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Positron annihilation spectroscopy in materials science
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Abstract. The application of positron annihilation spectroscopy to the study of defects in
materials is illustrated through several examples drawn from our work. These include the
study of vacancy clustering in metals, clustering of He atoms to form bubbles, and solute
clustering in alloys. Results of studies on novel materials such as quasicrystals, cuprate
superconductors and fullerenes are also presented.
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1. Introduction

When energetic positrons from a radioactive source enter condensed medium, they
rapidly lose their energy by collisions with electrons and ions. After a somewhat
longer period, characteristic of the medium, their annihilation is announced by the
emergence of energetic photons, whose energy, momenta and time of emission can be
measured with great precision with modern detector systems. The utility of positron
annihilation studies of condensed matter (for reviews see: West 1973; Brandt and
Dupasquier 1983) relies on the fact that, while in principle the characteristics of
the annihilation process involve sophisticated considerations of quantum electro-
dynamics, nevertheless depend almost entirely on the initial state of the positron-many
electron system. In perfect crystalline materials, the positron exists in a periodic Bloch
state, and from a measurement of the momentum of the annihilation photons,
information on the electron momentum distribution can be obtained. This forms the
basis of an important area of application of positron annihilation to the investigation
of electronic structure (Berko 1983) of materials. In the presence of defects, in parti-
cular vacancy-type defects, positrons are trapped at these sites and the resultant
annihilation characteristics can be used to characterize the defect (Nieminen 1983).
In the last two decades, these two streams of applications have been refined and
several detailed and interesting studies pertaining to electronic structure and defect
properties of materials have been carried out. In this article, the application of positron
annihilation spectroscopy (PAS) to defects is emphasized with example drawn from
our own work.

The format of this paper is as follows: In §2 a brief introduction to the positron
annihilation technique s provided, following which the physical basis for the investiga-
tion of a variety of defect-related phenomena are presented in §3. The application
of PAS to the study of clustering of vacancies, helium in metals, and solute clusters
is discussed in the subsequent sections. The last decade has seen the discovery of
several new classes of materials such as quasicrystals, high-temperature superconductors,
fullerenes, etc. In all these materials, PAS has been used with a view to obtain
information on structure and electronic properties. Our own efforts in this direction
are contained in §4. Finally a summary and future outlook are presented.
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2. Positron annihilation spectroscopy

The basic aspects of PAS (West 1973) can be best explained with the help of the
schematic shown in figure 1. Positrons emitted from a radioactive source such as
?2NaCl are injected into the solid, wherein they thermalize and annihilate with
one of the electrons in the medium resulting in the emission of two annihila-
tion photons of 0:511 MeV (=m,C?). The annihilation rate (inverse of lifetime) is
determined by the electron density at the site of the positron; in metallic systems the
lifetime is ~ 150 ps. Positron lifetime measurements are carried out by measuring the
time delay between the 1-28 MeV gamma ray which signals the birth of the positron
and the 0-511 MeV annihilation photons using ultrafast timing methods derived from
nuclear spectroscopy. The annihilation radiation also carries information concerning
the momentum of the electron-positron pair. Due to the momentum of the electron—
positron pair, which is mainly due to the motion of electrons in the material,
there is a slight departure of a few milliradians from collinearity. Thus, from a
measurement of the angular correlation of the annihilation radiation, information
concerning the electron momentum distribution and Fermi surface can be obtained.
Another consequence of the momentum of the annihilating electron-positron pair is
the Doppler broadening of the annihilation radiation lineshape which can be
measured using a high-energy resolution germanium detector.

3. Defect spectroscopy with positrons

In a perfect crystal, the positron moving in the periodic potential of ions and electrons
exists in a periodic Bloch state. Due to strong Coulomb repulsion from the positive-
ion cores, the positron density distribution has a maximum in the interstitial regions
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Figure 1. Schematic of positron annihilation spectroscopy.
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and the positron mainly annihilates with the valence electrons with a small contribu-
tion from the core electrons. Positron behaviour in crystalline materials is drastically
affected in the presence of vacancy-type defects. The absence of ion core results in a
strong attractive potential for the positron at which it is trapped (Nieminen 1983).
At vacancy-type defects, the total electron density is smaller than in the bulk crystal,
which leads to an increase in lifetime. With increase in the concentration of defects
(beyond 1077) an increasing fraction of positrons are trapped at defects, and finally
at concentrations greater than 107* all the positrons annihilate from the trapped
state. The changes in the annihilation characteristics with defect concentration are
described quantitatively in terms of the trapping model (West 1973; Brandt and
Dupasquier 1983). From a study of the variation of annihilation characteristics with
temperature, the evolution of equilibrium vacancy concentration with temperature
can be followed and this forms the basis of one of the most precise methods for the
determination of vacancy formation energy.

The annihilation characteristics of the positron trapped at defects is sensitively
dependent on the size and even geometry of defect clusters (Nieminen 1983). For
example, with increase in the size of the vacancy cluster, the positron gets more
localized at the defect and consequently overlaps less with the electron distribution
around the defect. This results in an increase in the lifetime with the size of the defect
cluster. The association of the experimentally measured lifetime with a specific defect
is made possible by developments in the theoretical calculations of positron density
distribution and annihilation characteristics at defects (Puska and Nieminen 1983;
Bharathi 1988). Briefly, these calculations proceed by numerically solving the
Schrédinger equation for the positron with the positron potential given as a super-
position of the Hartree electrostatic potential and the electron—positron correlation
energy. The annihilation rate is then evaluated from the overlap of the positron
density with the enhanced electron density at the site of the positron. Such calculations
have now been carried out for a variety of defects such as monovacancies, vacancy
clusters, decorated vacancy clusters, solute clusters, etc. Figure 2 shows the calculated
values (Amarendra et al 1992) of positron lifetimes as a function of the size of vacancy
cluster in Ni. Also shown in the figure is the reduction lifetime with He decoration
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Figure 2. Variation of positron lifetime as a function of cluster size in a pure vacancy
cluster (O) and at a He-decorated vacancy cluster () (From Amarendra et al 1992).
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of the vacancy cluster. The extreme sensitivity of the positron lifetime to the size of
small vacancy clusters and the influence of decoration with gas atoms has been
exploited in the study of vacancy clustering in metals (Sundar et al 1986) and in the
investigation of nucleation and growth of helium bubbles in alpha-irradiated metals
{Viswanathan and Amarendra 1990; Gopinathan and Rajaraman 1994). The annihila-
tion characteristics are also seen (see §3-3) to be sensitive to the presence
of small solute clusters in quenched alloys, and this has been used (Bharathi 1988)
in the study of early stages of phase separation in quenched alloys. An illustrative
example of each of these studies is presented in the following.

3.1 Vacancy clustering in metals

The evolution of defect structure in cold-worked Ni with temperature has been
monitored (Sundar et al 1986) by positron lifetime measurements as a function of
isochronal annealing temperature. The measured lifetime spectra have been analysed
in terms of two lifetime components ¢, and t,, and the intensity of the second
component [,, and the results are shown in figure 3. In the temperature range up to
160°C, the lifetime spectrum has a single component of 170 ps, which can be asso-
ciated (cf. figure 2) with the annihilation at monovacancies and dislocations. In the
temperature range 160-400°C, the lifetime and intensity of the second component
increases. The increase in 7, signals the agglomeration of mobile vacancies resulting
in the formation of vacancy clusters (c.f. figure 2). In addition to the above mentioned
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Figure 3. Variation of lifetime parameters as a function of isochronal annealing temperature
in cold-worked Ni (From Sundar et al 1986).
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isochronal annealing experiments, through isothermal annealing experiments, the
kinetics of clustering of vacancies has been studied. Further, the observed variation
of lifetime with annealing temperature and time has been quantitatively understood
(Sundar et al 1986) by modelling the evolution of vacancy clusters using chemical-
Kinetic rate equations coupled with the theoretically calculated values of positron
lifetime vs cluster size as shown in figure 2.

The above example illustrates how the results from positron lifetime experiments
are used to derive information about the evolution of small vacancy clusters with
temperature and time. Extensive studies on the clustering of vacancies during
isochronal annealing have been carried out in pure metals and to study the influence
of substitutional and interstitial impurities (Kajcsos and Szeles 1992). Several
experiments have also been carried out on technologically important materials such
as stainless steels (Viswanathan 1989). A recent example of such a study is the
investigation of the formation of TiC precipitates, which play an important role in
improving the radiation resistance of stainless steel (Rajaraman et al 1994a).

32  Helium clustering in metals

The introduction of helium into metals by direct injection or by (n,) reactions,
occurring during neutron irradiation in a reactor, leads to several deleterious effects
such as the nucleation and growth of voids, embrittlement, and blistering of metal
surfaces (Donnelly and Evans 1991). The clustering of helium atoms to bubbles
proceeds through the formation of He,,—V, complexes, which act as bubble nuclei,
and these grow by the migration and coalescence or Ostwald ripening process. PAS
with its sensitivity to small helium-decorated vacancy clusters can be used to follow
the evolution of He clusters (Viswanathan and Amarendra 1991; Gopinathan and
Rajaraman '1994). This is illustrated by the results of isochronal annealing studies
(Amarendra et al 1992) in alpha-irradiated Ni shown in figure 4. In the as-irradiated
state, a shorter lifetime of 140 ps with 70% intensity and a longer lifetime of 240 ps
with 30% intensity are seen. On the basis of theoretical calculations of positron
lifetime, the shorter lifetime can be associated with He,V complexes whereas the
longer-lifetime component to small vacancy clusters containing about five vacancies.
An important feature of the annealing curve shown in figure 4 is that between 500
and 750K 1, decreases sharply towards the bulk value. 7, decreases exhibiting a
minimum, and I, increases to a maximum. These trends in lifetime parameters can
be understood (Amarendra et al 1992) as due to helium decoration of vacancy clusters
leading to the formation of stable bubble nuclei. The increase in 7, and the corres-
ponding decrease in I, beyond 750K correspond to the growth in size of bubbles
with a decreasing concentration. Thus from isochronal annealing experiments,
the stages corresponding to the nucleation and growth of helium bubbles can be
identified.

The measured positron parameters can be used to obtain the bubble parameters,
viz. the concentration (Cg), radius (rg) and helium atom density (ny), on the basis
of positron surface state model (Jensen and Nieminen 1987). According to this model,
the annihilation rate of the positron trapped within the helium bubble is determined
both by its overlap with the bubble surface and the helium atom density within the
bubble. Further, the fraction of positrons trapped inside the bubbles is dependent
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Figured. Variation of lifetime parameters as a function of isochronal annealing temperature
for a-irradiated Ni (100 at. ppm He). The dashed line indicates 7, value evaluated using the
two-state trapping model (From Amarendra et al 1992).

on both the bubble concentration and radius. This, together with the helium inven-
tory equation, can be used to obtain (Viswanathan and Amarendra 1991) both Cy and
rg. The results of such an analysis carried out in the case of Ni are shown in figure 5.
Studies on helium bubble growth have been carried out to investigate the effect
of irradiation temperature, dose, the influence of impurities, etc and studies on the
kinetics of bubble growth have also been carried out (Amarendra 1990; Amarendra
et al 1992; Rajaraman 1993; Rajaraman et al 1994b). In recent experiments on
a-irradiated Pd (Rajaraman et al 1994b) coupled with theoretical modelling, the
influence of helium density on bubble growth kinetics has been established. The
detailed studies on the evolution of He clusters has been one of the fruitful applica-
tions of PAS.

3.3 Solute clustering in quenched alloys

The study of early stages of clustering of solute atoms in alloys resulting in the
formation of precipitates has been a topic of considerable interest in physical

~metallurgy (de Fontaine 1975) and has been extensively investigated by diffraction

methods and microscopy. As a result of experimental and theoretical studies carried
out in our laboratory (Bharathi 1988; Bharathi and Chakraborty 1988), it has been
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shown that PAS can be profitably used to investigate this phenomenon. The sensitivity
of positrons to the formation of solute clusters accrues from the preferential affinity
of the positron to one of the constituents of the binary alloy, such as Ag in Al-Ag
alloy. Thus, if the Ag atoms cluster together, then the attractive potential for the
positron may become large enough to completely localize the positron at the Ag
cluster. The annihilation characteristics are seen to be sensitive to the size, geometry
and composition of the solute cluster in alloys (Bharathi 1988; Bharathi and Sundar
1988, 1992). Figure 6 shows the sensitive dependence of the lifetime as a function of the
size of Ag cluster in Al matrix. The lifetime starting from a value characteristic of
pure Al decreases towards bulk Ag value as the cluster size increases.

The results of in situ Doppler broadening lineshape measurements in quenched
Al-19; Ag alloy are shown in figure 7. In the as-quenched alloy the lineshape
parameter is close to that in Ag. This can be understood in terms of positron trapping
and annihilation from A g-rich Guinier-Preston (GP) zones. In the temperature range
100-200°C the lineshape parameter sharply increases and subsequently merges with
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Figure 5. Variation of (a) the He bubble radius ry and (b) bubble concentration Cy as a
function of annealing temperature as obtained from the analysis of data shown in figure 4.
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Figure 6. Theoretically calculated variation of positron lifetime as a function of the size of
Ag cluster in Al matrix (From Bharathi and Sundar 1988).
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results for pure Al. This sharp increase in the I parameter is associated with decrease
in Ag content of GP zones rather than coarsening, leading to reduction in the number
density of GP zones. From the measured value of the I parameter, the composition
of GP zones at various temperatures can be obtained, and this provides a novel
method for determining the GP zone solvus (Bharathi and Sundar 1988). The results
obtained from positron experiments are shown in figure 8. In view of the inherent
sensitivity of positrons to vacancies, the role of quenched-in vacancies in the formation
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Figure 7. Temperature dependence of Doppler lineshape paratheter, w"ith reference to Al,
in Al-1% Ag alloy (From Bharathi and Sundar 1988).
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Figure 8. Phgse diagram of Al-Ag alloy, i which the data obtained from Doppler
measurements in Al-1%Ag (closed circles) and Al-6%Ag (open circles) alloy are plotted.
These data points are obtained by analysis of the lineshape parameter in the alloy in terms
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of GP zones can be investigated. In addition to the study of the early stages of the
clustering process, PAS can also be used to investigate the later stages of precipitation
process by probing the defects generated at the interfaces of the precipitate/matrix
interface, as has been carried out in Al-22% Zn alloy (Bharathi et al 1988a).

4. Studies on novel materials

Apart from the above examples of using PAS as a tool for detailed studies of defects
in crystalline metals, in our laboratory accent has also been on the application of
PAS to the investigation of defects and electronic properties of novel materials.
Following this approach, several studies have been carried out on metallic glasses
(Gopinathan and Sundar 1984), quasicrystals, cuprate superconductors, and, recently,
fuilerenes. An account of some of the salient results is presented in the following
after a brief background of the interest in the particular system. '

4.1 Quasicrystals

Quasicrystals represent a new class of ordered structures wherein there is long-range
transiational order and crystallographically forbidden rotational symmetry and there
has been a tremendous interest in trying to understand the atomic structure and
stability of quasicrystals (DiVincenzo and Steinhardt 1991). In addition to diffraction
methods, several experimental techniques which are sensitive to the local structure
have been employed and these have played a valuable role in establishirig the existence
of similar icosahedral clusters, such as the MacKay icosahedron, in both the quasi-
crystalline phase and crystalline approximants (Goldman and Kelton 1993). It is of
interest to know if positrons are trapped at the central vacant site of this cluster
and thus provide information about the local structure. A priori, this has been the
motivation for positron studies in several quasicrystalline systems, such as Al-Mn,
Al-Mn-Si, Al-Li—Cu and Al-Cu—Fe. Chidambaram et al (1993) observed the presence
of a second lifetime component corresponding to small vacancy clusters, of a few
ppm concentration, and this has been used to argue in support of the icosahedral
glass model rather than models based on Penrose tiling.

In our experiments (Sundar et al 1991a), in situ measurements of positron lifetime
as a function of temperature have been carried out in Al-Cu-Fe and the results are
shown in figure 9. The lifetime is seen to show a reversible increase in two steps with
a plateau in the range 250-400°C. From studies on several Al-Cu-Fe systems of
different compositions, coupled with X-ray diffraction measurements, it has been
shown that this reversible behaviour is due to positron trapping at thermally generated
phason disorder. As is well known, the presence of phason disorder (Goldman and
Kelton 1993) corresponds to flipping of long and short sequence of the ideal Fibonacci
sequence and such a flipping can lead to a clustering of long segments. In the context
of positron experiments, a clustering of long segments will lead to a local increase
in the open volume regions and can account for the increase in lifetime with tem-
perature. It would be interesting to carry out high-resolution positron-lifetime
experiments, coupled with theoretical modelling, that could discriminate between
thermal vacancies and phason disorder. This will be of great value in separating the
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Figure 9. Variation of positron lifetime as a function of sample temperature in
quasicrystalline zﬂxIEMCuanelsl9 (From Sundar et al 1991a).

entropic contributions from vacancies and phason disorder to the stability of quasi-
“erystals (DiVincenzo and Steinhardt 1991).

42 High-temperature superconductors

The discovery of high-temperature superconductors (HTSC) has initiated enormous
activity (Muller and Olsen 1988), both theoretical and experimental, to understand
the normal and superconducting states in these systems. PAS has been extensively
applied to the study of these materials (for earlier reviews see: Sundar et al 1990a;
Sundar and Bharathi 1991) and these studies can be broadly classified into (i) studies
on the temperature dependence of annihilation characteristics across T}, (i) studies

on structure and defect properties, and (iii) investigation of Fermi surface in these
materials.

4.3  Temperature dependence of positron annihilation characteristics across T,

The motivation for the studies on the temperature dependence of positron annihilation
characteristics has been to see if the annihilation characteristics show any changes
across T, and can provide a clue to the mechanism of superconductivity. The first
measurement of the temperature dependence of annihilation characteristics across T,
in YBa,Cu;0,_, (Y 1:2:3) was carried out by Jean et al (1987). In the ceramic
superconductor, the positron lifetime and the Doppler lineshape parameter I were
observed to decrease below T,, whereas no such change was seen in the oxygen-
deficient nonsuperconducting compound. Since these early measurements, there have
been several studies on the Y 1:2:3 system and other cuprate superconductors (for
reviews see Sundar et al 1990a). While most of the measurements in'Y 1:2:3 indicated
a decrease in positron annihilation parameters below T., in some experiments different
kinds of temperature dependences were observed. This has caused considerable
confusion in identifying the intrinsic temperature dependence associated with the
superconducting transition in HTSC materials. It is plausible that these different

temperature dependences arise due to the difference in the disposition of positron
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Figure 10, Variation of positron lifetime as a function of temperature in undoped and
Zn-doped Y 1:2:3. The arrows are marked at T, (From Jean et al 1990).

density distribution (PDD) with respect to the superconducting Cu-O planes and
chains which are the dominant structural features of the Y 1:2:3 structure. In order
to check this hypothesis, controlled experiments (Jean et al 1990) on undoped and
Zn- and Ga-doped Y 1:2:3, coupled with theoretical calculations (Bharathi et al
1990) of the PDD, were carried out. Figure 10 shows the results of the experiments
on Y 1:2:3 doped with various levels of Zn. It is seen that the decrease in bulk
lifetime seen in undoped Y 1:2:3 reverses to an increase in lifetime in Zn-doped Y
1:2:3. Thus, in the same set of controlled measurement, different temperature
dependences were observed, and the variation of lifetime/in all cases is seen to be
correlated with T, which decreases with increase in Zn content.

PDD in Y 1:2:3 has been obtained (Bharathi et al 1990) by solving the Schrédinger
equation with the positron potential obtained using the potentials and electron
densities from the orthogonalized linear combination of atomic orbitals (OLCAO)
band structure calculations. In addition to the calculations of PDD, the electron—
positron ‘overlap function, which provides information on the contribution to
annihilation from the various atoms in the unit cell, has also been calculated and
these results are shown in figure 11. From these, it is seen that in undoped Y 1:2:3,
wherein a decrease in lifetime is observed, the PDD is mainly in the region of Cu-O
chains and the annihilation is dominated by the apical oxygen atom. In the Zn-doped
Y 1:2:3, wherein an increase in lifetime is observed, there is a significant positron
density in the Cu—O planes and the annihilation has large contribution from the
planar oxygen atom. With this information, the different temperature dependences,
ie. both a decrease in lifetime as in undoped Y 1:2:3 and an increase in lifetime as
in Zn-doped Y 1:2:3, can be consistently explained (Bharathi et al 1990; Jean et al
1990) in terms of an electron transfer from the planar O atom to the apical O atom.
This is schematically shown in figure 12. An electron transfer from the planar to apical
O atom will lead to a decrease in lifetime in undoped Y 1:2:3 since the annihilation
is dominated by the apical O atom. A similar transfer of electrons will in the case of
Zn-doped Y 1:2:3 contribute to an increase in lifetime since there is significant
annihilation from the O atoms of the Cu—O layer.
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Figure11. (a) Contour plot of the positron density distribution in the (010) plane of undoped
Y 1:2:3. The maximum in the density is between the Cu(1) atoms and the contour spacing
is 0:005e*/a.u.2. (b) Contour plot of the electron—positron overlap in the (010) plane of
undoped Y 1:2:3, showing the maximum at the apical oxygen atom, O(1). (c) Overlap
function in the (010) plane of Zn-doped Y 1:2:3, indicating contributions from both the

apical and planar oxygen atom O(2). The contour spacing is 0-05ns~* /a.u? (From Bharathi
et al 1990).
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Figure12. Schematic diagram of the local electron transfer from the planar to apical oxygen

atom in (2) Y 1:2:3 and (b) T1 2:2:2:3. The band shows the range of PDD (From Bharathi
et al 1990),

Experiments on the temperature dependence of lifetime across T, have also been
carried out in other cuprate superconductors: YBa,Cu, Oy (Sundar et al 1990b),
La~Sr-Cu-0 (Jean et al 1988), TI-Ba-Ca~Cu-O (Sundar et al 1990c) and Bi—
Sr-Ca~Cu-O (Sundar et gl 1991¢c). The variety of temperature dependences of
lifetime seen in the various cuprates can be rationalized when the results are analysed
in terms of PDD and the electron—positron overlap function. These calculations show
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that the positron’s sensitivity to superconductivity arises primarily from the ability
to probe the Cu-O network in the Cu-O layer. The different temperature depen-
dences of lifetime, i.e. both the increase and decrease, can be understood in terms of
a model of local electron transfer from the planar oxygen atom to the apical oxygen
atom, after taking into account the correct PDD within the unit cell of the cuprate
superconductor. It may be remarked that the notion of charge transfer, as used to
interpret the positron annihilation data, has also been used to explain several other
experimental results in HTSC and also forms the basis of several theoretical models
of superconductivity (Bishop et al 1989).

4.4 Defects and structural studies

It is well known that in HTSC materials, the defects and in particular the oxygen
vacancies play an important role in controlling the structure and superconducting
properties (Jorgensen 1991). On quenching the superconducting orthorhombic Y
1:2:3 from elevated temperatures, the oxygen atoms are known to be depleted from
the basal plane, containing the Cu-O chains, resulting in the formation of non-
superconducting tetragonal phase. In the Y 1:2:3 system, the positron density is
in the region of the Cu—O chains (c.f. figure 11a) and the annihilation characteristics
are sensitive to the oxygen stoichiometry and the ordering of O atoms in the basal
plane (Bharathi et al 1988c¢). This has been used in the study of the orthorhombic-to-
tetragonal structural transition occurring with increase of quench temperature
(Bharathi et al 1988b; Sundar and Bharathi 1991), and the results are shown in figure
13. Also shown in this figure are the results for NdBa, Cu; O, _, (Sundar et al 1991b).
The lower orthorhombic-to-tetragonal structural transition temperature in this
system can be understood in terms of weakening of the O-O interaction in the basal
plane arising due to the larger lattice parameters of the Nd-Ba-Cu-O system
compared to Y 1:2:3.

The sensitivity of positron annihilation characteristics to the various ordered
phases of Y 1:2:3 has been used in the study of the decomposition of off-stoichiometric
Y 1:2:3, occurring on ageing within the two-phase region (Vasumathi et al 1990).
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Figure 13. Variation of lifetime as a function of quench temperature in YBa,Cu;0,_,
and NdBa,Cu;0,_, (From Sundar et al 1991b). :
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Apart from the study of oxygen defects in Y 1:2:3, the intercalation of oxygen in
Bi-Sr-Ca-Cu-0 (Sundar et al 1991¢) and vacancy defects in La~-Sr—Cu—-0O (Sundar
et al 1992) have also been investigated. The nature of flux-pinning defects tl'.lat Ifzad
to an increase in critical current density on neutron and heavy-ion irradiation is a
topic of considerable interest. The increase in critical cutrent density with r}cutron
dose has been correlated (Lu et al 1992) with the microvoid density as obtained by
positron lifetime measurements. With the increase in realization of th.c importance
of defects in controlling the structure and superconducting properties of HTSC
materials (Jorgensen 1991), it is clear that PAS will continue to play an important role.

4.5 Fermi surface studies

One of the key issues which has a direct bearing on several theoretical models qf
high-temperature superconductivity has been the question of the existence of Ferml
surface (Pickett et gl 1992). Measurement of two-dimensional angular correlation of
annihilation radiations (2D-ACAR), which provides information on the clectrqn
momentum distribution in solids, has been successfully applied (Berko 1983) to obta{n
detailed information on the Fermj surface in the A-15 superconductors. With this
background, several 2D-ACAR studies have been carried out mainly on the Y 1:2:3
system (Smedskjaer and Bansil 1992; West 1992). An unequivocal answer to the
question of the existence of Fermi surface was not obtained for long due to the
difficulties associated with the preparation of good-quality single crystals free from
defects. Recently, experiments (Haghighi et al 1991) on untwinned crystals have at
last provided, definitive evidence for the existence of Fermi surface in good agreement
with the LDA predictions (Pickett et al 1992). These experiments coupled with
angle-resolved photoemission experiments have helped to clarify the much debated
controversy with respect to the description of electronic structure of cuprates.

4.6  Fullerenes

During the last three years fullerenes, the close-caged carbon clusters Csp and C,,,
have attracted considerable attention, both due to their elegant molecular symmetry

and the intriguing structural, dynamic and electronic properties of their solid phase

(Heiney 1992). One dominant interest in these molecular solids has been in the

structural transformations with temperature and pressure which are related to the
orientational correlations amongst the molecules. From the point of view of use of
PAS in the study of Coo, it is firstly of interest to know if the positron probes. the -
interior of the hollow cage structures or the annihilation is from the interstitial regions
of the solid. From measurements (Jean et gl 1992) of positron lifetime in Céo'as a
function of pressure (see figure 14), coupled with theoretical calculations of positron
density distribution (see figure 15), it has been established that the positron probes

the interstitial regions. Interesting effects of the positron dynamics between the
interstices to the region within the

ments (Sundar et g] 1994) of posit i

positron probes the interstitial region of Cq, solid, the annihilation characteristics are
sensitive to the effects of intercalati

on of K (Lou et a] 1992). Interesting experiments
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Figure 14. Positron lifetime as a function of pressure in C4o (From Jean et al 1992).
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Figure 15. Positron density distribution in the basal plane of C¢, showing the maxima in
the interstitial region of the fcc lattice (From Sundar et al 1994).

on the decomposition of the off-stoichiometric K-doped phases, and experiments
across T, are possible, and still remain to be done.

5. Summary and future outlook

As a result of extensive work in the last two decades, PAS is now well established
as a technique for the investigation of defects in materials, in particular vacancy-
type defects and small vacancy clusters. With high-resolution positron lifetime
measurements, coupled with theoretical calculations, it is now possible to obtain a
detailed characterization of defects. The accent in this paper has been to bring out
how information related to defects is obtained in positron experiments. Further
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developments will rely on the judicious application of this method to investigate
interesting defect-related phenomena in materials science.

The last decade has also seen tremendous progress with respect to the develop-
ments in the technique per se. Of particular interest from the point of view of study of
defects is the development of low-energy positron beam spectrometers (Mills 1983;
Schultz and Lynn 1988). In contrast to the use of continuous distribution of positrons
from a radiactive source, in a low-energy positron beam spectrometer, thermalized
positrons emitted by the moderator such as W(110) are extracted, magnetically or
electrostatically filtered, and accelerated to the few keV before impinging on the
target. The use of monoenergetic positrons of tunable energy provides a method for
investigation of defects in the near-surface region, at interfaces, and for depth
profiling of defects (Schultz and Lynn 1988). An effort at development of a low energy
positron beam spectrometer is being carried out in our laboratory (Viswanathan and
Amarendra 1990). Recently, it has also become possible to obtain intense microbeams
of positrons which have potential for development of positron microprobe and even
positron microscopes. With these developments and an increasing realization that
defects play an important role in influencing physical properties, positron studies will
continue to play a crucial role in characterization of the defect properties of materials.
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