminum (Fluss et al. 1984a,b). Experimental
2D-ACAR surfaces are compared with theoretical 2D-ACAR spectra for the
Bloch, monovacancy-trapped (lv), and divacancy-trapped (2v) states of the
positron. A set of 1D-ACAR data is also shown. After Siegel (1982b).



The possibility to go beyond the types of measurements of vacancy formation
shown in fig. 2 has recently been demonstrated (Fluss et al. 1984a) for
aluminum using a combination of theoretical predictions of the positron
response to various defect types (Chakraborty and Siegel 1983) and the f o -
dimensional angular correlation (2D-ACAR) technique (Berko 1979). A sche-
matic diagram of this effort is presented in fig. 3, in which three of the
experimental 2D-ACAR surfaces are shown and compared with the theoretically
predicted spectra for the Bloch, monovacancy-trapped, and divacancy-trapped
states of the positron. The relationship between the experimental 2D-ACAR
spectra and a more standard one-dimensional angular correlation result
(Fluss et al. 1984b) is also depicted. The strongly increased peakedness in
the experimental 2D-ACAR spectra with increasing temperature is evident and,
at the highest temperatures, reminiscent of the behavior expected from
positron trapping in deeper (i.e., more strongly-bound) traps, such as the
divacancy. Since the resolution of these 2D-ACAR measurements led to high-
temperature results that were essentially cylindrically symmetric, radial
cuts through the spectra were most easily compared. These are 3hown in
fig. 4, in which the data are seen at the highest temperatures to depart
increasingly from the predicted monovacancy-trapped positron behavior toward
that predicted for divacancy-trapped positrons. These results have allowed
for the first time the separation of PAS data for an equilibrium ensemble of
rather similar defect constituents (monovacancies and divacancies) into
their component parts, and have opened the door to high-resolution defect
spectroscopy with PAS in other metals and alloys as well. Neither the
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Fig. 4. Radial <ll0> slices (points) through experimental 2D-ACAR trapped-
state spectra for aluminum at 613 < T < 903 K. and the Bloch-state spectrum
(293 K) are compared with theoretical predictions for raonovacancies (solid
lines, 613 < T < 903 K) and divacancies (dashed lines) and the Bloch state
(solid line, 293 K). From Fluss et al. (1984a).



theoretical nor experimental techniques used in this investigation are
limited to the particular metal chosen for this proof-of-principle experi-
ment. It is indeed expected that, with the availability of high-resolution,
high-efficiency 2D-ACAR detector systems, defect anisotropies and local
chemical environments around defects may also be observable with PAS.

3. VACANCY MOBILITY AND-CLUSTERING

The sensitivity of the positron to the full range of vacancy-defect sizes,
from monovacancies through small vacancy clusters to voids readily observ-
able by transmission electron microscopy (TEM), has given FAS a unique place
in the armamentarium of characterization tools available to the materials
scientist. The ability to make direct PAS measurements of vacancy mobility
during post-quenching or, more often, post-irradiation annealing, while
vacancy clustering is occuring, and even in the presence of self-in'ter-
stitials, has made a significant impact on our understanding of this
problem. Some notable examples of such applications are: (1) the Doppler-
broadening observations of vacancy mobility and clustering during so-called
Stage-Ill annealing of electron-irradiated copper at about 250 K by Mantl
and Triftshauser (1975,1978); (2) the positron lifetime measurements of low-
temperature (about 220 K) vacancy mobility in electron-irradiated high-
purity a -iron by Hautojarvi et al. (1979) and their subsequent inves-
tigations of vacancy-carbon interactions in this material (Hautojarvi 1982);
and (3) the lifetime studies of vacancy mobility and clustering in electron-
irradiated pure and nitrogen-doped molybdenum by Nielsen et al. (1982a).

A variety of annealing investigations of energetic—particle irradiated
metals have been carried out using PAS, taking advantage of its selective
sensitivity to vacancy-like defects, in order to elucidate the nature of the
resulting defect annealing and clustering processes. A number of these have
been reviewed elsewhere (e.g., Siegel 1982 a,b) and further examples can be
found in the present Symposium Proceedings. These investigations have
included studies of a wide range of pure fee and bec metals, such metals
doped with various substitutional or interstitial impurities, and concen-
trated alloys as well. The general picture that has emerged from these PAS
studies is that vacancy mobility resulting, at least in part, in the forma-
tion of small vacancy clusters occurs during the so-called Stage-Ill
annealing regime in irradiated metals. This conclusion appears to be rather
well supported by theoretical calculations of positron lifetimes in a
variety of small vacancy clusters (e.g., Hautojarvi et al. 1977), although
qualitative models for interstitial-related positron traps have been sug-
gested as alternatives (Frank et al. 1982). Despite the longstanding con-
troversy over Stage-III annealing, the weight of evidence from PAS seems
clearly in favor of vacancy migration in this annealing stage. For example,
the Doppler-broadening study of electron-irradiated copper by Mantl and
Triftsha'user (1975,1978), and a subsequent investigation of quenched copper
(Lengeler et al. 1978), have utilized a ratio (R parameter) of measured
lineshape-parameter differences that is defect specific, but essentially
defect concentration independent, to monitor the ongoing defect recovery
processes in the vicinity of 250-300 K. The observed similarity between the
results for the quenched and the electron-irradiated samples leaves little
doubt that vacancies are precipitating in both cases.

The question of the temperature range of vacancy mobility in a-iron has also
existed for a number of years, and the PAS lifetime investigations of this
problem by Hautojarvi and his coworkers have now apparently settled the
issue. Their initial experiment on the annealing of electron—irradiated
samples (Hautojarvi et al. 1979) showed rather clearly that vacancy
migration leading to vacancy clustering takes place at about 220 K in pure



ot-iron, and not at temperatures (>450 K) considerably higher than this, as
had been suggested by a number of previous experiments (e.g., Weiler et al.
1975). Subsequent experiments on the annealing of irradiated carbon-doped
a -iron (see Hautojarvi 1982 and references therein) have confirmed the low-
temperature (220 K) mobility of free vacancies and have further indicated
that the high-temperature vacancy mobility range is associated with the
dissociation (around 480 K) of vacancy-carbon pairs and the migration of the
previously carbon-trapped vacancies. These studies, and others like them,
have clearly demonstrated one of the strengths of the PAS techniques,
namely, to be able to monitor the progress of an ensemble of vacancy
defects, even in the presence of rather complex defect-annealing phenomena,
owing to the selective sensitivity of positrons to lower-than-average elec-
tron density (i.e., vacancy-like) regions in a material. Indeed, the
results of these PAS measurements regarding vacancy mobility in a-iron have
now been confirmed in a variety of investigations using, in addition to PAS,
magnetic after-effect measurements, TEM, and electrical resistometry.

Ever since the first demonstration that positrons are sensitive to voids in
materials (Cotterill et al. 1972), considerable activity using PAS has been
focused on the phenomenon of void formation in irradiated materials. This
has in part been due to the basic scientific interest in the problem, the
study of which takes advantage of various unique aspects of PAS, but it has
also been driven by the technological importance of the problem in the
development and use of nuclear reactors. It should be made clear at the
onset, if it is not already so, that in characterizing the morphology of
voids and their relationship to extended defects, such as dislocations,
grain boundaries, and interphase boundaries, PAS can not compete with direct
TEM observations of such materials. PAS averages over rather large volumes
of material, by comparison, and as such yields information which averages
over the defect population in these volumes in its own unique fashion.
Nevertheless, PAS is capable of following the void formation process over
the full range of vacancy cluster sizes (e.g., Petersen et al. 1974), as no
other technique is presently able to do, and it is also capable of moni-
toring the solute segregation to these voids (even at the earliest stages),
which has a major impact on understanding the void-formation phenomenon in
engineering alloys. A recent example of such a study, which gives a view
toward a number of PAS's capabilities in this area, is the positron lifetime
investigation of the ageing of electron-irradiated pure and nitrogen-doped
molybdenum by Nielsen et' al. (1982a), results of which are shown in
fig. 5. (See also subsequent work by this group in the present Symposium
Proceedings.) This study, in addition to showing the effects of nitrogen
additions to molybdenum on the net defect production, has demonstrated
clearly the suppression of vacancy mobility (normally around 250°C) and
hence the suppression of void formation up to about 600°C by the presence of
nitrogen. This investigation also gives clear evidence for nitrogen
contamination of the voids, a sensitivity that will undoubtedly prove fruit-
ful for further PAS investigations of interstitial- and substitutional-
solute segregation to voids in alloys.

4. DEFORMED MATERIALS

Positron annihilation has also been used to study the defect ensembles pro-
duced by the deformation of materials, as well as the interaction between
these defect ensembles and interstitial impurities, as occurs for example in
hydrogen embrittlement. A few examples here will elucidate how PAS can be
applied to the study of such defect ensembles. A more extensive review has
been given by Byrne (1983). One must realize at the outset that the des-
cription of a complex defect ensemble round in a deformed stainless steel,
for example, is a challenging task. While the characterization by PAS of a
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Fig. 5. The lifetime of defect-trapped positrons, and the intensity of this
component, versus annealing temperature in electron-irradiated, pure and
nitrogen-doped molybdenum. From Nielsen et al. (1982a).

perfect lattice containing single vacancies is rather simple, the charac-
terization of a deformed material, which in general might contain single
vacancies and interstitials, agglomerates of these atomic defects, and a
variety of dislocation configurations, is quite difficult. No single
technique exists by which such a defect ensemble can be entirely charac-
terized, and one must understand that PAS also can only supply information
complementary to that available from other techniques.

Since dislocations are the primary components of a defect ensemble produced
by plastic deformation, it is useful to consider first the characteristic
properties of positron-dislocation interactions. The PAS technique is in
general not well suited to distinguish clearly between single vacancies and
dislocations found in such a defect ensemble, owing to the observation that
the positron lifetime in a vacancy and a dislocation are similar, often
within the resolution of the PAS instrumentation. This similarity has been
interpreted in different fashions. Bergersen and McMullen (1977), for
example, have suggested that the electron density and momentum distribution
in the dislocation core may be similar to that found in a mcnovacancy. On
the other hand, Smedskjaer et al. (1980) have postulated that the electron
and momentum distribution in the core differ significantly from that in a
vacancy, but that the positron, once captured by a dislocation, migrates
very rapidly along the dislocation line until it is more deeply trapped in a
jog, where it subsequently annihilates. Since a jog is likely to have local
properties similar to that of a vacancy, the similar lifetimes are more
easily understood in this model. Unfortunately, few PAS experiments have
been dedicated to the study of positron annihilation in well-characterized
dislocation ensembles. For example, Johnson et al. (1978a) found for a
dislocation ensemble (mainly edge dislocations) in copper single crystals a
specific positron trapping rate of 1.6 * 1 0 ^ s"1 per atom site in the
dislocation core. However, McKee et al. (1974) found, also for copper, a
much lower rate of 3 x 10*5 s-l p e r atom site. It is apparent that the
dislocation ensembles in these two studies were dissimilar. In analyzing
PAS data on deformed materials, one must thus accept the likelihood that the
tripping rate of positrons into dislocations may depend strongly upon the
nature (edge or screw) of the dislocations present and, in general, such
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Fig. 6. A Doppler broadening lineshape parameter and the defect-specific R
parameter versus annealing temperature for 25% cold-worked nickel. From
Gauster et al. (1979).

dislocation properties as the extent of dislocation dissociation or whether
the dislocations are decorated with impurities.

As examples of the type of information obtainable from PAS, we can consider
two studies on cold-worked materials. Gauster et al. (1979) reported on
combined PAS and TEM results for 316 stainless steel and nickel, while
Johnson et al. (1978b) reported on PAS and hardness results for cold-worked
nickel. Gauster et al. (1979) annealed a 25% cold-worked Ni sample; their
lineshape parameter and defect-specific parameter are shown as a function of
annealing temperature in fig. 6. The lineshape-parameter data show the
presence of two annealing stages, one at about 475 K, the second at about
700 K. These results are similar to those which have been observed by
similar electrical resistivity measurements. However, the defect-specific R
parameter contains additional information. The monotonic decrease during
the first annealing stage indicates the presence of at least two defect
types (e.g., vacancy clusters and dislocations) having different R
parameters; one of these defect types (presumably vacancy clusters) is
annealing, thereby causing a decrease in the observed R parameter, which is
a weighted average of the specific R parameters of the defects present. In
the second stage, the R parameter indicates that defects of essentially one
type (presumably dislocations) are annealing. Corroborating evidence from
TEM showed, as expected, that dislocations were removed from the sample at
about 700 K. The results of Johnson et al. (1978b) for 69%-deformed nickel
follow the same pattern as that shown in fig. 6. Hardness tests performed
in their experiment also support the notion of dislocation annealing at
about 700 K. However, a lifetime (about 185 ps), which is too long to be
interpreted as that from a single vacancy (~145 ps, Lynn et al. 1979), was
obtained for annealing temperatures below 400 K. One may thus conclude, at
least with regard to the 69%-deformed sample, that considerable positron
trapping takes place at small vacancy clusters. Between the two annealing
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stages, a lifetime of ~155 ps was found, which indicates the presence of a
dislocation ensemble, since the monovacancy in nickel is mobile well below
these temperatures. The annealing of cold-worked 316 stainless steel
appears to be more complex. Gauster et al. (1979) found a single continuous
annealing stage, with no change in the R parameter over the annealing
temperature range. The authors concluded that positrons are only weakly
sensitive to dislocations in 316 stainless steel aad that the observed PAS
signals were mainly due to vacancies or deject complexes that were not
observed by TEM. It is clear, however, that further work is needed to
clarify these conclusions.

We have shown how a combination of positron lifetimes, lineshape parameters
and defect-specific parameters can be used to obtain complementary infor-
mation about the defect ensemble present in a sample during annealing. As a
further example we shall consider how the temperature dependence of the
positron trapping rate may be applied to the study of a defect ensemble. In
the work of Pagh et al. (1982), a molybdenum single crystal was Irradiated
with fast neutrons and subsequently annealed at increasing temperatures,
thereby creating a varying mixture of voids and vacancy loops. After each
annealing treatment, lifetime spectra were recorded as a function of tem-
perature below 220°C. After annealing at 650°C, it was found that the
intensity related to the positron lifetime in the voids (~460 ps) increased
strongly with increasing temperature; annealing at 875°C reduced this tem-
perature dependence significantly. These findings were interpreted in terms
of competitive trapping and detrapping of positrons from the vacancy loops
also present. At low temperatures the probability of positron detrapping
from these loops is low. At higher temperatures some of the positrons may
detrap and eventually reach a void prior to annihilation, thus causing an
increase of the intensity of the void—lifetime signal. The decrease in this
temperature dependence with increasing annealing temperature between 650 and
875°C was explained in terms of a reduction of the loop density relative to
the void density. This experiment serves not only as a demonstration of the
competition among defects for positron trapping, but also suggests that
investigations of the temperature dependence of the positron signals from a
defect ensemble can elucidate the nature of the defects present.

Studies of hydrogen-defect interactions have also been - carried out using
PAS. The important point here is that hydrogen apparently decorates various
defects in the sample, thereby reducing the positron trapping into those
defects. This has been demonstrated, for example, for cathodically charged
nickel (Kao et al. 1979). A more recent PAS study of hydrogen-dislocation
interactions has been carried out by Panchanadeeswaran and Byrne (1983) In
Cu and Cu^M) alloys. It was observed that a Doppler-broadening normalized
peak-height parameter decreased about three times faster in Cu(8% Al) than
in Cu(2Z Al) following thermal charging with hydrogen. The authors con-
cluded that this effect is consistent with an increased hydrogen attraction
to the more extended dislocations in the alloy with lower stacking-fault
energy, a conclusion of potential significance to the understanding of
hydrogen embrittlement. The ability of hydrogen to screen defects from
positrons has also been observed in samples containing voids and vacancy
loops. Nielsen et al. (1982b)' injected hydrogen into a molybdenum sample
containing both voids and vacancy loops. The screening effect of the
hydrogen in the vacancy loops was demonstrated by the observation that the
intensity associated with the void lifetime signal increased for a sample
containing hydrogen, owing to the change i;.v the competition for positrons
from the two potential defect traps. PAS has also been applied in studies
of metal hydrides. However, as pointed out in the studies of vanadium
hydride and deuteride by Mantl and Singru (1979), the application of the
positron annihilation methods to such systems is severely limited by the
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concomitant defect production arising from phase transformations, and
extreme care must be exercised when Interpreting such results.

5. PHASE TRANSFORMATIONS

The study of phase transformations using positron annihilation is not a well
developed topical area, however it does deserve our attention, since there
is a potential in such studies for useful, and possibly unique, applications
of PAS. The signals from positron-electron annihilation have been shown to
respond to changes which take place in the temperature (or pressure) regimes
of known phase transformations. Such responsiveness, however, reflects the
sensitivity of the PAS signals to a variety of consequences: (a) changes in
the bulk electronic and atomic structure, (b) associated changes in equi-
librium and nonequilibrium defect populations, and (c) fluctuations occuring
near phase boundaries. The changes in atomic spacing associated with most
phase tranformations can be a dominant source of the observed PAS
response. An objective in future studies will be to separate those effects
on the PAS signal which are a consequence of changes in lattice constant
alone from those which are due to other interesting changes in the positron
environment. The positron can prove to be a useful probe for studying the
nature of phase transformations, if we confine ourselves to those properties
which the positron measures best, variations in vacancy-defect concentra-
tions and the density of electrons in momentum space. PAS can provide
information, not easily available with other techniques, in regard to the
role of vacancy defect states in the vicinity (temperature or pressure) of
the phase transformation. The positron can also allow one to perform
electronic structure measurements under conditions which are inaccessible
via the de Haas—van Alphen technique. One can anticipate that differential
comparisons of the electronic structure from either side of a phase boundary
will be obtainable in the near future from PAS 2D-ACAR experiments.

A pair of peak-count momentum (Doppler-broadening or angular correlation)
studies on order-disorder transitions can serve to indicate the senstivity
and the potential usefulness of PAS. Doyama et al. (1974) have studied the
order-disorder phase transformation in CU3AU at 380°C. The temperature-
dependent positron response to this first-order phase transformation was
found to be continuous for about ± 50°C around the transition temperature.
The continuous nature of the observed response over such a large temperature
range suggests that the positrons are sampling other effects beyond those
associated with the volume change accompanying the phase transformation
(e.g., vacancy-defect production or the presence of multiphase regions in
the sampled volume). An example of a second-order transition observed with
positron annihilation has been reported by KuribayasW et al. (1975) for the
order-disorder system Cu(Pd); the results are shown in fig. 7. The dis-
continuity seen in this case is probably related to changes in electronic
structure, which are often observed as a discontinuity in the heat capacity
for second-order phase transformations. Clearly, more quantitative high-
statistics work is required, perhaps 2D-ACAR in conjunction with high-
resolution electron microscopy, to ultimately understand the real value of
these positron observations.

Two particularly good examples of the positron's senstivity to changes in
the vacancy population which accompany phase transformations can be found in
the experiments of Matter et al. (1979) on vacancy formation in iron and
uranium. Iron undergoes high-temperature bcc(a) to fcc(y) to bcc(S) phase
transformations. Because there is a significant vacancy concentration
already present in the low-temperature a-phase a significant fraction of the
positrons annihilate from the vacancy-trapped state. Upon passing through
the a -»• y phase transformation, the vacancy concentration apparently
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Fig. 7. Doppler broadening peak-count rate for the order-disorder
system Ci^Pd].-^ a 8 a function ol temperature and composition. From
Kuribayashi et al. (1975).

decreases. Figure 8 shows the peak-count rate angular correlation parameter
as a function of temperature for this experiment*. The segments of the
sigmoidal curves for the three phases are clearly evident, and with some
assumptions the authors were able to extract quantitative estimates of the
vacancy formation enthalpies for both the a (1.60 ± 0.10 eV) and the Y
(1.40 ± 0.15 eV) phases. However, for similar data in iron, Schaefer et al.
(1977) previously assumed that the positron mobility and/or trapping rate
into vacancies is decreased by a factor of about 3 upon going from the a to
Y phase. This yielded different, but equal, vacancy formation enthalpies
for the ct (1.53 ± 0.15 eV) and Y (1.54 ± 0.15 eV) phases and a vacancy
concentration that is continuous across the phase boundary. Measurements of
the positron mobility or positron lifetimes in iron would resolve this prob-
lem. A similar peak-count experiment in uranium, shown in fig. 9, revealed
that the positron follows the effects of lattice expansion for the ortho-
rhombic and tetragonal phases, but upon transformation to the bcc Y-phase at
1048 K, significant trapping is evident. A trapping-model analysis yielded
the sigmoidal curve shown in fig. 9, as well as an estimate of H F

l v = 1.2
± 0 . 3 eV. The authors concluded from the similar magnitudes of this forma-
tion enthalpy and the activation enthalpy for self-diffusion that the va-
cancy migration enthalpy for Y-uranium has a very low value. However, this
result is accompanied by large uncertainties, owing to the complexities in-
troduced by the phase transformations and the assumptions necessary to ana-
lyze these data. Lifetime experiments could again clarify these problems.

An advantage of PAS studies is that they may be performed over a wide range
of temperature and pressure. Pressure dependent experiments up to 20 kbar
have been reported, in which the vacancy formation volumes were determined
in Cd and In (Dickman et al. 1978). Positron lifetime studies of pressure-
induced phase transformations in a-, g- and Y-cerium (McGervey et al. 1982)
have been performed to check for evidence of the f-band promotional model.
The results indicated that the positron lifetimes for these three phases
were indistinguishable. It is expected, however, that 2D-ACAR experiments
on cerium could shed further light on this problem. The study of the
nucleation and growth of precipitates is a fertile area for microscopic
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Fig. 9. Angular correlation peak-count rate for uranium as a function of
temperature. From Matter et al. (1979).

studies with positrons. PAS experiments of Murakami et al. (1982) on
quenched Al(Ge) alloys, correlated with electron microscopy and internal
friction studies, have together demonstrated the full range of senstivity to
the presence and growth of the precipitate phase. Below the resolution
limit of the TEM, the PAS results were used to argue for the presence of
quenched-in vacancy-germanium precipitates; upon heat treatment, the growth
of the incoherent precipitates was followed with all three techniques. In a
similar experiment, Alam and West (1982) have performed ageing studies of
quenched-in precipitates in Al(0.8 at.Z Zn) and have correlated their obser-
vations with the growth and dissolution of Guinier-Preston (G-P) zones. The
presence of the G-P zones clearly provides trapping sites for the positron,
either due to the presence of vacancies asociated with the G-P zones or
related to the associated strain fields about the G-P zones. The similarity
in the results of the experiments by Murakami et al. (1982) and Alam and
West (1982) might speak In favor of the vacancy possibility.
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The study of liquid metals with PAS is intriguing because these liquids may
have properties analogous to the solid metastable amorphous state, and for
most single component metallic systems may be the only way to obtain a high
degree of structural disorder. Fluss et al. (1983) have reported a compari-
son of Doppler broadening spectra obtained from solid and liquid nickel in
the vicinity of its melting point. The trends observed in the momentum
distribution of the tightly-bound electrons appear to indicate a structural
similarity in the first-nearest-neighbor interatomic spacing around the
high-temperature vacancy defects in the solid and the vacancy-like trapping
sites in the liquid metal. Other studies of liquid-metal systems have shown
evidence for structural changes, even in the melt, if brought to suf-
ficiently high temperatures. The various research opportunities for
studying these liquid amorphous systems with PAS, and the ways that such
studies might complement corresponding investigations of amorphous solids,
has only barely been explored.

6. AMORPHOUS ALLOYS

The first application of the PAS technique to the study of metallic glasses
was carried out by Chen and Cfiuang (1974) on Pdyy^CugSi^g^. Since then,
numerous experiments have been performed, and recent summaries have been
given by Shiotani (1982) and Gopinathan and Sundar (1984). PAS results for
metallic glasses often show only small changes in the positron signal upon
cold-rolling or crystallization, which previously raised the question
whether positrons were localized (trapped) in metallic glasses. Studies on
cold-rolled metallic glasses by Chen et al. (1975) and Chen (1975) led to
the conclusion at the time.that no, or only very little, positron trapping
took place, apparently in agreement with the dense-packing model, in which
spaces might be too small to accommodate a positron. However, subsequent
measurements by Kajcsos et al. (1979) suggested, based upon the temperature
dependence of the Doppler broadening lineshape parameter, that indeed posi-
tron trapping took place in metallic glasses. The trapping has been demon-
strated most convincingly by Tanigawa et al. (1982) by coincident Doppler
broadening and lifetime measurements, which indicated the presence of more
than one positron state by the electron-momentum dependence of the apparent
positron mean-lifetime. Additional evidence for positron trapping has been
obtained from low-energy positron beam experiments (Triftshauser and Kogel
1982, Vehanen et al. 1982), which indicate diffusion distances for positrons
in amorphous alloys that are small compared to those in defect-free crystal-
line alloys. A possible explanation for the trapping mechanism and its
temperature dependence has been offered by Sundar et al. (1982). They sug-
gested that the Bernal holes are effective positron traps only at low tem-
peratures, and that therefore as temperature is increased and positrons
detrap from the Bernal holes, an increasing fraction of the positrons become
trapped into structural defects, such as n-type regions. Based upon this
line of interpretation, the authors determined the positron binding energy
(about 0.04 eV) to the Bernal holes in Fe32Ni36Cri4Pi2B6. This is indeed a
low binding energy, so low that one might question how the positron became
trapped in such holes at around 140 K in the first place.

Application of the PAS techniques to the study of amorphous alloys has pre-
dominantly been concerned with studies of structural relaxation and crystal-
lization. Cartier and Heinrich (1980) compared the temperature dependences
of the peak-count parameters for Fe7gMo2B20 and Fe8oB20« ^or both glasses,
only small changes were observed up to the crystallization temperature.
Upon crystallization, the FeggB2o alloy exhibited only a saiall change, while
the Fe7gMo2B20 exhibited a large decrease in the peak-count parameter,
thereby permitting a determination of the activation energies for onset and
completion of crystallization. Since both energies were about equal (3.4
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and 3.5 eV), it was concluded that the kinetics of the glass-crystallization
transition was a first—order process. It should be noted that many metal-
loid—containing amorphous alloys show only a small or no change in the PAS
parameters upon crystallization, and that PAS might therefore not be gen-
erally applicable to the study of the reaction kinetics of crystallization
in amorphous alloys. It is evident that an understanding of the positron
states in amorphous alloys is still in the process of being developed. The
suggestion by Kajcsos et al. (1979) of positron trapping is important in
this context, and the emerging understanding of the nature of positron traps
in amorphous alloys is essential to a better description of structural
defects and their interactions in thi3 important new class of materials.

7. NEAR-SURFACE DEFECT CHARACTERIZATION

One of the great values of PAS lies in its defect specificity, which com-
plements the information available from more traditional probes of
materials, such as electrical resistometry, internal friction measurements,
and electron microscopy. However, for the applications of the PAS tech-
niques to continue to develop along these complementary lines, it will be
necessary for us to investigate samples which have configurations heretofore
Inaccessible to positron annihilation studies. One of the goals of positron
annihilation defect spectroscopy is to fingerprint various vacancy-like
defects. Such characterization would be greatly facilitated by corre-
sponding high-resolution electron microscopy of the defects actually being
pr.bed by the localized positron. However, thin samples suitable for TEM
are too thin to stop the positrons obtained directly from radioactive
sources, and low-energy positrons are required to facilitate such experi-
ments. As another example, quenching experiments to observe nonequilibrium
states of materials often require thin samples to achieve suitably high
quench rates and to provide adequate sensitivity in post-quench resistivity
measurements. Here again, a way of injecting positrons into such thin
samples would allow for important correlated experiments to be carried out.
As a final example of the need for implanting positrons into a limited
volume of material, we need only consider the large number of new materials,
exotic alloys, ceramics, etc., which are prepared as thin overlayers by the
techniques of ion-beam modification and laser annealing. Also, the new and
rich area of producing relatively thin materials with potentially valuable
electronic properties by layering techniques can clearly benefit from the
positron's ability to provide electronic structure information. Today,
monqenergetic variable-energy positron beams are produced and delivered to
sample targets by the moderation of fast positrons either from radioactive
sources or from pair-production associated with the stopping of energetic
(>15 MeV) electrons. The production methods and the many uses oJ positron
beams have been reviewed by Mills (1982,1983), Triftshauser and Kogel (1982)
and Lynn (1983).

A thermalized positron at the surface of a metal will often form positronium
(Ps). The annihilation of Ps is easily discernable from normal positron
annihilation and thus forms the basis for a new and novel technique of dep'-L
profiling the density of positron trapping and scattering sites within a
sample. A thermalized positron will diffuse about 0.1 vim in its lifetime in
a perfect metal lattice. Hence, if positrons are implanted into a sample
with a few keV of energy, a large fraction will return to the surface and
annihilate via Ps decay, provided that the defect (e.g., vacancy) concen-
tration is sufficiently low that the positrons are not trapped on their
journey back to the surface. Lynn and Lutz (1980) have shown for an
aluminum crystal that the change in the positron diffusion length can be
used to deduce the formation enthalpy for vacancies. However, because this
technique is insensitive ••o the atomic and electronic structure differences
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between the monovacancy and divacancy structures (except for scattering and
trapping rate differences), the results do not exhibit the strong tem-
perature dependences in the PAS signals associated with the Increasing
divacancy population in the saturation region at high temperatures (Flues et
al. 1984a,b) observed in previous ACAR and Doppler-broadening studies.

Two examples will serve to demonstrate the ability of this depth profiling
technique to identify and characterize a non-uniform defect distribution
near the surface of a sample. Figure 10 shows the results of an experiment
reported recently by Triftshauser and Kogel (1982), in which monoenergetic
positrons with energies up to 25 keV, were implanted into annealed, He-ion
irradiated, and neutron irradiated copper samples. A Doppler-broadening
detector was placed behind the positron-implanted sample to observe the
characteristic lineshapes for positrons annihilating from trapped, delocal-
ized (untrapped), and Ps states. The annealed-sample results reflect the
exponential stopping profile of the positrons. On the other hand, the
uniformly-damaged neutron-irradiated sample results give evidence for the
narrowing in the recorded Doppler-broadening spectra, typical of positron
trapping, which increases with positron implantation depth (i.e., incident
positron energy) to a point where almost all of the positrons appear to trap
at the highest implantation energy. The most interesting and encouraging
observation is the maximum in the results for the ion-damaged sample, which
reflects the damage-energy profile associated with the nuclear stopping of
the He ions. Our second example comes from the work of Lynn and Lutz
(1980), in which interface trapping of positrons was clearly observed for
(111) and (100) surfaces of an aluminum crystal with an amorphous AlyPy
overlayer. In this experiment, the Ps yield at the surface was monitored
for an injected positron beam of varying low energies,, and a decrease of the
Ps yield was observed compared to that from the clean aluminum surfaces.
Annealing at high temperatures resulted in the crystallization of the Alx0y

and an increase in the surface Ps yield as the trapping centers in the
surface film or at the tnetal-netal oxide interface were removed. The
ability of positrons to trap at interfaces offers a new PAS technique for
investigating such practical areas as the electronic morphology of elec-
tronic devices and the early stages of oxidation and corrosion o'f materials.

Copper

o annealed

* 2»iOn cm** 75keVHe

10" cnV: fast neutrons

10 15 20 E(«. (kev]

Fig. 10. Doppler broadening lineshape parameter for three Cu samples as a
function of positron implantation energy. From Triftshauser and Kogel
(1982).
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With the availability of sufficient positron intensities, highly luminescent
beams of positrons could be used to study the defect and electronic struc-
ture of small micro-volumes, such as particles in an alloy, or even possibly
provide a positron microscope with new types of contrast based on the
physics of positron scattering, trapping, and annihilation. Today, positron
beams of 5 x 10-* positrons per second are produced in the laboratory using
commercially available radioactive sources, and a pulsed-accelerator source
is producing usable intensities of 10° positrons per second. In the future,
accelerator-based and reactor-based sources of positron beams will yield in
excess of 10 positrons per second. This range of intensities will allow
the full spectrum of PAS methods to be applied also to the microscopic char-
acterization of materials. Specifically, one can now envision a positron
annihilation microscope being developed and used to focus a positron beam on
selected areas of a sample to study the local defect and electronic struc-
ture using 2D-ACAR techniques. It is therefore now possible to anticipate a
large number of defect profiling and microscopic characterization experi-
ments with PAS, which have not yet been feasible. The link between electron
microscopy and these relatively new PAS techniques will undoubtedly be
strengthened in the future with such new developments.
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