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ABSTRACT

The Doppler-broadening technique has been applied to positron
annihilation studies in plastically deformed and annealed
specimens of zinc, indium, cadmium; lead, gold, and silver in

the temperature range down to 4.2 K o

Annealing studies in metéls deformed at room temperature or under
1iquid nitrogen provided information on recrystallisation and on
the nature of defects produced by plastic deformation. It has
peen shown that the specific trapping rate of positrons by

deformation-induced dislocations is temperature independent.,

The equilibrium measurements, which extended up to their'meltipg
points in well annealed samples (except for gold and silver) ;
enabled us to compare the models proposed to take into account the
intermediaté temperature dependence of the line-shape parameter,

Also the mono-vacancy formation energies could be determined.

The model fittings to the annihilation gamma-ray peak, which
consisted of a Gaussian and an inverted parabola convoluted with
fhe instrumental resolution function, provided the probabilities
of positron annihilation with core and conduction electrons in

the deformed and annealed samples.,

The annihilation spectra were recorded with a high resolution
Ge(Li) detector whose resolution at a count rate of 5000 cps was

1.15 keV for the 514 keV line in 572Sr .

Further results on the temperature dependence of the width
parameters of the Gaussian and parabolic distributions which
characterise the momentum distributions of the core and

conduction electrons, respectively, are presented,
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CHAPTER 1 POSITRONS AND THEIR ANNIHITLATION IN MATTER

1.1 General Introduction

After the theoretical predictions of their existence
(Dirac, 1930) positrons were experimentally observed by
Anderson (1933) as a constituent of cosmic rays in a bubble

chamber at Pasadena, California,

After the first angular correlation measurements of
annihilation photons by Beringer and Montgomery (1942) were
performed; it was found that annihilation pairs are radiated,
.within limits of one degree, in exactly opposite directions.
Measurements with a far greater accuracy (De Benedetti et al,
1950) showed that the mean angular departure from ‘
antiparalielism of two photons is about 1/137 radians, and
arise from the motion of centre of mass of the annihilating

pair .

Practically, all the positrons survive the atom icnisation
and excitation processes without annihilatioﬁ° This finding
gave the idea, for the first time, to indicaté the possibility
of determination of the energy distribution (Du Mond et al;
- 1949) for free electrons according to the line-width in the

spectrum of the annihilation photons.

Experimental, as well as theoretical, investigations on
pésitron annihilation in the(1950 's continued in the 1960 's
with a continuously growing interest, and increasing

numbers of scientists entered the field. By 1970 it was

fully realised that positrons were potentially capable

9



of being a very sensitive probe in the investigations on
the nature and properties of lattice defects and their
agglomerations, as well as in the studies of the internal

structure of materials,

The present day positron annihilation studies cah broadly
be divided into two catagories : (i) measurements in
annealed materials to study the electron momentum
distributions ; thus the shape and the size of the Fermi
surfaces. (ii) Defect studies ; capture and subsequent

ennihilation of positrons in various types defects.

The ever increasing, vast amount of data, encountered in
the field of materials research, promises the solutions to
several long-standing problems where other conventional

metallurgical techniques are not capable of giving.

1.2 The Behaviour of Positrons in Matter

1.2.1 Slowine-down to Thermal Energies

From the rate of loss of energy, by inelastic collisions
with thermally vibrating lattice atoms - or ions- of the
annihilation medium, Lee-Whiting (1955) showed that

-12 seconds.

positrons slow down to thermal energies in 3x10
This is short compared to the known positron lifetimes in
metals, typically iﬁ the order of 10-10 second. Later, by
examining the momentum distribution of annihilation photons

in the region corresponding to Fermi momentum, where the

eneryy .
electron%distribution has a sharp cut-off, Kim et al (1957)

defined the positron effective temperature. Their angular

10



correlation measurements in alkali metals showed that, as
the temperature of the spécimen was raised, the smearing at
the cut-off was increased and this was interpreated as a
result of increased motion of the positron in the hotter
metal, At high temperatures the observed effective positron
temperature risesllineafiy with increasing specimen
temperature and the linearity is taken as good evidence

of thermalise.tion° The deviation from the linearity towards
low temperatures was interpreated as the result of
annihilation 6f positrons prior to complete thermalisation;
Analysis in Na showed a positron effective temperature

160 K at the lowest temperature.

Contrary to what was suggested by Kim et al (1967), Kubica
and Stewait (1975) presented direct evidence to show that,
in certain.cases at least, positrons or bositronium atoms
(hereafter abreviated Ps ) at the time of annihilation
could be close to thermal equilibrium when in the liquid
helium temperature regime. They reckoned that, aithough
the small contribution from the motion of thermal positron
could be seen as a smearing of. the electron momentum
distribution at the Fermi cut-off, this could not be
entirely due to the thermal motion of positrons. Positron
localisation in various types of defcts can also be a
contributing factor. In addition,contribution from the
instrumental resolution and uncertainity in the actual
resolution function can generate systematic errors,

Therefore, very high instrumental resolution is required,

11



With their high resulution anguiar correlation apparatus,
capable of measuring thermal motion of positrons at helium
temperature, Kubica and Stewart (1975),‘assuming that the N
best fit to the t&tal smearing of the angular correlation
curve at the Fermi cut-off reflects Jjust the instrumental
resolution; positron penetretion into the sample, and the
Maxwell-Boltzman distribution of free 'pasﬁ?ons at temperature
T; measured the loweét positfon temperatures in K, Mg; and

Al as T=25%25 K , T=10%10 K ,' and T=30%25 K, respectively,
and concluded that the precision of the results is determined

-mainly by the instrumental resolution rather than the thermal

motion of positrons.

1.2.2 Annihilation of Thermal Positrons

Thermalised positrons interact with the atcmic environment

of the medium and these interactions are governed by the.

laws of quantum electrodynamics (Berestetskii et al, 1971).

As a result of this, a positron-electron pair can be radiated
in the fofm of electromagnetic energy. The amount of energy
liberated in the process, from the conservation of energy, can

be written in the form

E = 2moc2 + B + E (1.1)

where m c2 is the rest mass energy of each particle, EK

o)
and Ep are the total knetic enrgy and the binding enrgy of
the positron-electron system, respectively. Prior to their

annihilation with an electron of the medium, practicallyall

positrons survive the slowing down process. Therefore, the

total knetic enrgy of the system is due mainly to that of

12



the electron, which is in the order of a few electron volts
and much smaller than the total rest mass energy of the

pair (2moc2 = 1,02 MeV). The bindihg energy, if a bound state
exists at all, is also very small, In free space the binding
energy of a Ps atom is 6.8 eV and may be even smaller in
matter (Ore and Powell, 1949 ; Wallace, 1960). As a result
of this, the annihilation quanta have to carry the huge
total rest mass energy with a relatively very small net
momentum, Conservation of momentum requires at least two
quanta should be emitted (Yang, 1950). Single-quantum
annihilation is only possible in the presence of a third

body, an electron or a nucleus, which can absorbe the recoil

momentum (Wallace, 1960).

A positron-electron pair, if not free; can, in certain cases;
form a bound system known as the Ps atom. Ps formation is
found only in the substahces, among them non-metallic
elements, with complex molecular structure or imperfect
crystal status (De Benedetti; 1967). These substances contain
empty spaces which enable slow positrons to localise., Decay
modes of such a system satisfy the conservation laws 3
conservation of energy, momentum; spin, and charge., The
effect of these laws on the decay modes are more easily
demonstrated if the initial state of the annihilating pair’

is well defined (Muirhead, 1965).

If the positron-electron pair forms a Ps atom in the ground
state (i.e., the total angular momentum L=0) then; depending

on their spin orientation the atom can either be in the

13



singlet, 180, state (para-Ps) -where the total spin is zero -
or in the triplet, ’S,, state (ortho-Ps), in which the total

spin is unity.

The charge parity, PC, of a positron-electron system, given
by Berestetskii.et al (1971), is a combinatioﬁ of the
intrinsic, spatial, and spin parities (P, =P; Py Pg ). For a
particle-antiparticle pair the intrinsic parity Pi is
negative. The spatial and the spin parities are given,
respectively, in the forms PL=(—1)L and PS=(-’I)S+1 -
Since the charge parity of a photon is negative, for an
annihilating positron-electron bound system invariance under

charge conjugation implies that
L+s n :
(-1 = (~1) | (1.2)

where n is the number of photons emitted as a result of the

annihilation,

If Ps decays only from the ground state, the two possible:
decay modes are :
(1) Singlet state (para-Ps) ; J=L+s=0 —i.e.g n is even

(ii) Triplet state (ortho-Ps) ; J=L+s=1 —i.e., n is odd .-

Typically; para-Ps decays into two photons and ortho-Ps
decays into three photons. Statistically, one-quarter of the
total number of Ps étoms are formed in the singlet state and
the rest in the triplet. Kerr (1974) showed that, in polymers,
the amount of para-Ps formed is one-third that of the

ortho-Ps . This figure is of course based on the assumption

that there is no appreciable triplet-singlet conversion,

14



On the other hand the threé-to-two photon annihilation ratio
from a bound state may be affected by "pick-off" annihilation
which is a direct annihilation of a positron with a foreign
electron from the surrounding medium with which the Ps atom

collides,

1.2.3 Annihilation Rates

The problem of two-photon annihilation in the circumtances
permitted by the selection rules was first discussed and the
cross-section for the annihilation of a slow free positron
~ with a slow electron of the system; ignoring the effect of:

Coulomb interaction between them, was given by Dirac (1930) :-

05 = nr§ c/v (1.3)

f

where v is the positron velocity and r =e2/(m002) is the

o)
classical electron radius.

In an environment having n electrons per unit volume the

annihilation rate of positron is given by
A, = G5 VR = mro cn (1.4)
2 2 o *

The Ps atom ground state wave functions, given by

 West (1974), have the form
Vo) = (na?)? exp(er /a) (.5

where a=21/( m 32) is the Bohr radius of Ps atom and r is

the relative coordinate. The electron density at the positron
is . '
BRSO o (1.6)

15



Since the annihilation cross-section of a free positron with
an electron is averaged over four possible spin orientations
whereas the Ps decays from a specific spin state, the decay

rate of para-Ps from Dirac's formula is
2 2
A = 4nr_ ¢ |V | (1.7)

Substituting the values for r  and a ; the para-Ps
lifetime can be calculated :-
10

-1 1.25 x10710 gee.

7rpara= Apara=

It has been shown by Ore and Powell (1949) that the three-
to~-two photon annihilation ratio for slowly moving; unbound -
positron-electron pairs is 1/370 . Since ortho-Ps formation
is three times more likely than the para-Ps, the ratio of
their lifetimes will be approximatelly 3% x 370=1100 ,

Therefore the ortho-Ps lifetime becomes

7rértho=‘Z;ara x 100 = 1.4 x10~7 sec,

The three-~-photon annihilation rate can be assessed by a
triplet coincidence technique or from a study of the energy
spectra of the annihilation photons (De Blonde et al, 1972
Gainotti et al, 1964).

1.2.4 Energetics of Positron Annihilation in Matter

At the final stage of their thermalisation, positrons lose
almost half of their energy in each collision with the
electrons of the medium until their energy becomes less than

the typical energy required for the excitation of the

16



electrons to higher bands. Calculations by Lee—Whiting‘(1955)
of the time required for the positrons to reduce their energy
to a few electron volts yields a time of 3 x10_qssecoqu.

Also, for 1 eV to 0.1 eV, 24x10-73seconds and from 0,1 eV

12

to 0.025 eV , 3 x10° “seconds. Thus, most of the time is

required for the last stage of the slowing-down process,

The situation in insulators; after slowing down in the
initial stages of the process, is more complicated. Energy
losses in excitations of the electrons to higher bands is
inhibited by energy gaps; therefore, the thermalisation

" stages, below 1 eV , can only proceed by excitation of
lattice vibrationsf Calculations by De Benedetti et al (19505

deduced a thermalisation time of the order of 300 pseconds,

The binding energy of the Ps atom in solids, quoted by
Wallace (1960), is slightly less than 6.8 eV and for most
materials the ionisation energy, Ei’ of molecules is about
10 eV ., Ps formation is most probable when the positron

energy, E, is within the range
Ee> E> Ei - 608 eV (108)
where Ee is the lowest electronic excitation energy. This

n .
energy range is known as the Ore gap" .

1.2.4.1 Positron Annihilation in Molecular Substances and

in Tonic Crystals

Concerning the annihilation of positrons in molecular

materials, in which Ps can be formed (Wallace, 1960), the

17



subctances investigated in greatest detail are polymers,

Measurements with receﬁtly improved, fast coincidence

systems and data analysis show a long lifetime component,
typically, ranging from 2 to 4 nseconds and intensities
from 10% to 30% of total annihilations. This is
attributed to the pick-off annihilations of positrons bound
in ortho-Ps. The short lifetime component of 125 pseconds;
ideally with an intensity one-third as large as that of the
long lifetime, emerges from the self-annihilation of para-Ps,
Nevertheless, at present, the experiments, or the methods, of
' analysis cannot definitely decide whether this component ist
single or a composition. The rest arise from the annihilation
of unbound positrons, with lifetimes approximatelly 500

pseconds.

The intermediate lifetime which accounts for the decay of
positrons have not formed Ps appears to be independent to'
changes in temperature or volume (Brandt and Spirm, 1966).
On the other hand, the long lived component shows sensitive
response to such changes., Temperature dependence of the
pick-off annihilation modes have been discussed by

- Brandt et al (1960) and Brandt (1967) with that of a free
volﬁme model. The thermal motion of molecules raises the
electron density in the free volume. Therefore, the net |
’result is a decrease in the long lifetime relative to its

value at low temperatures.

The work by Bell and Graham (1953) in ionic crystals yielded

18



a mean life of 230 pseconds in NaCl. Farrell (1956) also
showed that there is simply not enough room for a Ps atom.
Angular correlation studies in alkali halides by Stewart and
Pope (1960) confirmed the annihilation of positrons with the

outer electrons of negative ions,

Measurements of the temperature effect on the lifetime
spectra of positrons annihilating in additively coloured KCl
by Bosi and Dupasquier (1975) showed that the rafe of
positron trapping at F-centres (positive ion induced
‘free—cation vacancies), per unit F-centre concentration; is
temperature independent in the range 7 - 300 K . They
concluded that the trapping process in ionic crystals is not

diffusion limited.,

1e2.4.2 Annihilation in Metals

It has been well established, since the.early days of
positron annihilation work, due to several reasons, Ps
formation in metals is not favourable (Ore and Powell,1949),
Energetics of positron annihilation inhibits such a
possibility. The large conduction electrons density in
metals, which séreen the interaction of a positron with a
particular electron, provides further reason to doubt the

possibility of positron binding to single electrons.,

The average density of electrons at the site of a thermalised
positron in metals determines its lifetime. Single component
positron lifetimes in metals range from 7100 to 500 pseconds

(Weisberg and Berko, 1967 ; Hautojarvi et al, 1970 ;

19



Mc Kee et al, 1972b).

Due to its positive charge the positroﬁ is repelled from

the positive ions at the lattice site. Thus, they annihilate
mainly with conduction band electrons. Positron annihilation
gamma-ray lines in metals, after the subtruction of the
instrumental broadening effect, are classified as a
sﬁperposition of a broad, approximatelly Gaussian and an
inverted parabola. Contributions to thg parabolic component
come from the annihilations with conduction electrons and
the broad Gauésian component is due mainly to the
annihilations with more tightly-bound electrons; usually

refered to as core electrons.

Because of its positive charge, the positron perturbs the
electrons of the medium surrounding it. Therefore, the
annihilation electrons are no longer in pure Bloch states,
Although, inclusion of many-body effects requires relatively
small modification of the angular correlation distributions
(Kahana, 1963), they lead much shorter lifetimes than are
predicted if the Coulomb interaction between a positron and
an electron is neglected. These many-body effects have been
dealt with extensively in the literature (Carbotte and
Kahana, 1965 ; Carbotte and Salvadori, 1967 3 Fujiwara
et al, 1972 ; Bhattacharyya and Singwi, 1972),

20



1.3 Methods for Observing the Features of Positron

Annihilation

1.3,1 Positron Sources

Among the commonly used positron sources (listed in

table 1.3.1) °2°Na , without doubt, takes the first place.
The emission of a 545 keV positron is accompanied, promptly
(3.3 pseconds), by the emission of a 1.28 MeV gamma-ray. In
addition; its long lifetime and commercial availability
makes it the most favourablé for lifetime measurements.

22

Commercially available “"Na positron sources are commonly

22

carrier-free NaCl in aqueous solutions.

Despite its short lifetime, 640u is; aiso; often used in

angular correlation and in Doppler-broadening méasurements,
because of its easy production. Absence of the emission of
gamma-rays in coincidence with positrons. eliminates its use

in lifetime measurements,

68Ge and 5800 are also used in positron annihilation

studies, Especially 68

Ge has a relatively long lifetime
and it gives rise to a very small background from nucleap.
. gamma-rays. On the other hand their production to suit the
experimental requirements, in particular the sample

preparation, is rather difficult,

In the source-specimens sandwich arrangement, positron
absorption in the source itself is undesifable, and to
minimise it the source has to be either a very thin foil or

evaporated direcfly on to the specimens,

21



Téble 1.3.1 List of commonly used positron sources.

isotope Half-life Positron end Intensity of
point energy coincident-
(keV) gamma-rays (%)
Na-22 2.58 y 545 | 90
Cu-64 12,9 h 650 0
Ge-68 275 a 1880 1.5
Co=-58 71.3 4 480 15

1e3.2 Measurements of Positron Lifetimes

Positrons injected into a sample, normally; thermalise in
times short compared to their lifetime. The lifetime of
thermalised positrons in a metal is determined by the
average density'of electrons at the positron coordinates. To
measure the time delay between the injection of a positron
intb a sample and its annihilation, a marker to indicate the
time of injection is required, Thereforé; it is basically
this requirement which restricts the contemporary positron

lifetime experiments to the use of the isotope 22Na °

A typical, schematic experimental arrangement for measuring
positron lifetimes in metals is shown in figure 1.1 .
Detectors used in lifetime measurements are fast plastic
scintillators mounted on fast photomultiplier tubes in which
the light pulses produced in the scintillators are detected
and amplified. The'fast timing discriminators are used to
process the pulses from the photomultipliers into standard;

well defined pulses. A time to pulse-height converter (TPHGC)

22
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 PIG. 1.1 A typical schematic block diagram for lifetime
measurenents, Inset shows the source-specimen arrangement.




is then used to generate a pulse with an amplitude which is
a measure of the time deléy between the detection of a pair
of -~ -~ . .. events in the detectors. The slow, energy
selection, coincidence system, consisting of two -
pre-amplifiers, two main amplifiers, two single channel
analysers (SCA) and a coincidence unit, is used to ensure
the isolation of relevant coincidence events. Finally, the
identified pulses from the time to pulse-height converter

are digitised and sorted by a multi channel analyser (MCA) .

The quality and success of such a system, described above;
depends on several factors. Fast, and stable, electronics is
essential, Coincidence circuits with a 1C nseconds
resolving time can give a moderate time resolution. Chance
coincidenée contributions play an important role in the
smearing of a true time spectrum. This demands a modest

source strength, normally a few microcuries,

The intrinsic time resolution of a lifetime system can be:
determined from the full width at half maximum (FWHM) of the
coincidence curve of 6000 y Which emits two prompt coincident
gamma~-rays. The bést, present day, intrinsic resolutions
obtained in positron lifetime measurements are about

2 nseconds (Scharma et al, 1976) .

The positron relative mean lifetime measurements in different
materials or in the same specimen, subjected to different
treatments, may be obtained from the centroid shift of the

60

delayed coincidence curve obtained from the prompt Co

curve, However, the centroid shift measurements are bound
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to be very sensitive to electronic sfability, the amount of
annihilations in the source material and errors resulting
from changing the geometrical position of the prompt and the
delayed sources. Newertheless, recently improved lifetime
measurements, reported by Myllyla (1978), allowing the
simultaneous accumuiation of the propt and delayed data with
a higher counting rate, good time resolution and good
electronics stability, eliminates -or, at least, weakens -

some of the difficulties outlined above.

The positron lifetime analysis is usually rather complicated;
" therefore large computer programs are necessary (Kirkegaard\
and Eldrup, 1972 ; 1974). If a lifetime spectrum contains
only a single component, the task is not difficult. On the
other hand, a serious problem arises when a spectrum contains
more than one component, in particular when two‘lifetimes

are present having values close to each other,

1.3.3 Angular Correlation of Annihilation Radiation

The angular distribuﬁion of the two photons, emitted when a
positron-electron pair annihilates in matter, reflects the
momentum distribution of the centre of mass of the

’ annihilating particles at the time of annihilation. In
principle, all the positrons injected into the sample survive
the thermalisation ﬁrocess, as noted earlier in section 2.1
of this chapter. Therefore, the observed angular correlation
is due mainly to the momentﬁm distribution of the electrons
of the annihilation medium and, thus, provides information

about the size aﬂd shape of the Fermi surface,
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The high momentum component of angular correlation curves is
due mainly to the annihilations with core electrons. The
departure of the two photons from collinearity can be as
high as 20 milliradians for annihilation of positrons, even

with the loosely bound localised electrons,

A typical, experimental arrangemeht for angular correlation
measurements is shown in figure 1.2 . The arnihilation
photons are detected by scintillation counters where one of
them is fixed and the other is movéable° The coincidence
count rates measured as a function of the position of the

moveable arm gives the angular correlation curve,

The scintillation counters are shielded from direct view of
the source by lead collimators. The additional detector
collimators (shown in the inset in figure 1.2) and the
-gource-detector distance, detefmine the angular resolution.
By choosing large source-detector distances and narrow slits
the angular resolution can be improved, at the expense of

the counting rate,

An angular correlation apparatus, shown in figure 1.2 , with

2 9
of the transverse momentum of the photon pair. PX is parallel

long slit geometry, can define only one component, say P

to the direction of photons,

A less common detector collimator type is the crossed-glit
geometry. Figure 1.3 displays the geometry for a typical
crossed-siit angular correlation experiment (Berko and

Mader, 1975). For a positron-free electron pair momentum P
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FIG., 1.2 A typical experimental arrangement for angular
correlation experiments, The inset shows the long slit geometry.
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(just before annihilation) the departure of the two photons
from collinearity is within a few milliradians. If a counter,
Cq s detects one of the photons, the second photon will be
detected by a counter, C, , at coordinates 6L and /) VRN
Here L is the distgnce of the counter‘planes from the
annihilation centre., Since the magnitude of the photon
momenta is equal to mc to within 1% (Berko and Mader,

1975) 3 P, =mc@® and Py:mcﬁ .

The momentum qomponent parallel to the direction of photons
is not measured. Thus, in an experiment with crossed-slit
geometry the distribution of angles e and @ measures the
distribution of 2z and Yy components, respectiveily; of |
the momentum of annihilating pair. Given a momentun
distribution a(P) , carried by the two photons, the

crossed-slit geometry measures a coincidence rate given by

+ 00

N(Pz,Py) = fo_c(lj) dP_ (1.9)

-0d

and the long-slit geometry, integrating the momentum
'distribution over yet onother component, say Py , Imeasures

a coincidence rate given by

N(P,) =/a(g) aP, dPy (1.10)

The crossed-slit geometry provides the distribution of two
components, Pz, and'Py y 0f the transverse momentum of the
photon pair, where, the'long-slit geometry does for only
one. On the other hand, this piece of extra information of
the crossed-slit geometry, in most circumtances, is

incompatible with the severe wotsening of the counting rate
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relative to that obtained with the long-slit geometry.

A multicounter crossed;slit angular correlation apparatus,
built by Berko and Mader (1975), has the advantage of rapid
data accumulation which aims to compensate the losses due to

the low counting rates,

22

oy , DNa and 58Co are

In angular correlation studies
among the currently used positron sources. Strong sources,
ranging from 10 millicurie up'to 1 Curie , can be employed
without actually worsening the true-to-accidental background
. ratio (West, 1974) . The present day best angular :
resolutions, reported in the literature with the retention

of adequate counting rates, are about 0.2 milliradians ,

1.3.4 Measurements of Doppler-broadeninz of Annihilation

Radiation
The departure of the energies of the two annihilation quaﬁta
from the nominal value of 511 keV ié a result of the
Doppler shift, produced by the centre of mass velocity of

the positron-electron system along the line of emission,

In principle, the Doppler-broadening of the annihilation
gamma#ray lines can give the same information about the
electronic properties of the substances, in which the
annihilation takes place, as can be obtained by the angular

correlation of the two quanta,

rigure 1.4 shows the basic system used in Doppler-broadening
studies, consisting of lithium drifted germanium (Ge(Li))

gamma-ray detcctor in conjunction with a linear amplifier
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FIG., 1.4 Electronics for Doppler-broadening studies;
consisting of a Ge(Li) detector and a pre-amplifier

in conjunction with a linear amplifier and a data

storage system. The data storage system is a combination
of an analog-to-digital converter and a memory unit, |
complemented with a digital stabiliser,

31



and data storage system. The data storage system is a
combination of an analog-to-digital converter (ADC) apd a
memory'unlt, complemented w1th a digital stabiliser., The
cryostat, shown in the figure, is filled with liquid nitrogen
and, therefore, maintaines the réquired cooling for the
germanium crystal and field effect transistor (FET) of the

preamplifier,

The Doppler-broadening method measures the distribution of
the component of momentum along the line of emission,
Therefore; it is equivalent to the long-slit angular
correlation method., The measured component of momentﬁm along
the direcﬁion towards the detector, say PX , 1is thé only one
affecting the energy of quénta, to first order (Hoti et al,
1968) . From the conservation of energy and momentum, along

the direction of P , we have

2

P, = (b, = hv,)/e | | (1.,12)

with the condition that P§/2mo is much smaller than 2moc2.

From equation (1,11)
hv, = 2hv0 - hv2 or hv2 = 2hvo - hv, (1.13)
Substituting equatién (1.13) into (1.12) we obtain
< = (v, - v,)/e = 2n(v, - vq)/c (1.14)

Thus, the distribution of the momentum component along the

line of emission is identical to the energy distribution of
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annihilation quanta. The energy shift is given by (hv2-hvo)

or (hvo-th) o To illustrate the magnitude of effects : a

6 eV Fermi electron can cause a photon shift of up to

1.3 keV ., The intrinsic line résolution, at 514 keV, of the
recently iﬁproved Doppler-broadeq}ng measuring systems is
approximatelly 1.15 keV (Rice-Evans et al, 1978a), which is
just enough to allow the changes in the ratio of annihilations
with core and conduction electrons to be detected without

appreciable loss of information.

Although this method does not offer the fine resolwing power
. given by angular correlation technique, its high efficiency .
practically compensates because it allows faster measurements
with better statistics j fhe method is therefore suitable

for defect studies,

1.4 Electronic Structure Studies in Metals bv Positron

Annihilation

The early angular co:relation experiments, by De Benedetti
et al (1950) followed by Farrell (1956) and Stewart (1957),
showed the relevance of the positron annihilation technique
. to the electronic structure studies in metals, particularly
the shape of the Fermi surface. This provides direct
information on the momentum distributions of valence

electrons,

Most of the angular correlation measurements have been
performed on polycrystalline samples where only the spherical

average of the momentum distributions could be determined,
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In addition, the positron annihilation technique is capable
of measuring momentum anisotropies in oriented single

crystals.

It is known from lifetime and angular correlation
measurements that slow positrons reach their lowest energy
level, called Bloch state (k=0) , at the time of
annihilation. Thermal excitation is irrelevant (Berko and

Plaskett, 1958) .

The observed angular distribution can be classified into two
. components, Firstly the narrower, nearly parabolic, component
with a fairly sharp cut-off at an angle @ given by
kfh/(Enmoc) (kf is the wavevecfor corresponding to the

Fermi surface) ., This is due to the annihilations with the
conduction electrons., The second component, which extends
way beyond the Fermi cut-off, do not show any prominent
break. This approximatelly Gaussian shape is attributed to'

the annihilations mainly with tightly bound core electrons.,

1e4.1 The Positron Wavefunction

In the independent particle model (IPM) , in which the

- many-body interactions are neglected (West, 1974) , the
positron is viewed as existing in a periodic potential. The
problem is further simplified with the assumption that the

~positron annihilates from its ground state (k=0) .

In the early approach (De Benedetti et al, 1950) the positron
wavefunction was represented by a single plane wave,

identical to that of the one-electron wavéfunction,
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’Wa(g) = Constant (1.15)

since k=0 , On the other hand; since positron is excluded
from the core region by the Coulomb repulsion of the nucleus,
this does not accurately represent the wavefunction in the

core region.

Berko and Plaskett. (1958) employed the Wigner-Seitz method;
which approximates the cell by a sphere, to calculate the

positron wavefunction in the core region for aluminium and

copper, given by
Y@-r@e 9
where R+(£) satisfies the Schroedinger equation

d2
(5;2 + E + 2V(x) ) R+(£)

0 (1.17)

where V(r) was taken to be the potential of the positive
ion, together with the uniform charge distribution potential

due to the valence electrons,

1.4.2 Positron Annihilation with Conduction Electrons

One-electron calculations of the positron and electron
wavefunctions in simple metals such as aluminium, where
nearly all the annihilations take place with conduction
electrons, agree well with those measured in angular

- correlation experiménts._ln addition, this theory provides
a convenient basis for performing detailed calculations for
specific many-electron systems. In such calculations, it is

usually necessary to introduce many symplifying assumptions
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in order to make progress (Herman and Skillman; 1963) The
annihilation rate is simpiy proportional to thevexpectation
value of the electron density at the positron, averaged over

all positron positions,
A free electron wavefunction is given by

Yo = v* e ik (1.18)
- where V is the volume of norﬁalisation.

Now, the annihilation rate of a positron with wavefunction
Y,(X) with an electron with the one-electron wavefunction
Y%(X) , with the emission of two quanta having momentum in
the range d5g at k , following De Benedetti et al (1950),
is given by West (1974) as

2
nr Jc

I’S(gc_)dﬁ_; = |/d53c_ exp(-il_c.:_c) ’\E(zg) ﬁ(zc_)lz Ak  (1.19)

(2m)?
The total annihilation rate is obtained by summing over all

occupied states and photon momenta

5
L e om

The conventional long-slit apparatus measures the rate of
annihilation N(Pz)_sz . But the aﬁtual measured
distribution is, of cdurse,'an arbitrary counting rate.
Since P=hk/2n , we have

+00 +00

N(P_) P, o(//r(g) ap_ ap

-0 ~00

5 @2, (1.21)

36



For an isotropic distribution of momentum (Stewart, 1957)

N(P,) aP, ocizn/;) [ a ap, (1.22)
: R

which provides a parabolic distribution given by

2 25
N(PZ) dp, = Constant (Pf - PZ) ap, when PZ<Pf

, (1.23)
N(P,) dP,

]

O eseo00s0ess0000e when PZ>Pf

In metals, like copper, the fraction of the positrons
annihilating with the core electrons is higher, and the

- simple one-electron model is inadequate to describe them.,
Furthermore, asynoted earlier, the one-electron model is
incapable of providing correct litime predictions. To obtain
reasonable agreement with experiment elecﬁron—positron and
electron-electron forces, in other words many-body
interactions, have to be considered. Attempts made by .
Carbotte (1967), to calculate the annihilation rates, taking
into account only the positfon—conduction electron
interactions with uniformly spread ion cores, yielded

momentum dépendent annihilation rates,

" 143 Hich Momentum Components of Annihilation Radiation

De Benedetti et al (1950), who first observed the wide
angular distribution (in gold), attributed it to the sharp
cut-off of the positron wave function at the core of the
gold ione A sigﬁificant, in fact in many metals (with more
extended closed d-shells) dominant, broad component of the

annihilation photon momentum distribution curve, which
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extends way beyond the Fermi cut-off, is an obvious indication
of participation of the core electrons in the annihilations.
Perhaps some contributions to the broad component arise from
the bloch states of the positron and the electron (Mader

et al, /'976) o

.Using the positron wave function, given in equation (1.16) ,
in the core region‘and the tight-binding approximation for
the core electrons Berko and Plaskett (1958) calculated the
core electron momentum distributions for aluminium and
copper. Their result}in aluminium agree with experiment,
Newertheless; for copper the large angle part of the curve
was not cbrrectly reproduced, Attempts by Stroud and
Ehrenreich (1968) to modify the positron wave function (due
to computational difficulties) resulted without any

significant success ,

The assumption of a Gaussian form, based on experimental
observations, to represent the core electron momentum
distribution has been proved fairly valid (Arias-Limota and

Varlashkin, 1970 ; West et al, 1967) .

1.5 Positron Annihilation in Defected Metals

1.5.1 Existence and Specification of Iattice Defects _

Within the last decade we have witnessed the wide application
of the positron annihilation technique to the studies of

defects in metals (Seeger, 1973 ; Hautojarvi et al, 1970) ,

In defected samples positrons encounter different environments

than in the bulk, with a regular array of atoms. Therefore,
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the resulting annihilation characteristics are different,
Dekhtyar et al (1964) and Mac Kenzie et al (1964) were the
first to notify the change in their angular correlation
curves as a result of annihilation of positrons in such
lattice irregularities§ produced by iether cold working or

temperature treatment.

The well known lattice defects can be broadly classified

into a number of fypes :

Point defects - (zero-dimensional imperfections)
Line defects (one-dimensional imperfections)

Grain boundaries (two-dimensional imperfections)

(i) Point defects are those involving single lattice points,
such as a displaced atom or ion from its equilibrium position,
Vacancies, and their complementary defect interstitials,
constitute such defects. An interstitial is an extra aton or
jon inserted at a lattice site, where normally there is not
an atom or ion, If the displaced atom moves to the crystal‘
surface or somewhere within the crystal body the resulting
vacancy is called a Schottky defect or Frenkel defect,
respectively. The defect with the smaller energy of formation
predominates. In metals and alkali halides the most common
defects are Schottky defects (Hendersen, 1972) . Point defects
can be produced by heat treatment or displacement of atoms
from their sites by irradiation, such as gamma-rays, thermal

or fast neutrons, electrons, and heavy charged particles,

(ii) Line defects, also called dislocations, occur in all

crystals in various forms. An example is an edge dislocation,
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consisting of an extra half plane of étoms inserted into the
1attice (Hughes and Pooley, 1975) . The neighbouring lattice
planes bend to accomodate this half plain of atoms and as a
result intfoduce strain fields into the cr&stal. A screw
dislocation is another version of line defects., In this case
a shear distortion is introduced parallel to the dislocation
line. ILine defects are commonly produced in solids by

plastic deformation and influence their mechanical properties.

(iii) Grains.or crystallites are ¥nown as the individual
crystals of polycrystalline solids, The size of grains in a
" polycrystalline solid can vary widely. Most generally, the
grains do not meet together properly. The regions between
them are known as grain boundaries, covering several

elementary lattice distances. The internal strains in these

regions critically depend on the grain size,

1.5.2 Equilibrium and Non-equilibrium Measurements

Defect studies play an important role in determining many of
the properties of solids, Positron annihilation studies of’
defects can broadly be divided into two catagories 3

equilibrium and non-equilibrium measurements,

The major advantage of the equilibrium measurements over
non-equilibrium measurements is that point defect equilibrium
concentration is determined by temperature and pressure
whereas non-equilibrium defect concentration depends very
much on the pre-history of the sample. In addition the

equilibrium theory is much less complecated than that of the
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non-equilibrium technique,

One important aspect in which the equilibrium measurements
are inferior to non-equilibrium measurements is that they
must be carried-out at high temperatures whereas in
non-equilibrium measurements, as long as the temperature is
not so high that the defects anneal out, the choice of the

temperature of measurement is not restricted,

1.5.2.1 Entropies and Formation Energies of Vacancies at

Equilibrium Concentrations

Existence of point defects in crystals at finite temperatures
are in accordance with that governed by statistical
thermodynamics, This is the case, even in the absence of
other causes such as, for example‘radiation; which produces
point defects. They may represent a statistical distribution
of thermal energy amongst the atomsAof the crystal; the
enargy being concentrated on to a group of atoms to form =&

defect (Thompson, 1969) .

Existence of defects gives us the concept of entropy since

it results from the changes in the vibration spectrum of the
crystal associated with the introduction of a vacancy. In
other words it represents the disorder in the system. A
disordered crystal has a higher potential energy than its
perfect form because of the extra energy required to produce
the defects., This potential energyidifference represents the
change, AU , in the internal energy U -which is the sum of
the knetic and potential energies of the atoms of the system-

and corresponds to the change, AS , in the éntropy S . For
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a system at constant volume, and temperature, T , the state
of equilibrium is that for which the minimum Helmholtz free

energy is given by F=U - TS ,

In a system containing N atoms and n , say, Schottky
gefects, and following Hughes and Pooley (1975) one finds
that in thermal e@uilibrium the atomic concentration of

vacant sites is given by

Coy= n/N = exp(-va/kT) _ for n&N (1.24)

£

where k denotes Boltzmann's consﬁent and qu

is known as
the Gibbs free energy of formation (Thompson,1969), and is
defined as

£

Gﬂv

of £ |
= Ey, - TaSg, (1.25)

where E1v is the work done in creatingka single vacancy in
the crystal -the so-called mono-vacancy formation energy.
Since, on average, the vibrational frequencies near a
vacancy, compared with those of the perfect crystal, are

lowered, the entropy of formation, Asﬁv s 18 positive,

The experimental determination of the absolute value of the
equilibrium concentration of vacant sites by various
techniques (e.g. electrical resistivity measurements ) faces
two serious problems ; (i) difficulty in subtracting the

| background effects dué to the defect-free crystal and (ii)

determination of the contribution per vacancy to the measured

quantity.'

For an accurate determination of the equilibrium ccncentration
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of point defects an alternative method is to compare
dilatometric measurements with x-ray lattice parameter
measurements which, in principle, is the only method capable
of overcoming the background problems, emphasized above. On
the other hand, sensitivity of this method is limited to

defect concentrations greater than 40’4 .

The observed deviation between the relative change in the
specimen length, Al/lo , and the relative change of x-ray
lattice parameter, Aa/ao ; in cubic crystals is due to

vacancies as well as interstitials is given by

3(Al/1o - Aa/ao) = Cv - Cp

where Cv and CI denote the atomic concentrations of vacant

and interstitial sites, respectively,

In a1l the metals studied so far; including Al , Pb , Cu ;
Au , Ag CI appears to be immeasurably small =-i.e.,, much

more smaller than Cv .

In spite of its high sensitivity, even in the presence of
ninute concentrations of defects Qv10-6), the positron
annihilation technique is not capable of giving the absolute

defect concentrations without additional information.,

1¢502.2 Multivacancies

Equation (1.24) gives the concontration of mono-vacancies
(implied by the subscript 1v). As the concentration of
mono-vacancies increases to high levels, which . normally

can take place near the melting point of a specimen, vacancies
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in neighbouring lattice sites might bind together to form
multivacancies ; mainly divacancies. Multivacancies may take
up different orientations in the crystal, depending on the
coordination number (e.g., in a crystal with coordination
number 2z=12 six different orientations are possible for

divacancies) .

When two vacancies are put together to form a divacancy the
lattice vibration frequencies will on average be lowered,
Following Seeger (1973b) , the equilibrium concertration of

divacancies is given by
z i - 2 y
Oy, = % exp (88, /) sexp(E /KT) . O3 (1.26)

where AS, is the association entropy and Egv is the

binding energy of a divacancy defined as

ED

oy = 2B, - By (1.27)

where E2v is the divacancy formation energy.

In the presence of mono and divacancies the total vacancy

concentration is given by

+ 2C (1.28)

v Iv ov

1¢5.3 The Trapping Model

The trapping model, proposed by Gol'danskii and Prokopev(1965),
is based on the rate equations approach of Brandt (1967) which
was applied to trapping in metals by Connors and West (1969)
and Bergersen and Stott (1969) .



Thermalised positrons diffusing through a metal are assumed
to be trapped by various types of traps (labelled J) from
which they can annihilatg with a decay rate kj + Let us
assume that there are m different types of traps with atomic

concentrations Cj and their trapping rates are given by

93 =,Vj°j (31,25 000,m) (1.29)

where vj are the specific trapping rates. The number and

lifetime of trapped or untrapped (free) positrons are given

and T A7

5=Aj » Or 1y and 2}=k§1 , respectively.

by_ nJ'

The rate equations, disregarding -detrapping, are given by

dn.(t)
"‘gE- = -(xf + :E: v.C. ) nf(t)
J=1
(1.30)
dn () P
— = My ('c) + 0y f('c) (J=1,2,000ym)

The general solution cf this set of m+1 ordinary linear

first order differential equations reads

R(®) = n(@) (4T 3T A vy (s

250y
ns(t) = ﬁ;@ = np(0) exp(-t/7;) +
v.C. = '
(n (o) - 2—%;%32;13 ng(o) ) exp(~t/T)) (1.32)
| (321524 00 ym)

In the analysis of positron lifetimes one should, therefore,

find m+1 components, with the assumption that the states
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(labelled j) are distinct.

The mean lifetime is defined by

f‘\\

©O 00
= %rs)/n(t) dt = 5%3) /(nf(t) + >B' ny(t)) at (1.33)
0 ° =1

with the condition that there is not any initial trapping

_—i.e., nj(O) = O .fOI‘ J=1,2,..o’m °

The mean lifetime is then given by

m
_ 1 + Z,]ZJ Vjc;j
T""" Z} d= (1054)

n
1 + Z}Z \.)J.C'j
:A J':

The important assumption made in the solution of the rate

equations, which disregards the detrapping of positrons, is
not unjustified‘since the binding energy of pésitronsfin
metal vacancies is so large —of the order of a few electron
volts (Tam and Siegel, 1977).- This effectively prevents

thelr escape.

An important quantity in the positron experiments is the
fraction of positrons which annihilate from any state, For
trapping by vacancies the probabilities for annihilation in

the free state, Pf ’ gnd in a vacancy, Pv y are, respectively

o0

Py = [Ag exm(-(hy + V0, B) a5 = ARy + V) (1.35)

and

PV = 1 - Pf = ch/().f + ch) ‘ (1036)
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Application of the trapping model to pcsitron annihilation
measurements is usually performed in the following way

(Mc Kee et al, 1972a) : Let F denote a feature of the
positron annihilation process, which,: for example,can be a
characferistic of the lifetime or momentum distribution.
Positron anﬂihilation data will have the wvalue of the weighted

mean of this characteristic in the two different states, i.e.,

F=FP, +FP_ (1.37)
where Ff and Fv are the values of F when all the positrons

annihilate in free states or in traps, respectively.-

Substituting equations (1.35) and (1.36) into (1.37), and
using the atomic concentration of vacancies given in

equation (1.24) the following expression can be obtained.

(P = P/(R, = F) = (v/Ap).exp(8S /) .exp(-E /KT)  (1.38)

where »ASV and Ev are the vacancy formation entropy and

energy, respectively,
As has been mentioned earlier, positron annihilation in
metals may be studied in the following ways, viz

(i) Lifetime measurements

(ii) Anguler correlation of twd-photon annihilation radiation
(iii) Dopplr—broadenihg of annihilation gamma-ray lines ,

Let us consider these three techniques :

(i) The two principal methods for analysing the lifetime

data are :
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(a) A sum of exponential decay functions convoluted with the:
instrumental time resolution and fitted to the data. |

(b) The centroid shift method which measures the time
difference between the prompt resolution function and
the positron decay function with a single lifetime

component.

(ii) The available parameters in angular corrélétion studies
are

(a) The normalised counts at zero angle or any fixed angle.
(b) The normalised counts in the area within fixed limits

under the angular correlation curve.

(iii) In Doppler~broadeniﬁg studies the most comménly used
parameter is analogous to the second meﬁhod employed in
angular correlation studies, A less commoniy used parameter
(Mac Kenzie, 1969) is the FWHM of the annihilation gamma-ray
line. On the other hand, unlike the former, the FWHM is not
linearly related to the trapping probability,

1.5.%3.17 The Trapping Rate

In order to be able to obtain sensible values of the defect
parameters (e.g., vacancy formation energies) from experiments
a thorough knowledge of the nature of the trapping rate and,

in particular, its temperature dependence, is required,

Thermalised positrons diffuse through the crystal until they
annihilate or become trapped. Under these conditions their
motion can be characterised by a positron diffusion constant

D

' (Brandt, 1974) . Following Waite (1957), the trapping
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. rate is related to the capture radius, Ty s of the trapping

centre according to

vV = 4nroD+/Vé (1.39)
where Va denotes the atomic volume.’

Equation (1.39) does not take the energy difference between
the lowest trapping state and the untrapped positron ground
state into account., In other words, any positron that has
reached a trap during its diffusive motion falls in it,
Frank and Seeger (1974) considered both diffusive motion of
- the positron and the overcoming of a barrier prior to

trapping, and wrote

o) 1 -1
vV = ( + ) (1 -40)
v D koro Aro .

where Aro denotes the width of the potential barrier and

k

o is the rate-constant for the capture by the trap.

The temperature dependence of the trapping rate is determined
by the following processes ; diffusion, which is characterised

by D+ s Or captire, characterised by koro Aro .

Much work has been done on the complicated question of
diffusion. Brandt (1974) has combined the effect of positron
scattering on electrons, phonons, and crystal imperfections

to give, respectively, within the diffusion coefficient

T -1,
D, = [2 5 x1077rS(555"g)+ 5 *10° 2(300 sooig)? +BC @____To K)b]g' |

(1.41)

where T+ is the effective positron temperatﬁre and
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Cs is the concentration of the scattering centres, The
constants B and b depend on the properties of crystal
imperfections, with %s;bsgg' . In a deformed sample, there
will be a multitude of imperfections. Brandt (1974) suggests
that the first two terms are usually small compared to the
third, although, in the expression, this actually depends on.

the values assumed for B , b and C, .

Hodges (1970) treated the trap as a potential well and found
that the resultant trapping rate wés independent of

temperature. Bergersen and Taylor (1974) support this view,

The temperature dependence of the trapping rate, including.
its experimentél evidence, will be discussed at length later

in chapter 6 ,

1.593.2 Surface Effects
Surface states and surface energy levels depend on the fact
that the atoms involved are bound to the bulk and are not

yet completely coordinated,

Since the screening effect of the valence electrons prevents
the formation of Ps in metals, only one positron lifetime;
determined mainly by the conduction electron density, should
be observed. A second component, with an intensity of the
order of 1% of all annihilations and a lifetime some two
times longer than that of annihilation in the bulk, is
measured, This is attributed to positrons annihilating at the

surface (Brandt, 1975) .

o
Positrons in solids diffuse over mean distances 102 to ’IO3 A
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until they annihilate, Therefore, a small fraction (0.01 - 1%
estimated by Brandt (19745 ) of all positrons can reach the
entrance surface where they encounter a lower electron density
and momenta than in the bulk, which results in the low
intensity component. When the positron‘source is imbedded in

the bulk no such component is observed,

1.5.4 Anomalous Temperature Dependence of the Annihilation

Parameters

The noticeablé temperature dependence of the positron
annihilation rate at low temperatures, where no vacancy
effect should be observable, has been a subject of
considerable discussion° This has been the case ever since
.the importance (Connors et al, 1970) of its accurste
subtraction from the main effect, due to annihilation of
positrons in vacancies, has been realised in order to obtain

accurate values of vacancy formation energies,

To account for the observed temperature dependence in the
sub-vacancy region two models have been proposed, and are

discussed below.

1¢5:4.1 Effect of Thermal lLattice Expansion on Annihilation

Characteriétics

The observed rise in the annihilation rate, in the region

below the vacancy threshold, has been interpreted by
Mc Gervey and Triftshauser (1973) as a result of thermal

expansion of the lattice. This affects the observed

annihilation characteristics in two ways
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(i) by causing a contraction of the Fermi surface
(ii) by decreasing the rate of annihilation with core

electrons,

Of these two, the socond is the larger effect.

To support this view, Jamieson et al (1974) suggested that,
since the core electron distribution is not a function of the
lattice spacing, thermal expansion simply increases the
seperation between neighbouring core distributions. Thus,

positron-core electron wave function overlapping is reduced,

- To Jjustify the observed linear rise in the annihilation rate
in the sub-vacancy region, Ff in equation (1.37) is replaced
by a temperature dependent variable Ff = Fg(ﬂ + BT) , where
B is compared with the coefficient of thermal volume

expansion,

1.5.4.2 Self-trapping of Positrons in Metals

The thermal lattice expansion explanation of the sub-vacancy
effect has been injureg by Lichtenberger et al (1975), who
reported a new effect in cadmium. They measured the
equilibrium line-shape parameter from 77 K upwards and

' found non-linear behaviour which, théy argued; was due to

phonon-assisted trapping of positrons,

Seeger (1975) has given an alternative explanation for the
new effect, found by Lichtenberger et al (1975). He shows
that the anomalous temperature dependence in positron

annihilation properties is a result of the existence of
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metastable states with respect to free positron states, in

which positrons are self-trapped .

Following Sumi and Toyozawa (1973), Seeger (1975) describes
the interaction between the positron wave function and the
crystal through a coupling of the elastic dilation, e(r) ,
with the positron charge density Iﬂi(r)le . We have’

o(x) = - 2 |Y, (@ (1.42)
Ce '

where Ce is a combination of elastic constants and €4
denotes the positron deformation potential (Seeger, 1972) .

He wrote the energy functional as
$° 2.3 53 b3
e(Y.(z0)-2 [ CAXOBEC TN H IS NOPLCINCHE
+ e ) .

Here & denotes Plank's constant divided by 2m, and m_

is the positron band mass,

Seeger (1975) used the trial function with an adjustable
parameter K , which is : an -adjustable parameter and

having the dimension of a wave number, giving
q¥+(r) = (2K2)3/4 exp(-anra) (1ou4)

and obtained the energy of the system as a function of K .

This is given by

H2 o 6 3 |
E(K) = 25— K° - 5 K (1.45)
+ e

Equation (1.45) has a minimum at X=0 , representing a free

positren state. A second minimum may arise due to the upper
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cub~off KO of K ; approximatelly equal to the reciprocal
atomic distance. The existence of such a minimum , with

energy

2
2 €
i w2 | —d 3
2m Ko 2C Ko (1.46)

E(K) =
0 + e

depends on whether the maximum of equétion (1,45) occurs at

a value

c , (1.47)

that is smallgr than Ko .

This second minimum at, Ko y corresponds to a localised
positron which gives rise to the measured annihilation

characteristic,

Now, two different situations may arise j

(i) E(Ko) is positive ; the self-trapped state is metastable
with respect to low-lying free positron states
(ii) E(Ko) is negative ; the self-trapped state is stable, -

but the free positron states are metastable,

According to Seeger (1975) the second case is less likely
than the first, Here, at very low temperatures, all the |
positrons are in Bloch states and as the temperature is

increased a fraction of them will be self-trapped.

For the case E(KO) is positive, Seeger (1975) concluded
that the probabilities Py and P, of annihilation in

self-trapped or free states, respectively, was given by

=1
P () = [1 + 371 p3/2 exp(E(KO)/kT)]. (1.48)
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and "

2 <[ 1+ 3 T2 exp(ene )/ | (1.49)
where ' 5
_ N 2T AENB/2 1
B= Tj("j/"j)'(n‘f'i e v (1.50)

" and Vg is the atomic volume; Vs and v5 are the
vibrational frequencies of the crystal with free ox
self-trapped positron. The product T_Textends over all

vibrational modes of the crystal,

In the temperature range below the vacancy threshold the
" weighted average of the characteristic annihilation parameter

F 1is given by

F(T) = Fo Pp + P P, (1.51)

Seeger's proposal, that positrons are self-trapped in metals,
has been argued upon by Hodges and Trinkaus (1976) and
Leung et al (1976) . The former group have employed a lattice
theory which avoids the necessity to introduce a wave number
cut-off, or upper bound to the degree of localisation. They
have concluded thaf the defdrmation potential in Seeger's
calculations is too large to be realistic in metals, and for
- most metals positron self-trapping seems to be unlikely.
They‘also added that the time required for the self-trafping

of a positron is far lohger than the positron lifetime,

1.5.5 Annihilation Characteristics Near Melting Point

An important question is whether or not the annihilation

characteristic , say F-parameter, flattens to equal a
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saturation value Fv at high temperatures, Published data;
even on the same metal, conflict. Mac Kenzie (1972), and
Triftshauser and Mc Gervey (1975) observed a plateau in
copper where Nanao et al (1973) and Sueoka(1974a) did not.
Applying the technique of Nanao et al (1973), which allows
for the saturation vaiue itself to be either a constant or a
linear function of temperature; Rice-Evans et al (1976a)
concluded that a temperature independent value of Fv gives:

a closer fit to their data for copper.

Nanao et al (j973) and Sueoka (1974a) have also suggested
that the wvariation of the parameter F at high tempefatﬁres;
approaching the melting point, might be due to the creation
of multivacancies, mainly divacancies, Furthermore,'for high
melting metals, Dlubek et al (1977&) and (1977b) have
suggested that thermal detrapping of positréns from
monovacancies becomes importent, leading to an enhancement
of the positron trapping by divacancies., Cn the other'hand;
values of positron-vacancy binding energies in metals,
calculated by Tam and Siegel (1977), range up to several
electron volts. Therefore, it does not seem likely that

thermal positrons can overcome this barrier.
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CHAPTER 2 INSTRUMENTAL DETATLS AND LINE SHAPE ANALYSIS

2.1 Description of the Spectroscopy System

The schematic illustration of the Doppler-broadening systen,

employed throughout‘the experiments, is shown in figure 2,1 .

The intrinsic germanium planar detector with an active volume
of 2 cm’ (16 mm diameter and 10 mm thickness), supplied
by Princeton Gamma-Tech Ltd (PGT) , incorporated with an
optical feed-back pre-amplifier. The pre-amplifier output
pulses were amplified by a Tennelec main amplifier (TC-205)
Unipolar output pulses from the main amplifier are then fed
directly to a Laben 8215 analog-to-digital convertor (ADC)
with a fast conversion time, 4,5 pseconds plus pule rise
time. Each pulse was digitised linearly according to its
amplitude and subsequently stored in a Nova-2 computer with

8K memory, supplied by Link System.

2.2 Qalibration and Energy Resolution of the Spectrometer

The main amplifier output pulses, corresponding to the full
energy 511 keV pulses, were about 6 volts amplitude with
less than 100 nseconds} rise~time and 45 pseconds
exponential decay-time. By off-setting the first quarter of
the 4096 channels anaiyser memory we were able to obtain a
gamma-ray energy distribution of about 94 eV per channel.,
An accurate descfiption of a gamma-ray line shape depends on
the number of channels across the line, Therefore, the above
choice of energy distribution was a good compromise between

an accurate line shape description and a good statistical
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accuracy. In most of the experiments, each run of two hours
accumulated, on average, about 900 000 counts in the

511 keV peak,

Even high resolution Ge(Ii) detectors give rather poor energy
resolution of Doppler-broadened annihilation lines, Therefore,
despite its simplicity, rapid data accumulation and
suitabilityko various experimental arrangements, the Dopplep
broadening technique is still inferior to the angular
correlation method as far as the resol§ing power is

concerned., This resolving power is needed in certain
‘applications;‘for'instance, Fermi surface studies. The
contributions to the observed intrinsic resolution of a
Doppler-broadening spectroscopy system come from the Ge(Li)

detector itself as well as the incorporated electronics,

In semiconductor detectors the incident particle, say photon;
produces electron-hole pairs in the solid. Detection of fh§
incident particle is then a problem of collecting the
liberated charge by application of an electric field, As far
as the efficiency is concerned the crystal purity and
perfection is very important, because of the trapping

-effects,

The major contribution to the observed, finite resolution of
a semiconductor detector arises due to the statistical
uncertainity involved in the conversion of the incident
particle energy into electron-hole pairs. The incomplete

charge collection is an additional contribution,
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The inevitable noise associated with the chain of electronics,
possesing resistances and capacitances through which the

signals pass, is an inherent source of the overall resolution.

Ideally, a pre-amplifier output pulse; often called tail
pulse, has a very short rise-time (less than 100 nseconds)
and an exponential decay-time of about 50 pseconds.
Therefore, the typical values of the time constants of the
pulse shaping circuitry, in the main amplifier, are choosen
to be much shorter than the exponehtial decay time of the
tail pulse, and much longer than their rise-time., This,
within certain count-rate limits, effectively prevents the
pulse overlapping which causes a consequent error in
amplitude interpretation . After careful analysis (fo be
discussed later) on the gamma-ray line shapes the best value
for the time constant of the pulse shaping circuitry,
incorporated with the pre—amplifier; was choosen to be

6 pseconds .

Perhaps the counting rate plays a crucial part in the .
electronics induced resolution. The variation of the
resolution, specified as the full width at half maximum
(FWHM) , of 514 keV gamma-ray line of 8sr as a function
of total count rate is shovn in figure 2.2 . The best
compromise between the total count rate and the resolution
enabled us to operate the spectrometer at a total count rate
of 5000 c¢cps with a resolving power of 1,15 keV (except
for 5N indium) . The previous studies (Hlaing, 1976) showed

that, by gain shift of the 5714 keV gamma-ray line to the
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position where the annihilation line would normally appear,
no noticeable error was iﬁtroduced*into the response function
of the spectrometer at '511 keV . Figure 2.3 illustrates

the 514 keV gamma-ray line shifted to the positioﬁ of the

Doppler-broadened annihilation line, for annealed lead.

The peak position stability is also very important. Even
small zero or gain shifts mean extra broadening of the line
shape. Employing a digital spectrum stabiliser would,
without a doubt, greatly eliminate the extra blurring of the

spectrum,

2.3 Low Temperature Cryostat

Measurements at low temperatures have proved to Be véry
informative in many studies where the positrén annihilation
technique is one of them. In order to study the positron
annihilation line shape paraﬁeter below room temperature a
cryostat, which enabled us to perform measurements at

temperatures down to 4,2 K , was designed and constructed,

A schematic drawing of the low temperature cryostat is shown
in figure 2.4 . During the measurements it was immersed |
into liquid nitrogen or liquid helium in a pjrex dewar,
shown in figure 2.5 , which was located at the front of the
detector., The sample holder, shown in figure 2.4 , was made

of 4N pure copper.

2.3.17 Vacuum Condition

The vacuum chamber, positioned in the inner dewar, was
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evacuated at romm temperature by an Fdwards high power
diffusion pump to a pressure lower than 10™2 torr and then
cooled down. All the joints on the brass vacuum chamber, as
well as the steel tube, were hard soldered. 1 mm diameter
indium wire which was embedded in a 0.5 mm deep groove
made a good vacuum tight seal to the chamber, shown here in

figure 2.4 , even at the lowest temperatures.

2.3.2 Cooling Down

During the measurements at 77 K and above, cooling was

. maintained by liguid nitrogen. For the measurements below
77 K the inner dewar was filled with liquid helium. Unlike
liquid nitrogen, liquid helium is difficult to handle. I%
requires considerable care and knowledge in cryogenics.
Pre-cooling the inner dewar, as well as the sample, with
liquid nitrogen before liquid helium is transfered is
essential. A small amount of innert helium gas was used to‘
speed-up the cooling from 293 K and maintain the sample
temperature at 77 K when in liquid nitrogen énd at 4,2 K

when in liquid helium, prior to the measurements,

Heat leak through the thermocouple and heater wires is a

| problem. A good temperature stability at the lowest
temperatures requires the elimination of this heat injection
to the sample, and was best done by thermal anchoring of the

wires before they reached the sample holder,
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2.3.% Temperature Control and Measurements

Measurements at temperatures above 4,2 K and 77 K were
maintained by the use of a 70 ohm Enamel-Constantan heater
wire, which was wound on the sample holder inside the grooves

on either side of the sample,

The desired temperatures were maintained automatically by an
Oxford Instruments Temperature Controller (DTC-2) with the

aid of the thermocouples attached to the sample,

Two different thermocouples were employed. In the region

| between 4.2 K and 300 K a spec. pure Au + 0.03 at.% TFe
versus chromel thermocouple was used. Temperatures between
273 K and 420 K (highest temperature in the cryostat) were
measured by a chromel-alumel thermocouple. Throughout the

whole range the temperature stability was better than 0.5 K.-

2.4 High Temperature Furnace

In order to study positron annihilation in metal samples
from room temperature to near their melting point, a tubular

high temperature furnace was designed and constructed,

A schematic drawing of the furnace, made of a 60 cm long
thermal aluminous porcelain tube with nominal bore 22,5 mm ;
is shown in figure 2,6 . A heavy piece stainless steel
sample holder, attached to the end of a 3 mm dimeter
alumina twin . bore, was used to maintain a fairly homogeneous
temperature distribution on the sample., Using an aluminous
porcelain tube has various advantages. First of all it is a
good electrical insulator which fits the design, and it can

safely go up to 1900 OC . Another important reason for
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using this material is that it does not outgas appreciably

which may contaminate the sample at high temperatures.

The 1 mm thick aluminium enclosure, which covered the
heated zone, provides a good thermal insulation to protect
the detector at high temperatures and cause a very small

scattering of the gamma-rays,

241 Vacuum Condition

Most metal specimens oxidise absorﬁing small amounts of
oxygen. At high temperatures, due to the increased difrusion
rates, the oicitation process is speeded-up. Therefore, it
is essential to heat metal samples under very high vacuum

conditions.,

As shown on figure 2.6 , one end of the aluminous porcelain -
tube was connected to the high power vacuum pump, through a
brass piece, and the other end of the tube was used for the
thermocouple wires, these being passed through the alumina
twin bore where one end was open to the atmospheré and sealed
with araldite. The brass pices at tﬁe each end of the tube
were specially made with high precision. The three rubber

"o" rings at each end enabled us to support the brass pieces -
to the tube firmly aﬁd to provide a high vacuum inside the

6

tube, better than 10 torr .

2.4.2 Heating, Temperature Control and Measurements

A high power 40 ohm nichrom heater wire was wound directly
on the aluminous porcelain tube, covering, centrally, 20 cm

length provided a heat zone at the position of the sample
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with a very small heat gradient. Electric power to the heater
was supplied and automatic sample temperature control was
maintained by the temperature controller DTC~2 s Supported

by an Oxford Instruments External High Power unit.

Due to the high vacuum inside the tube, the temperature
stability was better than 0,25 K . Throughcut the whole
range of these temperature measurements a2 chromel-alumel

thermocouple was attached to the sample,

. Towards the end of the work, an electronic automatic
. temperature resetting system was designed and constructed in
the college electronics workshop. This enabled us to continue

the two-hour runs 24 hours a day, when in the furnace.

2.5 DPositron Sources

The available positron sources in positron annihilation
Doppler-broadening studies have been listed in chapter 1 .
Apart from the work on annealed zinc where a &4 ou positron
emitter was used, the rest of the positron annihilation

22

studies were carried-out with “~Na positron sources,

The 640u positron sources were produced by neutron
. irradiation of two micron thick 5N pure copper foils,
supplied by Johnson-Matthey, in the University of London

Reactor Centre. Seven hours irradiation at the core of the

2 1

reactor, at a flux of about 1.2 x101 neutrons, cm-a. sec”

produces a specific activity approximatelly 270 mCi/gr .
64

Despite its reiatively short half-life (12.8 hours) Cu is

a comnonly used ﬁositron emitter due to its relatively small
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intensity of the 1,340 MeV gamma-ray, which gives rise to

a very small background,

Although the thickness of the copper foils was considerably
smaller than the calculated, effective range of positrons in
copper, Hlaing (1976) estimated the fraction of positrons
absorbed in a 2 pm thick copper foil to be about 3% .
Thérefore, prior to the measurements the irradiated copper _
foils were annealed for several hours at 600 °C in order to
anneale-out the radiation induced defects. This is hecessary
because some annihilatioﬁs take place in the foil and, since,
the picture of the annihilations in the foil is bound to
change at high temperatures, due to annealing of radiation
induced defecte, this would —although at a small séale-
mask the, émall, but genuine, effects in the sub-vacancy

region,

The 22Na positron sources were supplied by the Radiochemicals

Centre as aqueous solutions of carrier-free sodium chloride.

22Na01

The active samples were prepared by evaporating the
source directly onto the sample surface so that the nearest
distance between the edge of the sample and the evaporated

: samples

source area, even on the smallestjwere prepared, was not less

than 3 mm ,

- The second round measurements on zinc, over the temperature
range from 4.2 to 420 X , using 224 sources showed no
appreciable difference from those using 64Cu o Zinc is known
as one of the most interactive metals with weak acids,

therefore, any possible contaminaticn on the sample surface,
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due to the direct evaporation of the source material, must

be irrelevant,

The conventional,maximum range of positrons in matter is

given by Segre' (1953) as
R(gr/cm’) = 0.407 E 38 for 0.15€E _<0.8 (2.1)
° max < 12X Bpas Ve ¢
where Emax(MeV) is the positron end point energy.

The calculated maximum positron range in the metals studied

in this work are given in table 2.1 .

Table 2.1 _
Zn In Cca Pb . Au Ag
Max. range (pm) : 250 240 200 150 90 170

2.6 Gamma-ray Peak Shape Analysis

2.6.1 Nuclear Gamma-rays

An accurate,analytiéal description of the full energy peaks
in the pulse height spectrum, due to monoenergetic photons

in Ge(Li) detectors is important,.

A variety of functions, among them the functién given in
program SAMPO by Routti and Prussin (1969), the function
given by Dojo (1974) and a third one given by Kern (1970),
also cited by Mc Nelles and Campbell (1975), were applied to
to the 514 keV 1line of the 92Sr spectra. They are -
generally the modifications of a Gaussian distribution to

allow for tailing effects on the low energy side of the peak,
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The tailing arises from a variety of effects; including
incomplete charge collection and electron escape, These

distortions in peak symmetry are, of course, different for

various other detectors,

Long term and detailed peak shape analysis proved the
function given by Kern (1970) to the best fit to the 858r
line in our detector. Analytical representation of the
function is given by

00 =S (3. (125 () %r, D)

+ £ (- E'X_';T)E—) {(PyrPg exp(EZ (BQ) )

f Ao + Aq.x + A2.x2+ AB.XB for x<Xx (2.,2)

C(x) =ZE;§§f;;exp(-%(E§¥)2) + Ao + Aqox + A2.x2+ Aa.x
for x32X (2.3)

where S and 0 are-the area and the width parameter of the
pure Gaussian; and X 1is the peak centroid. The low energy
side of the peak is multiplied by a polynomial with terms to

4 ang  12%R

power whose coefficients are P3 and P, ;
respectively. Two tails are also included on the low energy
side of the peak ; & constaﬁt tail of amplitude P2 and an
exponential tail of amplitude P5 and range P6 « A third
degree polynomial approximates the background underneath the

peak,

The analytical fﬁnction, given in equations (2.2) and (2.3),
was fitbed to the 514 keV gamma-ray line of ©7Sr by the
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program CURFIT (described in appendix 1) . This uses a

least=-squares minimisation routine.

The resolution of the line, specified as the FWHM , is given

by
Resolution (FWHM) = 2.3%54 G~ (2.4)

2.6,2 Annihilation Gamma-rays

An annihilation gamma-ray peak, after the intrinsic
resolution is deconvoluted, is posﬁulated to be the sum of
two components ; a Gaussian and an inverted parabola. Broadly
speaking, these correspond to positrons annihilating ﬁith
the core and conduction electrons; respectively. The

deconvoluted spectrum takes the form

R = i ex(-30EH + B (112D
for |x-%|<2% o7 (2.5)
F(x) = Hy exp(-%(§é§)2 | for lx—i,‘;2%'5; (2.6)

where H; (Hp) and O (05) are the height and width
parameters of the Gaussian (or parabolic) component,
respectively. Again, a third degree polynomial approximates

the background underneath the peak.

In the deconvolution process the instrumental resolution is
removed from the experimental data, leaving an energy
spectrum which is identical to the positron-electron pair

energy distribution at the time of annihilation. No model
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dependence of any kind is assumed,

The convolution techniqﬁe is a second method of analysis to,
effectively, remove the instrumental resolution from the
experimental data, and based on a physical model of the
annihilation energy spectrum; A spectrum, composed of a
Gaussian and an inverted parabola, is generated and smeared
with the instrumental resolution, and compared with the

observed data .

Throughout the applications of the convolutioﬁ technique to
. the various data, by the program CURFIT , the instrumental
resolution was ascertained with the 514 keV gamma-ray line
of 85Sr o The parameters of the model are adjusted in the
least-squares minimisation procedure by successive
e#aluations, until a minimum is reached., The goodness-of-fit
is reflected in the value of the reduced chi-square per

degree of freedom,

Figure 2.7 1illustrates the application of the convolution
technique to seperaté the two components of the annihilation
gamma-ray line in camium. Error between the fit and the data
at individual pointé are also shown on an enlarged scale
within the standard deviation enclosure, which enables us fo
assess our visual judgement on the goodness of the fit, in
addition to the calculated chi-square per degree of freedom

value,

The convolution program is described in appendix 2 .
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gamna-ray line in cadmium at 80 K ,
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CHAPTER 3 POSITRON ANNIHILATION MEASUREMENTS ON ZINC

3,1 Introduction

Zinc crystallises in the hexagonal close-packed (hcp)
structure. Apart from cadmium, zinc is one of the most

extensively studied metal having this structure,

Angular correlation measurements by Mc Kee et al (1972a)
showed a prominent saturation of the normalised peak counts
near the melting point. Their simple, two state, trapping

. model yielded a mono-vacancy formation energy E1v=0'54 * 0.02
eV , which was later corrected by Doyama and Hasiguti (1973).
to 0,56 eV taking detrapping into account, In their lifetime
measurements Bergersen and Stott (1969) found a value of
0.71 eV , which contradicts the value given by

Schumacher (1968) as O.44 eV ,

Unfortunately; all these measurements.were performed ébove
room temperature, Therefore; their fittings could aot
possibly take the intermediate temperature behaviour of the
annihilation characteristic into account. An accurate
determination of the value of E,IV requires careful

' subtraction of this background from the vacancy effect

(Mantl and Triftshauser, 1978) .

3,2 Experimental Measurements

o4

30201 Using Cu Positron Sources

Two 20 x 20 x 'me3 polycrystalline zinq sheets of 939,999 %
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purity, supplied by Johnson-Matthey, were etched in dilute
hydrochloric acid; and annealed for 8 hours at 633.K in the
high vacuum furnace under a vacuum of 40-5torr o These were
cooled, slowly, down to room temperature, The annealing
period was intended to remove all defects in the sample.
Immediatelly after the annealing a neutron irradiated and

pre—annealed 2 pum thick pure copper foil was sandwiched

between the two zinc sheets,

Measurements over the range 77 to 420 K were performed in
the low temperature cryoétat and those from room temperature
to the melting point in the high temperature furnace. The
sequence of measurements involved temperature changes in botﬁ
directions. Because of the 12,9 hours source half-life, the
distance between the detector and the sample was adjusted
every 3 hours, so that the detector should operate

continuously at the same count rate.

The annihilation spectra were recorded with the spectrocsopy
system, described in chapter 2 , whose resolution at a total
count rate of' 3000 cps was 1.04 keV for the 514 keV
line in 8sr . Each run of three hours accumulated about
'850 000 counts in the 511 keV peak, The system stability
was about 1 channel in 5000 ., For each run a polynomiéi
curve fitting was applied to the central 25 channels to
assess the exact position of the peak. The F-parameter,
which was defined as the sum of the counts in the 15 central
channels divided by the sum of the counts in the 175
channels across the peak, was measured as a function of

temperature,
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3,2.2 Using 22Na Positron Source

Two pieces of zinc, identical to the previously used samples,
were cut from the same sheet and subjected to a similar
annealing and cooling treatment. Approximately 90 pCi of
carrier-free 22NaCl‘positron source were evaporated directly
onto their central regions. These two pieces of zinc were
subsequently arranged in a sandwich configuration, wrapped in
thin aluminium foil and finally inserted into the low

temperature cryostat,

The annealing spectra ovér the range 4.2 to 420 K were
recorded in the same fashion as described earlier for the
previous zinc sample. Figure.B.ﬂ shows the variation of the\
1ine-shape parameter F as a function of temperature over the |
range 4.2 to 670 K , obtained from the two different

64Cu and 22Na positron sources. The

measurements using
normalisation was based on linear curve fittings to the two
sets of data in the range 77 to 340 K . Agreement between

them in the overlapped region is pleasing.

3,5 Data Analysis

3¢43,1 F-parameter Analysis

The simple two-state trapping model has been outlined in
chapter 1.5.3 . Byiéubstituting the expressions for the
probability of annihilation in a free state and at a vacancy
into equation (1.37) , and using the mono-vacancy
concentration, defined in equation (1.24) , the line-shape

parameter may be written as
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FIG, 3.1 The variation of I-paramebter with temperature for
annealed and deformed specimens of zinc., The fitted line
represents equation (3.2),
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Fp o+ qu A exp(»Eqv/kT)
1+ exp(-Ey /)

P =

(3.1

Obviously, this equation, assuming temperafure independent
value of Ff s cannot possibly give a satisfactory fit to
the data shown in figure 3,1 because of the rise in the
F-parameter in the region below the vacancy threshold.
Jamieson et al (1974) and Triftshauser and Mc Gervey (1975)
have suggested that this observed low temperature behaviour
is associated with the electron densities as a result of

~ thermal lattice expansion, and it probably continues up into

the vacancy region,

Published data on the temperature dependence of F conflict,

v
Mac Kenzie (1972) and Triftshauser and Mc Gervey (1975)
observed temperature independent values of qu whereas
Nanao et al (1973) did not observea plateau near the melting
point in copper. In our fittings we consider qu itself to

be either a linear function of temperature or a constant. -

The use of the variables Ff and F in the fitting

1v
equation

o
Ff(1 + BT) + F1V(1 + o). A exp(—E1v/kT)

1+ A exp(—E1 kT)

F =

(3.2)

for 3 different cases :a #B ,a=f , and o =0 has
resulted in the btest fit (abqve 72 K) for the case o = O
-i.e., temperature independent value of qu o The best values
of the parameters were calculated in the program CURFIT ,

which is based on a least-squares routine (described in
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Appendix 1) . These gave the values

- + o
Eqv = 0,42 ¥ 0,02 eV Ff = 00,4048
F"V = 0.,4473% A = 27380,
B = 59 x10—6 v

where the goodness of the fit,)f2/v gives the value 1,27 o

Figure 3.1 shows the best line obtained by using this
fitting. The different contributions to F , calculated with-
the parameters obtained from this fitting, are shown in
figure 3.2 . The slope (B) of the intermediate linear region
is slightly higher than the linear thermal expansion .

coefficient (28 x10™8 K'q) in this temperature range,

The non-linear change in F-parameter in the intermediate
temperatﬁre region, in cadmium and other metals, reported by
Lichtenberger et al (1975) has injured the hypothesis that
the change is due to lattice thermal expansion. Therefore, we
applied the self-trapping model proposed by Seeger (1975) to
our measurements on zinc (above 72 K) using the assumption,
that above the vacancy threshold, annihilation in vacancies

predominates,

By substituting the weighted average of the F-parameter
below the vacancy threshold, defined in equation (1.571) ,
into equation (3%.1) - with o = O the F-parameter is

therefore written as

- Ff(1 - Pst) + Fst PSt + Fy, A exp(—Eqv/kT)

1+ A exp(-Eqv/kT)

where PSt is defined in equation (1.48) and Fst is the
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FIG, 3.3 Application of the convolution technique to
seperate the two components of the annihilation

gamma~-ray line in zinc,
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value of F when all the positron annihilate in self-trapped
states. Fitting equation (3.3) fo the data (above 72 X) ,
shown in figure 3.1 , by program CURFIT fails to give a
pminimum. This is apparently due to the linear behaviour of F

over the range 72 to the vacancy threshold temperature 350 K.

3.3.2 Convolution

In addition to the use of F-parameter, we analysed the
observed Doppler-broadened line shapes_iﬁ terms of the sum of
a Gaussian and a parabolib component, ccnvoluted with the
intrinsic resolution function. Figure 3.3 iilustrates the
sum of the two components as well as the errors at individual
points between the convoluted model function and the observed
data., The errors are on an enlarged scale, together with the
standard deviation on the data points. The proportion of
positrons annihilating with conduction electrons, represented
by the percentage of parabola; and the line shape width
parameters are shown in figures 3.4 a and b as a function of.

tempepature.

" 3.4 Discussion

The analysis of the annihilation line shapes for zinc has
shown that the conduction electrons contribution increases

from 51% +to approximately 62% near the melting point,

At intermediate temperatures, below the vacancy region,
measurements have shown that the annihilation parameter is a
function of.temperature. Our calculated value of E1v ’
based on an interpretation of thermal lattice expansion,

does not agree with the reported values, outlined in the
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introduction of this chapter, for the data above room
temperature. This, no doubt, demonstates the effect of the
subtraction of the sub-vacancy effect from the main effect

due to annihilation in vacancies,

Due to the apparent linear behaviour of F in the temperature
range 77 to 350 K ; attempts to interpret the intermediate
temperature dependence of the line-shape parameter by the

model, based on self-trapping metastable states (Seeger,1975),

has resulted in failure,

~ As liquid helium temperatures héve been approached a new
effect has appeared, An unexpected rise in F has been seen '
at low temperatures, but not in copper (Rice-Evans et al,1976b)

and lead (Rice-Evans et al, 1978a) .

Even in well-annealed samples grain boundaries exist., In the
zine specimen, micrographs showed the grain diameters to range
from 20 to 300 pm , giving an average value of 60 pm ., It
is known that positrons may be trapped in such boundaries
(Lynn et al, 1974 ;. Leighly, 1977) , these consisting of
complexes of intersecting dislocations. Whether positrons
exist in the grain boundaries will depend on the average

| grain size -i.e., will depend on the surface area of the
boundaries. Also, it will depend on whether or not a
significant proportion of positrons would encounter the
boundaries (Mac Kenzie, 1977) . The increase in the F at
the lowest temperatures impiies that positrons are captured
in shallow grain bbundary traps, and that the negative slope

(dF/4T) indicates thermal detrapping (Rice-Evans et al,1978b),
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A similar low temperature effect, below 50 K , has also been
observed by Herlach et al (1977) in their lifetime and
Doppler—broadening neasurements, on cadmium and gold. On the
basis of experimental evidence they suggested that positrons
escape from the sample by channeling (Gemmel, 1974) within
the grains. These annihilate in the helium gas surrounding
the sample; on the walls of the cryostat and on the specimen
surface, This, no doubt, is unconvincing if we consider the
absence of such channeling in copper (Rice-Evans et a1;1976b
and Mantl and Triftshauser, 1976) , in indium (Rice-Evans
et al, 1978b) and in lead (Rice-Evans et al, 1978a) ,

More convincing evidence and further discussion on the grain
boundary trapping of positrons will be presented in
chapter 5 , where the single crystal data for cadmium will

be considered,

3,5 Annealing Studies in Deformed Zinc

3,51 BSample Preparation

To study the annealing of the deformation-induced defects;

1 mm thick specimens of 99,999% pure zinc (from Johnson-
Matthey) were sandwiched between two thick steel slabs and
hammered to obtain 30% thickness reduction at room
temperature, The t#o sheets were etched in dilute hydrochloric
acid both before and after the deformation. Shortly after the
final etching epproximately 90 pCi of carrier-free <-NaCl

positron sources were evaporated onto the central region of

the two specimen sheets. These were then pressed into a
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sandwich configuration, wrapped in thin aluminium foil and
cooled down to 77 K in the low temperature cryostat. The

whole process took just under &5 hours.

3.5.2 DMeasurements

Figure 3.1 shows the temperature dependence of the line-shape
parameter F in deformed zinc, After the acquisition of data-A,
the deformed sample was alloﬁed to worm up to room temperature-
for 72 hours prior to subsequent cooling and collection of

data-B .

Measurements in either case consisted of successive cycles gf
2.5 hours, half an hour temperature setting and two hours
running, at a total count rate of 50C0 cps ., Defirnition of
the lineéshape parameter F is as in the annealed zinc,
Simultaneous measurements of a control 1OBRu 497 keV
gamma~-ray line has also been instituted to assess any
electronic drift, and to allow approprite corrections where
necessary. A G-parameter, similar in conception to F; has
been applied to 497 keV line, and runs corresponding to any

significantly low values (rare) were rejected,

3.6 Discussion on Deformed Zinc

It was Berko and Erskine (1968) who discovered that
plastically deformed metals trapped positrons prior to their
annihilation and that the properties of the annihilation
photons wefe accordingly nodified, The exact nature of the
defects produced in plastic deformation has been discussed

by Dauwe et al (1974) who considered them to be essentially
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dislocations.

Perhaps the most striking feature of the deformed zinc data,
presented in figure 3.1 , is again the temperature
dependence of the line-shape parameter (below 50 X), similar
in concept, but not in magnitude, to that in annealed zince
Reversibility of the temperature dependence in the range

between 4,2 and 125 K rules out the annealing involment,

Thére is no consensus of opinion as to the types of positron
traps generated by room temperature deformation (IMac Kenzie;

- 1977) . In the case of our deformed zinc sample, a simplifying
agsumption is thét only grain boundaries and dislocations are
present. Obviously, some annealing occured between deforming
and locaﬁing the specimen in the sample chamber. The positrons
wili then annihilate either in free state or become trapped

in dislocations or grain boundaries, The proportions are
determined primarily by the defect densities and their
trapping effiéiencies. The effect of an increase of
temperature would be to change the balance so that detrapping
from shallow grain boundary traps; say edge dislocations;
eventually would result in their subsequent annihilation in

. a jog, or an intersection which acts as a deep trap. Also

some annihilations in the bulk may result in line broadeninga

The region between 70 and 170 K shows no apparent change
due to annealing. A shallow step of annealing is observed
over the temperature interval 200-300 K . Above about 300 K
a step rise in F-parameter is observed; due to the

production of thermal vacancies and the subsequent trapping
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trapping of positrons. Occurrence of this rise in T before
the completion of annealing suggests that vacancies are more
efficient positron traps than the traps produced by plastic

deformation,

92



CHAPTER 4 ©PrOSITRON ANNIHILATION MEASUREMENTS IN INDIUM

4,1 Introduction

Positron annihilation studies in annealed indium over the-
range from room temberature to just below the melting point
and in plastically deformed indium, for the first time, were
performed by Mac Kenzie (1969) who concluded. that
indium is one of the several metals to show no sensitivity to
the effect of.p;astic deformation at room temperature.
However; these are influenced by vacancies introduced by

rising the sample temperatufe.

Measured values of mono-vacancy formation energy, E,]v , in
annealéd‘indiun, no doubt, aroused the greatest controversy
among all the other metals studied so far by the positron

annihilation technique. The reported values of E,_ have

v
ranged from 0.55 * 0.02 eV (Mc Kee et al, 1972a) and

0o.48 0.01 eV (Triftshauser, 1975) by angular correlation |
studies, 0,45 * 0.03 eV (Seeger, 1973a) as obtained from
centroid shift lifetime measurements, to 0.39 * 0.04 eV
(Singh et al, 1975) by simultaneous mean lifetime and
Doppler-broadening measurements., Mac Kenzie and Lichtenberger
(1976) obtained a value of 0.41 eV from the experimentally
observed linear reiationship between the mono-vacancy

threshold temperature and the diffusion coefficient Q ,

assuming Q = 2E1v °

Doppler-broadening measurements by Segers et al (1977) in

the range between 74 K and the melting point (429 K) yielded
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a well pronounced, non-linear, anomalous temperature dependence
in the sub-vacancy region which was interpreted as an effect
of self-trapping of positrons. Based on this nodel, they

obtained a mono-vacancy formation energy 0.48 %= 0.03 eV .

We measured the temperature dependence of the positron
annihilation Doppler-~broadened line-shape parameter in 5N

and ©N indium specimens between 4.2 K and the melting point,

4,2 Temperature Dependence in SN Annealed Indium

-4°2'1, Experimental Measurements

Two 20x20x1 mm? polycrystalline indium sheets of 99,999%
purity, supplied by Johnson-Matthey, were etched in dilute
nitric acid and then annealed for 40 hours at 125 K in a

6

vacuum of 2 x10™°torr . The positron source was 60 pCi of

. 22
carrier-free

NaCl evaporated directly on to the central
regions of the specimens which were then arranged in a
sandwich configuration, sealed around their edges with a
high temperature resin and inserted into the low temperature

cryostat,

The shape of the 511 keV 1line was recorded with the
| spectroscopy system, described in chapter 2 , whose resolution
at a total count rate of 3000cps was 1.04 keV~ for the
514 keV 1line in 85Sr » Each run of three hours accumulated
about 550 000 counts in the 511 keV peak. The system
stability was about 1 channel in 5000 ., The line-shape
parameter F , defined in chapter 3 , was measured as a

function of temperature in the range between 77 and 427 K ,
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Measurements below 77 K , which were also extended up to

400 K , were recorded seperately in the same fashion as

earlier.

Figure 4.1 shows the variation of the line-shape parameter F

as a function of temperature over the range 4.2 to 427 K ,

4,2.2 Line-shape Parameter Analyses

Indium is a rather different to many other metéls. There is
no indication of the F-paranmeter showing a tendency to
saturate near the melting point., An accurate value of the
1ine-shape parameter when, preassumably, all the positrons
are trapped in vacancies cannot be easily determined. This.
difficulty in finding the best value of Fﬂv led us‘to the .
following analysis. The points shown in figure 4.1 were
repeatedly fitted to the two-state trapping model for
selected values of F,, —with the assumption that the
pre-vacancy slope is essentially concerned with the free
positrons in the lattice and also due to changing electron
densities as a result of thermal lattice expansion— allowing
the remaining parameters to be adjusted in a minimisation
process, Figure 4.2 illustrates the nature of these fittings
by indicating the goodness of the fit, and the respective

best value of E, , as a function of the parameter F,. .

1v

In the sub-vacancy region only a small linear rise in F is
apparent, Writting _
Fp = F2(1 + B1) | (4.1)

-6 =1

the best fitted value for B is 28 x10 ~ K., which may be
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FIG, 4,1 The variation of the line-shape parameter F as a
function of temperature for 5V annealed indium. The fitted
line corresponds to the case where F. is taken linearly to

rise with temperature.
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Fig. 4.2 A plot of the goodness-of-fit, and the respective best
value of E, , as a function of the paramoter T, °
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compared with the thermal coefficient of the volume of
. N . . SR - S
expansion for indium which ranges from 69 to 96 x10 ° K 1

(Kirby et al, 1972).

Above 300 K the expected step rise in F occurs, due to the
production of thermal vacancies and the subsequent trapping
of positrons. The least-squares FORTRAN program CURFIT was
applied to the data (above 77 X) with allowance for the
underlying linear rise in F . The best values of the
parameters, given in equation (3.2) with a constant value

of the parameter Fﬂﬁl’ are

— o—
E,, = 0.59 % 0.02 eV FO = 0.4135 \
Fq, = O.4424 A = 44138300,
g = 28 x107°

where the goodness of the fit,jxg/v gives the value 1,11

Figure 4.1 shows the best line obtained by this fitting.

We attempted to fit our data with the self-trapping expreséion,
proposed by Seeger (1975), and given in equation (3.3) . The
best values of the parameters, which are listed below, were
obtained in a series of fittings for selected values of F,.

as has been described in the earlier fitting.

- + E . -
E,, = 0.55 % 0.03 eV Fo = 0.4151
Fqy = 0.4430 A = 15.45 x10°
E(K,) = 0.28 - Py = 0.4170
B = 57.2 x10°

where the goodness of the fit,'X?/v gives the value 1,20 |,
We note that the later fit is not as good as the former .

Therefore,it does not provide convincing evidence of

self-trapping.
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4.2.5_ Convolution

In addition fitting the F-parameter curve %o the trapping
model; the actual line shapes have been resolved into their
Gaussian and the parabolic components. The intrinsic resolution
of the system was ascertained with the snalytical fUnction;
expressed in equations (2.2) and (2.3), fitted to the 514 keV
gamma-ray line of 858r o Figure 4,3 shows that the proportion
of the annihilations contributing to the parabolic

distribution rises from 59% to 65% as the temperature

increased from 77 to 427K ,

4,3 Temperature'Dependence in 6N Annealed Indium

4,3,1 Experimental Measurements

T™wo pieces of 99,9999% pure poiycrystalline indium (from
Koch=Light) were compressed into 1.25 mm thick discs with

22 mm diameter., They were etched in dilute nitric acid

before and after the compression., The positron source was a

90 pCi carrier-free 22Na01 solution evaporated directly on

to the central regions (smaller than 5 mm diameter) of the
specimens, These were then pressed in a sandwich cohfiguration.
Annealing took place in the low temperature cryostat under a

vacuum of 10"2torr for 8 hours at 398 K plus 13 hours
at 373 K . |

Figure 4,4 shows the line narrowing parameter plotted as
a function of temperature for 6N annealed indium over the
range covering the melting point down to 4.2 K , Each run

of two hours, corresponds to a point in the figure , and
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line of 75r ,
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accumulated 900 000 counts in the 511 keV peak,
Simultaneous measurements 6f a control 1O5Ru 497 kéV
gamma-ray has been instituted to assess any electronic drift
and to allow approprite corrections where necessary. The
system stability was better than that for 5N indium.
Resolution of the system at a total count rate of 5000 cps
was 1.15 keV at 514 keV .

4,%3.,2 Line-shape Parameter Analyses

A G-parameter, similar in conception to F , was applied to
the 497 keV line to monitor the electronic stability of the
system. Runs corresponding to a significantly low values

(rare) were rejected.

The rise in F-parameter above 300 K is associated with the
creation of single vacancies. Below this region an apparently'
linear slope is observed and the graph appears flat over the
range 4.2 to 120 K , as was previously found in the case of
copper (Rice-Evans et al, 1976b) and lead (Rice-Evans et al,
1978a).

First,we considered the observed rise below 300 K to justify
the use of a variable Ff(=FgQ-+BT} in the fitting (above
120 X) equation (3.2). This has been attempted in the same
fashion as has been described earlier for O5N indium. The

best values of the parameters are listed in table 4.1 .

We have, also, applied Seeger's self-trapping model, given
in equation (3.3), with the assumption that trapping by

vacancies always predominates. This has resulted in the

following values of the parameters and are given in table 4.1,
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Table 4.1 The results of fitting the parameter F with
respect to three different thecretical models.

Two-state trapping Two-state trapping model
model with linear with self-trapping model
rise of Ff and and constant Fﬂv .
constant.F1v (single (single and
(single vacancies) vacancies) divacancies)
Eqy 0.49 % 0.02 eV 0.49 % 0,02 eV  0.49 * 0,02
F2 0.3876 | 0.3905 0.3905
Fay 04194 , 0.4194 0.4114
A 30,10 x107 29,46 %107 45,36 10°
‘3 53.0 X10-6 ' secceecee 00000000'0
E(KO) ) 200000000 0.18 : 0.19
Fst s0000o00 0039‘45 005949
6 6
B R 39.57 x10 14,82 x10
F2v L3 BN BN BN O BN BN N ) ‘.;.O..I‘ . 004231
B ‘
E2v P00 090 000 f........ 0018
. , : | 8
A2V eevc00e00 escsesesd 25.33 x10
X2/v 1.15 1,27 | 1.26

We interpret the worsening of the fit in the later case due
to the apparently linear behaviour of F in the intermediate
temperature region. Fifure 4.4 shows the best lines cbtained

by these two fittings.

As was noted earlier for SN indium near the melting point,
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the F-parameter still appears to be increasing. Existence of
divacancies in various metals have been reported (Dlubek
et al, 1977a ; 1977b ; Nanao et al, 1973). Therefore, we

decided to serch for divacancies in indium.,

~ Substituting equation (1.35) and (1.36) into equation (1.37)

and using the total vacancy concentration —given by

Gy = gy + 205, = exp(-65 /KT . (1 + z.exp(~(GE ~G2)/KT) ) )

(4.2)
where Gﬁv has been defined in equation (1.25) and the free
" energy of binding of a divacancy of fixed orientation is
given by | |
. B : ,
Gp, = B + T AS, (4.3)

EB —. results in the equation

with divacancy binding energy oy

Pt F,-A.exp(=E, /KT) + Py Ay exp(~(2E, ~Ep )/kT)

(4.4)
1+ A exp(~E, /KT) + A, exp(=(2E, -ED )/kT)

Here F2v is the value of E s Similar in conception to Fav o
for divacancies, Having included Seeger's self-trapping
“model (Ff = Fg(1 - Pst) + Fst Pst) with the divacancy ternm
in the fitting equation it was found that the goodness of
the fit —as evaluated by the program CURFIT — did not
improve, The best values of the parameters and the goodness

of the fit are listed in table 4.1 .

Near the melting point the calculated ratio of divacancies to

. . . . /
monovacancies is approximately 507% .
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4,%,3 Convolution

Once again, the convolution technique, outlined in chapter 2,
was used in an effort to separate and calculate the
proportions of annihilations contributing to the parabolic

component,

Figure 4.5 shows the parabola percentage rising from 57.5%
to 64% as the temPerature is increased from 4.2 K to the
melting pointo Thiésexpected from the trapping model, The
témperature dependence of the annihilation line width
parameters are shown in figure 4,6 . The width of the
parabolic component represents the Fermi energy. Cver the
range 4.2 K to 360 K this has an average value of 16 channels;
corresponding to 1;504 ¥ 0.008 keV (94,0 * 0.5 eV/channel)
gamma~-ray energy; and a Fermi energy of 8.840 £ 0.095 eV, This
is larger than the values quoted by Jackman et al (1974) as
7.5 eV , and by Ashcroft and Mermin (1976) as 8.63 eV .,

Our quoted value of error on the Fermi energy is just the
error on the energy calibration of the analyser; which is
expected to be the largest. Standard deviation on the parabola
width parameter and errors entefﬁng into the wvalue of this
parameter while the remaining parameters involved in the
minimisation process are adjusted are, of course; small, but

additional sources of errorge.

4.4 Discussion of Results

The temperature dependent results in 5N and 6N annealed
indium are shown in figures 4.1 and 4.4 ; respectively,

In both cases, near the melting point; the F-paramcter still
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appears to be increasing. This makes an accurate determination

of the parameter qu very difficult,

The reported values of E, on both 5N and 6N indium,

v
outlined in the introductory section of this chapter,
including our reported here, show no agreement. Figure 4.2
illustrates the effect of qu on the value of E1v . Large
values of E1v are accompanied by very small changes in the
value of qu y suggesting that the greatest contribution to
the error entgrs into the value of E1v due to the fact that
Fiv is not accurately deterﬁined. Perhaps statistical -
fluctuations; different sample preparations (Rice-Evans et al,
1977 y Segers et al, 1977 ;3 Herlach and Maier,1976)u,
and different subtruction procedures applied to the
intermédiate temperature region background play an important

role.,

Line shapes resolved into their Gaussian and parabolic
components yielded approximatelly 1% higher proportion of
parabola in 5N indium than that in 6N over the full range.
The sjstematic nature of the error is obvious, In 5N indium
the intrinsic resolution was represented by the analytical:
function, outline in the section 6.1 of chapter 2 , fitted
fitted to the 574 keV gamma-ray line in S2Sr . In 6N indium
the improved prograﬁing enabled us to use the observed

514 keV line for the resolution function, and so does not
include any error due %o fitting. The reanalysed data in 5N
indium, this time convoluted with the observed 514 keV line,

is shown in figure 4.7 .
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The approximately GaussianAdistributisn of the annihilation
gamma-ray line beyond the Fermi cut-off represents,‘mainly,
the core electron energy distribution, and it is a sum of
contributions from different core electrons (Lynn et 21,1977).
Because of the high potential barriers'experienced by
positrons in the regions cloée to nuclei, small contributions
arise from annihilations with inner bound electrons havihg
higher momentum distributions. We interpret the narrowing of
the Gaussian distribution as béing due to the increaée in the
number of positrons amnihilating in trapped state, and is a
_result of reduced overlap between the positron and inner core
electron wave functions in such lattice irregularities. A
more detailed discussion on the behavioﬁr of the Gaussian
width parameter, illustrated in figure 4.6 , will be given

in chapter 5 .

The close agreement between the F-parameter curves and the.
variation of the parabolic percentages as a function of
temperature in SN and 6N , well annealed specimens of
indium indicated no detectable iﬁfluence due to very small

(1 ppm) amounts of impurities.
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4,5 Annealing Studies in Deformed Tndium

4.5.1.1 Deformation at Room Temperature (Deformed Indium=A)

Two pieces of 99.9999% pure indium, supplied by Koch-Light,
were compressed at room temperature into 2.5 mm thick discs
with 20 mm diameter, They were etched in dilute nitric acid
before and after the compression. Shortly after the final

22Na01

etching approximately 90 pCi of a carrier-free
positron source was evaporated onto the central region of the
two specimen discs which were then'pressed in a sandwich

configuration and inserted into the low temperature cryostat.
The time glapsing between the compression at room teﬁperatu:e

and the sample temperature reached below 100 K was Just

under 5 hours,

4,5,1,2 Deformation Under Liquid Nitrogen (Deformed Indium~B)

Deformaﬁion was accomplished using a wide Jjaw vice. Both the
vice and the previously deformed and used 6N indium sample
(wrapped in thin aluminium foil) were immersed into liquid
nitrogen. The aim was to produce deformation-induced defects.
An accurate measure of deformation, at this stage, was not
required. After the compression the final disc thickness;
measured by a slide calliper in liquid nitrogen, was 1.5 mm
(each disc). Therefore, the thickness reduction was estimated

as 40% .

Sample loading into the holder took place under liquid
nitrogen and subsequently transfered into the vacuum chamber,

containing liquid nitrogen. Quickly the screws on the chamber
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were tightened and evacuation was initiated. During the time
the whole process took pléce and a vacuum of 10"5torr
achieved, the sample temperature was continuously monitored.
When the sample was transfered to the cryostat, this action
taking two minutes, its temperature rose to a maximum of

130 K before it was cooled down to liquid nitrogen temperature

again .

4.5.2 Experimental Measurements

Annihilation line shapes, both in deformed indium-A and
deformed indium-B, were measured in the low temperature
cryostat ovér the range 4.2 to 400 X , Measurements in thé
latter followed the annealing of deformed indium-A for two

hours at 400 K and several days at room temperature,

Measurements in either case consisted of successive cycles,
each of two and a half hours, Each cycle consisted of half
an hour temperature setting and two hours for counting at a -
total count rate of 5000 cps . The definition of the
line-shape parameter F is as in annealed indium., Simultaneous
measurements of a control 103Ru 497 keV gamma-ray line has

also been instituted.

4, 5 . 3 Data Analysi'é

Temperature dependence of the line-shape parameter, F, both

for deformed indium-A and =B are shown in figure 4.4 .

Data A is reversible throughout the whole range and has

followed the characteristics of the annealed indium specimen.
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The reversibility of data B was observed only in the range up
to 113 K in which a small negative slope occurred. Annealing
commences above 113 K and complete line-shape recovery is

~achieved at 180 K , above which the results are identical

to the well annealed sample,

In an attempt to understand the amount of annihilation with
conduction electroné a model consisting of a Gaussian and an
inverted parabola was convoluted, as in the annealed data,

with the instrumental resolution, and compared with each of

the observed spectra. Temperature dependence of the calculated

" width paraheters-of the Gaussian and the parabolic distribuﬁions
and the‘parabola percentage in deformed indium-B are shown in

figures 4.8 and 4,9 , respectively.

Over the range 4.2 to 400 K the reduced chi-square value
(goodness—-of-fit) in these model fittings; ranging from 1.2

to 1.6 , were no worse than those in annealed indium.

4,5.4 Discussion

The results in deformed indium-A are in good agreement with
the observations reported by Mac'Kenzie (1969) and Jackman
et al (1974) regarding the absence of roonm temperatufe
plastic deformation-induced-trapping in indium., This results
in the rapid recovery of the effect of deformatién, no matter

how severe, at room temperature.

We are not aware of any studies performed in indiun ,
deformed under liquid nitrogen. The line-shape parameter in

deformed indium—B, shown in figure 4.4 as a function of
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temperature, illustrates a pronounced effect of deformation.
Although 40% deformation in most metals is kmown to produce
high enough concentration of defects to capture all the
positrons entering the sample, it is not known whether the
saturation trapping occurred because of the transient nature
of the sample temperature during evacuation of the cryostat

chambere.

Due to the unusual scattering of the points we have not been'
able to make a satisfactory fit to the data in order to
asséss the small negative slope over the range 4.2 to 113 K.
The absence of a suchytemperature dependence in the well
annealed éample hints at the possibility of annihilation of
positrons in the remaining, very small amount of gréin
boundaries prbduced by an inadequate annealing of the
deformed indium-A specimeh; The effect of annihilation of
positrons in grain boundaries on the line-shape parameter has

been discussed with zinc, will be dealt in detail again in

chapter 5 ,

Complete recovery (recrystallisation) of the effect of

plastic deformation in deformed indium-B occurred below

200 K . Nevertheless, an absolute recrystallisation
temperature cannot be determined due to the two-dimensibnality
of the process. In other words, the time as well as the
temperature involvement in the recrystallisation process

(Lucke, 1976) .

The model fittings yielded the proportion of annihilations
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contributing to the parabolic component of the line shape as

a function of temperature; shown in figure 4.9 . As'expected,
the parabolic percentage diminishes as the deférmation-induced
defects anneal out. Above 200 K it levels-off at 58% and
begins to rise again, following the nature of the annealed

sample .

The temperature dependence of the width parameters of the
Gaussian and the parabolic components of the annihilation

line shapes has been discussed in section 4.3.4
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CHAPTER 5 TPOSITRON ANNIHILATION STUDIES IN ANNFALED AND

DEFORIMED SPECIMENS OF POLYCRYSTALLINE CADMIUM

AND IN SINGLE CRYSTAL CADMIUM

5.1 Introduction

Equilibrium measurements of the temperature dependence of the
annihilation line shape parameters in many metals show that
there are two regions of almost linear slope at temperatures
below the vacancy trapping region. This effect is known to

vary widely between metals,

\

In cadmium, measurements extended down to liquid nitrogen
temperature and below (Lichtenberger et al, 1975 ; Kim and
Buyers, 1976 ; Smedskjaer et al, 1977 Herlech et al,
1977 ; Rice-Evans et al, 1978b ) have shown the existence
of two different slopes, in the pre-vacancy region,

exclusively.

Originally, it was thought that (Mc Gervey and Triftshauser,
1973) thermal expansion of lattice might be responsible, but
doubt was cast by the discovery in cadmium that the effect
disappeared below 200 K ., In addition, there are conflicting
© pesults as to whether the magnitude of the slope is in
agreement with thermal expansion or larger than it (Kim et al,

1974)

Apart from the value, 0.39 % 0.04 eV , reported by Mc Kee et
al (1972a) the calculated values of mono-vacancy formation

energies in cadmium are not as wide-spread as, for example, in
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indium,

Lifetime measurements by Singh and West (1976) yielded a value
of 0.47 X 0.03 eV Connors'et al (1971), who observed an
apparent linear temperature dependence of the annihilation
parameter between 4100 - 300 K in their angular correlation
measurementss, reported a mono-vacancy formation energy in

cadmium as 0,52 & 0.05 eV ,

The positron annihilation technique is valuable in'the study
of concentration and the nature of lattice defects. For

example, Petersen et al (1976) have identified the stages of
isochronal ahnealing in plastically deformed molybdenum on

the basis of lifetime and Doppler-broadening data,

The nature of a particular defect will be associated with
characteristic values of the parameter F , Hence, the study
of changing values of annihilation chéracteristic parameters
in the recovery stages of a defected sample, can indicate the
defects involved, and their relative concentrations. For
example, Hautojarvi et al (1976) have shown that the traps in

deformed iron at room temperature are dislocations,

In principle, one might expect each type of defect to have a
characteristic Doppler-broadened line shape ; hence careful
analysis of an expérimentél line into its individual
components might reveal the concentrations if more than one

type of defect were to be present,
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5.2 DPositron Annihilation in Polyerystalline Annealed Cadmium

5.2.1 Experimental Measurements

We used polycrystalline samples of 1.6 mm thick and 20 mm
diameter cadmium discs of 99.9996% purity (from Johnson-
Matthey), which were etched in dilute nitric acid. The
annealing consisted of maintaining the specimen discs at 514 K
for 23 hours in the high temperature furnace under a vacuum
of 10-6torr + These were cooled, slowly, down to room
temperature. Following the final etching, approximately 90 pCi

22NaCl positron source was evaporated

of a carrier—frge
directly onto the central regions of the two discs. These two
cadmium discs were subsequently arranged in a sandwich
configuration, wrapped in a thin aluminium foil and finally

inserted into the low temperature cryostat,

Measurements over thé range 4.2 to 420 K were performed in
ﬁhe low temperature cryostat and those from room temperature
up to the melting point in the high temperaturé furnace. Thé
sequence of measurements involved temperature changes in
both directiohs. Each run of two hours accumulated about

900 000 counts in the 511 keV peak. The intrinsic resolution
.at a total count rate of 5000 cps was 1.15 keV for the

5W keV line in 85$rA. The electronic stability was about 1
channel in BOCO . The assessment of the exact position of
511 keV peaks and the definition of the F-parameter were as
described in chapter'B . These, in fact, apply to the other
samples as well (except for gold and silver), studied in

this work. Simultaneous measurements of a control 103Ru
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497 keV gamma-ray line has also been institutad, and a
G-parameter (similar in conception to F) has been applied to
this line. This has provided an efficient means of electronic

stability control.,

Figure 5.1 shows the line narrowing parameter F plotted as a
function of temperature for the annealed and the two

differently deformed specimens of polycrystalline cadmium,

Considering the annealed samplé, above 350 K the fise in the
parameter F is associated with the creation of vacancies.

. Below this region an approximétely linear slope is observed.
At still lower temperatureé distinctive behaviour is noticed
where the curve flattens at 130 K . At temperatures below

70 K a small tut significant, réversible change in the
annihilation parameter is observed, A similar bubt bigger rise

than that has been seen in zinc below 50 K .

5.2.2 Line-shape Parameter Analyses

On the basis of several hypotheses,iincluding positron
self~trapping, thermal expansion of lattice, and divacancy
production, the annealed data points (shown in figure 5.1)

- have been fitted to the trapping model and the values of the
parameters including mono-vacancy formation energies, have
been evaluated. Reasonable results were obtained in all cases,

and they are shown in table 5.1 .

In the first case above 150 K a linear rise in F was accept:i

(expressed in equation (3.2) with o = 0) .
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The second case was similar to the first, except that
divacancies were sought in addition to mono-vacancies .

(expressed in equation (4.4) with Fo = Fg(1 + BT) ) »

In the third case, evidence for self-trapping (equation (3.3))

was sought,

Finally, in the fourth case, both self-trapping and divacancies
were allowed for where we consider equation (4.4), with

Fp = (B2 + (FgFD/(1 + 571 27102 exp(m(x,))/6D) ) &

The cases 1 and_} ’ i.e.,the linear rise and self-trapping
model fittings, respectively, are both illustrated in

figure 5.1 . Figures 5.2 and 5.3 illustrate the different
contributions to F calculated with the parameters cbtained

from curve fittings in cases 1 and 3 , respectively.,

In cases 2 and 4 , which include provisions for divacancies,
the estimated ratios of divacancies to mono-vacancies near

the melting point are 7.1% and 24.6% , respectively.

5.3 Annealing ofADeformed Cadmium Samples

Two plastically deformed polycrystalline cadmium samples were
prepared, First, the previously used annealed cadmium sample
received a 30% comp:ession at room temperature to become
deformed cadmium-B. The second received an approximately 5%
thickness reduction at 77 K to become deformed cadmium-A ;
care was taken to ensure the sample did not rise in
temperature above 115 K while being swiftly transfered to

the cryostat,
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At each temperature setting (consisting of half an hour), the
analiser accumulated pulses from the detector over a period
of two hours. The counting rates, electronic stabilities,A
assessments of the exact position of 511 keV peaks, and the
definition of F-parameters were as described in annealed

cadmium,

Figure 5.1 shows the temperature dependence of the line-shape
parameter F for. the two deformed cadmium specimens, As in the
annealed cadmium the deformed sambles, as yell, show the |
distinctive, reversible line narrowing as liquid helium

' temperatures are approached,

In cadmium specimen (A) the region from 40 K to approximately
130 K shows no apparent change due to annealing. At about |
150 K a small effect on F , due to annealing, is observed.
Above 160 K the rate of annealing increases, and the F curve
continues to decline up to 520 K ; thereafter the results. _
are identical to the well ennealed sample. Sharp et al (1965),
who carried out isochronal annealing electrical resistivity
work on deformed Cadmium,’demonstrated that the gtage between
200 K and 300 K involves disiocation rearrangements, They

- have, also, stated that a full recovery occurs above 70 °c .
Points (A3) and (44) , shown in figure 5.1 , were taken
immediately after the point at 400 K which illustrate a
complete annealing of the deformation effect at this

temperature,

Looking at the deformed specimen (B) data, it seemed obvious

that a partial annealing had taken place prior to inserting it
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into the cryostat,

5.4 Line Shape Model Fittings

The line shapes, both for the annealed and the deformed
specimens of polycrystalline cadmium, were fitted with the
model, consisting of the superposition of a Gaussian and an
inverted parabola convoluted with the approprite intrinsic
resolution functions., Figure 2.7 illustrates an application

of this technique to an annealed cadmium line.

In the annealed cadmium the Gaussian width parameter, shown in
figure 5.4 , is constant et low temperatures but at A15O K it
starts to decliné. This continues over the pre-vacancy region
until 330 K when the slope steepens in the.vacancy region.

At the highest temperatures'we have evidence of a flat valley.,
A very small éhange in the parabola width occurs at high
temperatures. This probably is due to céntractioﬁ of the

Ferni surface as a result of thermal lattice expansion-

(Rittel, 1971) .

Figure 5.5 shows»the parabolic percentage ; it rises from
a low point of 38% at 100 K to about 40% at 350 K ;
thereafter we see a steeper rise due to vacancies with a

plateau of 44% near the melting peoint.

It is tempting to belive that the width of the Gaussian

component characterises the nature of the defect. In

figure 5.4 we see that the Gaussian width for the annealed

sample in the region of 77 K is 22.8 , and the value drops
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to about 19.2 corresponding to vacancies near the melting
point. In contrast, the défects of the deformed data-A at

77 K give a Gaussian width paramefer about 21.2 . The above
mentioned Gaussian width parameter 0; » as expressed in
equations (2,5) and (2.6) , actually corresponds to 20

where ( is the known width of a Gaussian distribution.

Rice-Lvans et al (1978b) have found that thé:: defects of
data~A, shown in figure 5.1 , rapidly annealed out or change
their structure in the region of 250 X , and they argued
that majority trapping in a different (second) type of defect
began. Thié conclusion is supported by the data of figure 5.6 :
at 250 K é rapid change occurs and the new, dominant defect
type exhibits a mean Gaussian width of 22.3 . The argument
agrees with the data-B in figure 5.7 . In this sample
compression took place at réom temperature, and defects of
the first type disappeared before the insertion to the
cryostat., He suggest defécts of the second type then becone -
the major trapping agegts ; and indeed in figure 5.7 we see

an average Gaussian width of 22,3 up to 250 K .

The goodness of the fits in the deformed specimens were as
good as those in the annealed cadmium in the same temperature
ranges., Figure 5.8 illustrates the application of the

convolution technique to a deformed cadmium-A line at 100 K ,

The proportions of the annihilations contributing to the
parabolic component of the line shapes for deformed-A and

déformed—B specimens of polycrystalline cadmiun are shown in
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figures 5.9 and 5.10 , respectively. In the specimen (A) the
percentage of parabolic component, approximately 47.5% at

50 K , declines to about 40% at 300 K ; thereafter we see
it begins to rise again due to anhihilation of positrons in
thermally generated vacancies., Unlike the specimen (A), in
deformed cadmium-B the variation of the parabolic percentage
as a function of temperature is gentle., Over the range 50 K
to just under 300 K it decreases by less than 1% . The
agreement between the annealed and two deformed specimens of

cadmium in the region of 300 K is remarkable.

5.5 Discussion of Results

The steep pre-vacancy slope (dF/dT) of annealed cadmium in the
range 100 - 350 K is recognised as being extraordinary.
Compared with the linear thermal lattice expansion coefficient

in this region ( 30 x10'6

K'1) the slope (B) , quoted in the
cases 1 and 2 in table 5.1 , is huge.-This, at least for the
case of cadmium, shows the weakness of the hypothesis, which
makes the assumption that the pre-vacancy slope is essentially
concerned w@th the free positrons in fhe lattice and is also

due to changing electron densities as a result of thermal

- lattice expansion.

Among the fiftings, based on several hypotheses, the self-
trapping model (case 3) has resulted in the best fit,
Although, this model seems superior, as far as cadmiun is
concerned, it still seems inadequate to fulfill all the
requirements. These will be discussed in length in section 6.4

of this chapter, when the single crystal cadmium data will be
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considered.

he rise in F-paremeter in the liquid helium temperature
regime, both in the annealed and the deformed specimens of
polycrystalline cadmium, is, without a doubt, significant.

A similar effect in annealed cadmium and gold specimens have
also been observed by Herlach et.al (197?7) but not in their
electron-irradiated gold specimen, The preliminary discussion
on this matter have already been presented for the case of |
zinc (chapter 3) . At this stage there is not much to be
added to what has already been said, apart from that which
have been extracted from the extended measurements in cadmium:
First, the nature of grain boundary defects are very much
l1ike those encountered by a detrapped positron and;'secondlys
their concentrations, especially in the annealed specimens of
zinc and cadmium were not as high as those in deformed zinc

and deformed cadmium-B specimens, respectively,

An important quéstion, both for zinc and cadmium, is whether
or not the low temperature rise in F has the same cause in
both annealed and deformed specimens. In this event, one must
beware because equations of the type F=FF, + (1AP)F2 are
normally invoked (Rice-Evans et al, 1976a) . Similar
magnitudes of change in P imply quite different trapped'

proportions,

The temperature dépendence of F in the liquid helium
temperature regime will be discussed again in section 6.4

of this chapter, when the single crystal cadmium data will

be considered,
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The deformed cadmium specimen (A) probably was kept below
its recrystallisation temperature and, hence; little annealing
would be expected. The data of this specimen is specially
informative. Apart from the rise in F below 25 K , one sees
a flat F for 25 - 130 K implying a temperature independent
positron trapping rate, Point A1 in figure 5.1 was taken
immediately the point at 200 K ; the fact that they both
have the same F suggests again a constant trapping rate for
a smaller concentration of defects, Point A2 followed the
point at 320 K . This is remarkable. Even though the
deformed-A , 320 K F—parameter value virtually equals the
annealed 320 KX F value, the large value of F(A2) at 77K
indicates that a high proportion (perhaps greater than 70% )
of positrons are still tfapped in defecté. This suggests two
distinct types of trap ; one with F=0,401 and the other with
F between 0,382 and 0,386 . Perhaps, each type might be a
nixture of different traps. It is not possible to say
whether, in the annealing process that one type of trap,
giving the value F=0.,401 , changes into the other, or
whether they both present after the deformation, and that
the F=0.,401 traps dominate.

In figure 5,11 two annihilation lines, one at 80 K and the
other 580 K , in annealed cadmium are compared. As expected
(from the trapping model) the line at 580 K is comsiderably
narrower than the one at 80 K , and the solid line represents
the deviation between these two normalised lines on an
enlarged scale. Similar comparisons of the two individual

components, i.e., the Gaussian and the parabola of these two
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lines, are shown in figures 5,12 and 5.13% , respectivelye.
These merely strengthen the discussion given in chapter 4 ;
concerning the effect of reduced overlapping of the positron
wave function with the inner core electrén wave functions
once it gets trapped in a defect. One might assume that this

effect depends on the type of defect,

The ability to distinguish different types of defects and
their concentrations will, undoubtedly, considerably extend
the potential use of the positron annihilation technique in

metallurgical studies,

5.6 Positron Annihilation Studies in Single.CryStal Cadmium .

T™Two 1,5 mm thick and 10 mm diameter dises of single crystal
cadmium were spark cut from a 99.9999% pure rod, supplied by
Metals Research Ltd . The main crystallographic axis was along
the axis of the rod. The etchant was dilute nitric acid.
Immediately after the etching the two discs were
electropolished, using 45% concentration orthophosphoric acid

as the electrolyte and a carbon rod as the cathode,

- After the electropolishing the final sample thickness was
1.1 mm , The positron source, approximately 90 uCi , of a
carrier-free 22NaC1 solution, was evaporated directly on to
a central region, of 1.5 mm diameter; on one side of each
of the discs., The sample; in a sandwich configuration, was
then wrapped in a thin aluminium foil and mounted in the low

teﬁperature cryostat. Throughout the whole process utmost
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care was taken to prevent any damage which might be

detrimental to the crystal,

5.6.2 Measurements

The line shapes were recorded with the spectroscopy syétem,
described in chapter 2 , in a series of measurenments

identical to those in the polycrystalline cadmium specimens.

5.6.3 Data Analyses

5.6.3,1 F-parameter Analysis

Analyses, similar to those carried-out in the annealed
polycrystéiline cadmium for the cases 1 and 3 , were
performed on the measurements on single crystal cadmium, The
~results of these two fittings, based on two different
hypotheses, as in the polycrystalline case, are not in

agreement, The best values of the parameters are given below,

The linear rise fit :

0.46 £ 0,02 eV F§ = 0.3721
0.4139 A = 22.85 x10%

=
RN
il

B = 15.6 x10™7
where the goodness—-of-fit CXE/V) gives the value 1,44 .

The self-trapping fit :

Eq, = 0.40 £ 0,02 eV F2 = 0,3803
; . 4
Fqy = Out7147 A = 6,3 x10
E(K,)= 0.13 P, = 0.3932 B = 17.87 x10°

where the goodness-of-fit sz/v) gives the value 1,16 .
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The best fitted lines, derived from the parameters given

above, are illustrated in'figure 5,14

5.6.3.2 Convolution

Although, high precision measurements of the angular
correlation of annihilation radiation from single crystals
have prbved to be capable of'showing marked anisotropies
(Chiba and Tsuda, 1974 ; Cushner et al, 1970), our
instrumental resolution is not precise enough to distinguish

between diffefent orientatidns.

The convoluted model fittings have been described in section &4
of this chapter. Temperature dependence of the resulting line
width parameters and the parabolic percentage are shown in

figures 5.15 and 5.16 , respectively,

The change in the Gaussian and the parabéla width parameters

as a function of temperature are comparable with those of
polycrystalline annealed cadmium, On the other hand, the
variation of the parabolic percentage.with temperature is

more steeper in single crystal cadmium than the polycrystalline
annealed specimen of cadmium. Nevertheless, this difference
between the slopes of the single and the polycrystalline
specimens of cadmium_ié more or less along the lines of the
F-parameter variations. In addition,it is difficult to
understand the enhancement of the parabolic percentage in the

single crystal.
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5.6.,4 Discussions

Among the six metals studied in this work cadmium is the only
one which shows the existence of two prominently different
temperature dependencies of the annihilation parameter in the
sub-vacancy regime. Indeed is the only one in which the
self-trapping model fitting has resulted a distinctively
better fit than its alternative fit, the linear rise model.
Nevertheless, the inadequacies of the former camnnot be escaped,
even, by eye., This is seen in figure 5.17 , which shows an
enlarged version of the central portion of figure 5,14 with

. the self-trapping mddel fit only. The circles in figure 5.17
represent a second set of data points, whicﬂvere taken on the
same sample. The consistency of the plateau between 280 X and
310 K on both sets is reﬁarkablé. As positron annihilation
data become statistically more reliable it is obvious that a
more sophisticated theoretical description to take account of
the temperature dependence of the annihilation parameters,.
observed in the region before the onset of vacancy effect, is

needed (for a recent review; see Stott and West, 1978) .

It is belived that the improper definition of the pre-vacancy
temperature dependence may be the root of the discrepancies

between the values of mono-vacancy formation energies.

The reversibility'of the temperature dependence of the
line-shape parameter throughout the full range was repeatedly
checked to ensure that the single crystal specimen was
defect-free within the precision of our measuring technique,

Thefefore, the argument‘concerning positron trapping at grain
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boundaries in the polycrystalline specimen of cadmium has
been strengthened by the observation of temperature
‘independence of the line-shape parameter in the liquid
helium temperature regime in the single crystal specimen.
This is, also, seen in the vafiation of the parabolic

percentage as a function of temperature,
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CHAPTER 6 STUDIES OF POSITRON TRAPPING IN TLEAD

6.1 Introduction

Most of the positron studies on lead have been concentrated
on temperatures above room temperature and below 77 K . The
purpose of the measurements extended to liquid helium
temperatures were, mainly, to study the annihilaticn of
positrons in superconducting lead éompared to normal lead.
Lifetime measurements by Shafroth and Marcus (19586) énd
.Green‘and Madansky (1956) and angular correlation studies by.
Stump (1955) showed no change near the transition température,

P =7,2K .

Mc Kee et al (1972a) repérted a mono-vacancy formation energy
E1v of 0,50 £ 0.03 eV for lead which is in agreement with
-0,49 t 0.10 eV given by Feder and Rowick (1967). The latter
teanm employed a different technique which compared dilatometric
measurements with x-ray lattice parameter measurements.
Nevertheless, ﬁeasurehents by HMc Kee et al (1972a) were
perfofmed above room bvemperature and, in their analysis, the
prevacancy temperature dependence of the annihilation

parameter was notaccounted for.

In this experiment the characteristics of positron annihilation
in annealed and plastically deformed lead specimens have been
investigated. By observing the annihilations in annealed
gamples up to the melting point the thermal creation of
vacancies have been measured, and estimates of the

mono~vacancy formation energy have been made.
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6.2 Temperature Dependence in Annealed Tead

6.2.1 Experimental Measurements

The sample consisted of two 1.5 mm thick and 20 mm diameter
lead dises of 99.9995% purity (from Johnson-Matthey), which
were etched in dilute nitric acid. To allow a full nucleation
and growth of grains, the annealing consisted of maintaining
the specimen at 520 K for 42 hours under a vacuum of

10—6torr - Following the final etching, approximately 90 pCi

22Ha01 positron source was evaporated

of a carrier-free
directly onto the central regions of the two discs. The
sample, arranged in a sandwich configuration, was then

maunted in the low temperature cryostat.

Figure 6.1 shows the vafiation of F-parameter as a function
of temperature over the range 4,2 to 593 K . The definition
of F , together with the electronic stability control and the
counting statistics were as for cadmium, which have been .

outlined in chepter 5 .

The steep rise above 400 K is associated with the thermal

creation of mono-vacancies. Below 150 K the graph is flat,

6.,2.2 Line-shape Parameter Analysis

In fitting the high temperature data (above 340 K) an
important question raised is whether or not the prevacancy
slope in F should be assumed to be continuous, and hence

whether it should be extrapolated and suitably accounted for,

Fitting the data above 150 K , with the assumption that the
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FIG, 6.1 The variation of F-parameter with temperature
for the annealed specimen of lead. The steep rise above
400 K is associated with the thermal creation of vacancies,
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prevacancy slope is essentially concerned with the free
positrons in the lattice and is also due to changing electron
densities as a result of thermal lattice expansion, have
yielded the values of the parameters displayed in table 6.1 .
In the fitting, it was also assumed that qu was independent

of tenmperature,

We have, also, applied the self-trapping model; expressed in
equation (3.3) , to our measurements on lead., This has
resulted in the values of parameters and are listed in

table 6.1 O

The absence of a plateau at high temperatures in figure 6.1
almost certainly indicates either less than 100% trapping
of positrons or, perhaps, increasing divacancy trapping,

night vary with

Although it is conceivable that F1v

temperature, one would normally expect other types of defects‘
to'show a similar variation. There is no evidence for this at
low temperatures (see figure 6.5) . Having included the
divacancy term in thé curve fitting to the points above 150 K,
with the assumption that the observed prevacancy temperature
dependence of F is a result of thermal lattice expansion, or
from 4.2 K with the self-trapping model, we have obtained

two sets of parameters which are, also, listed in tab1e>6.4 .

Finally, we fitted the simple two-state trapping model,
expressed in equation (3.1), to the points above 320 K ,

These calculated parameters are also listed in table 6.1 .

The thermal expansion (or in other words linear rise) and
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the self trapping model fiﬁtings are‘both‘illustrated in
figure 6.1 . Figures 6,2 and 6.3 illustrate the different
contributions to F calculated with the parameters obtained

from curve fittings in the cases when T, is taken linearly

f
to rise with temperature or using Seeger's self-trapping

model, respectively,

6.3 Annealing of Deformed Lead Specimens

- In the experiments the leadlspécimens were derived from
99.9995% pure rod from Johnson-Métthey. The samples consisted
of lead discs, initially 3 mm thick and 40 mm diameter;
which were etched in dilutenitric acid. The positron source,

22Na01 solution, was evaporated

90 pCi , of a carrier-free
directly on to thé central region, consisting of a 3 mm

diameter drop, on one side of each of the two discs.

Figure 6.4 éhows the variation of the line-shape parameter
F as a function of tenperature for the three deformed lead
specimens, and are contrasted with those for the annealed

lead. The parameter F is defined as in the case of annealed

lead.

_ The first (deformed lead-A) sample received a 20% thickness
reductibn at room temperature, snd the results show the

"defects rapidly annealing out at this temperature,

The second sample (deformed lead-B) had undergone 15%
compression at 77 K ; care was taken to ensure the .sample
did not rise in temperature above 120 K in being swiftly

(2 minutes) tranéfered to the cryostat,
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FIG, 6.4 F-parameter values for the three deformed samples
of lead, contrasted with those for the annealed sample, In
data B , the sharp decline above 160 K shows the annealing

-of the defects., Some return points are shown
B3 were taken immediately after the runs at 140 K , 260 K
and 390 K ; respectively. In data C the only return point

was taken after the run at 200 K ,
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The third specimen (deformed lead-C) similarly received an

intermediate (5%) compression at 77 K .

Measurements were performed in the low temﬁerature cryostat
and in all cases consisted of successive cycles, each of two
hours and 20 minutes, Each cycle consisted of 20 minutes
témperature.setting and two hours counting at a total counting
rate of 5000 cps . The approach adopted was to, first, reduce
the sample temperature down to 4.2 K , and then to accumulate
the photon spectrum in a series of'increasing temperatures, In
this way each 511 keV photopeak contained 900 000 counts,
'Simultaneous measurements of a control 497 keV gamma-ray line

1035,

of s Placed outside the cryostat, also contributed to

the spectrun.

Specimen B shows only a slightest annealing in the range up
to 130 K ; thereafter the rate increases especially above
200 K ., The datum (B2) at 77 K was taken immediately after
the run at 260 K ; identically, the equal values of F
suggest that our finding (see the following section, also
Rice-Evans et al, 1978a), that the positron trapping rate is
independent of temperatufe, is valid up to 260 K . Complete

recovery apparently occurs at about 300 K ,

The lightly (5%) deformed specimen (C) shows a similar

annealing curve for a lower concentration of defects.
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6.4 The Travping Rate of Pogsitrons in Deformed ILead

Figure 6.5 shows the variation of the F-parameter with
temperature for annealed, lightly deformed (5%) and severely

deformed (15%) specimens of lead.

In the trapping modél, the rate v , at which thermalised
positrons are trapped by a unit concentration of defects, is
compared with the annihilation rate of positrons. The fraction,
P , of positrons annihilating at traps has been given in
equation (1.%6) . As noted earlier, the annihilation line
narrows when positrons are trapped in defects and this can be

expressed with the linear paraméter F = PFt + (1 - P)Ff .

The lower set of poihts-concerns the annealed sample which
was assumed to_contain an insignificant concentration of
defects with F = Ff and P = O , The upper set corresponds
to the deformed lead-B specimen, After annealing; the third
specimen (deformed lead-C) was, once again, subjected to a
comprassion (25%) and the value of F averaged over three
points, which were taken at 77 K in this final specimen; was
0.4141 £ 0.0005 . Hence, the top set of points virtually

corresponds to saturation trapping, i.e. F = Ft and P =1,

The intermediate set points on the 5% deformed sample
would not be flat if the positron trapping rate were
temperature dependent. To assess the temperature dependence

and to allow a comparison with theory, one may write vzvoTx o

Several theoretical models have been proposed. Clasically, a

dependence given by x=3 for the trapping rate, was predicted

1€0



by Connors and West (1969)-for freely.propagating positrons,
A dependence given by x=-1 rate was suggesbted by Sceger
(1972) which was governed by the diffusion of positrons
arising from frequent scattering with acoustic phonons. This
approach was extended by Frank and Seeger (1974) who obtained
the expression given in equation (1.40) . Brandt (1974), who
considered the effects of positron scattering on electrons,
phonons and crystal imperfections, obtained the diffusion

coefficient given in equation (1.41) .

An alternative quantum mechanical approach to trapping waé

" initiated by Hodges (1970) who found that the rate was
independent of temperature. This result was supported by
Bergersen and Taylor (1974) for freely propagating positrons,
and by Mc Millen snd Hede (1975) for strongly phonon-scattered
positrons in the weak trapping limit. Recently, temperature
independence has been reasserted by Bergersen and lMc Mullen
(1977) for dislocations with the hypothésis that excess
energies are absorbed by electron-hole pair formation s and
by Mc Mullen (1977) dn the basis of estimates of positron
densities at the defects and their dependence on temperature

and phonon scattering,

Our calculated value of x for the intermediate set, shown
in figure 6.5 , is given by x=-0.03 £ 0.02 , suggesting an
insignificant temperature dependence for the positron

trapping rate in the range 4 to 100 K ,
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6.5 Convolution

The line shapes, both for the annealed and the deformed
specimens of lead, have been resolved into their Gaussian
and parabolic components by the method described iﬁ chapter 2,

and have employed the appropriate resolution functions,

Figures 6,6 and 6.7 show the variation of the width .
parameters of the Gaussian and the parabolic components of
individual lines for the annealed and the three differently
deformed specimens of lead as a function of temperature. |
The temperature dependence of the proportions of the
annihilations contributing to the parabolic component of the
line shape (parabola percentage), for the lead specimens,

are shown in figures 6,8 and 6.9 .

6.6 Discussion of Results

On the basis of several hypbtheses, inclﬁding positron
self-trapping and divacancy production , the calculated

values of the monovacancy formatidn energies, as well as the
other parameters involved in the fittings, have been tabulated

in table 6.1 .

Our simple analysis of points aboveA 320 K gives a value of

the monovacancy formation energy of 0.51 £ 0.02 eV , This is
almost identical to the value of 0.50 * 0.03 eV obtained

for lead by Mc Kee et al (1972a) in an angular correlation
experiment for a temperature range above 300 X . An alternative
method for determining monovacancy formation energies is to‘
compare dilatometric measurements with x-ray lattice parameter

measurements., It is striking that both the above given values

v okt
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agree with the dilatometric value reported by Feder and

Nowick (1967) , although a rather large error (0.4 eV) is
quoted for the latter. Unfortunately, the dilatometric
measurements wergﬁgxtended below 20°C to observe whether
anything analogous to the prevaéancy rise is seen, Identically,
the dilatometric data for cadmium (Feder ana Nowick, 1972)

give little grounds for hope.

In the cases (1) and (3) we have assumed that the underlying
linear rise is contirued to high temperatures, as one might
expect, if thermal expansion were the origin of this rise at
intermediate temperatures (beariﬁg in mind that the vacancy
effect always predominates)., However, the flat graph for F\
below 150 K creates some cause for concern in this
interpretation. We therefore remain sceptical, in spite of
the goodness of the fit to the data., One point to note is
that the slope.(B) is nearlj twice the coefficient of linear

-6 K"'1 . Case (3) includes .

thermal lattice expansion, 28 x10
provision for divacancies. Although a fair fit is obtained;
the calculated ratio: of divacancies to monovacancies is

insignificant.

The self-trapping model is considered in cases (2) and (4) .
The resulting E, s 0.56 eV, is lower than that of case_(2)
and is higher than the value 0.49 eV found by the
dilatometer, but it is within the quoted error of the latter.
Of course, positron self-trapping would not be seen in
dilatometer experiments. The fit over the full range of 80

points is very reasonable. Hence, on the basis of positron
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annihilation alone, we conélude that the self-trapping is

the most plausible, After all, it would be absurdly arbitrary
just to take points above 320 K with a constant Fo oo
Inclusion of the divacancy tern, in the fitting, yielded the
ratio of divacancies to monovacancies as not more than 0,3%

at the melting point,

Annealing experiments on electron-irradiated pure lead héve
been reported by Biritcher et al (1974) and Schroeder and
Schilling (1976). With electrical resistivity measurements,
the recovery stages I - V , concerning the migration and
annihilation of vacancies and interstitials; have been
investigated over temperature ranges down to 1.5 K ( for
review, see Schilling and Sonnenberg, 1973). Schroeder and
Schilling (1976) found that up to 50% of the radiation
damage annealed out below 5 K . An almost complete recovery
of the remainihg radiation-induced éffect, shown in their ..
isochronai recovery curves for lead below 200 K , verifies
that the annealgng stage, steepening above 200 K , in our
deformed lead-B specimen is not associated with the
annealing of vacancies as a result of migration of
interstitials. Perhaps the vacancies, if they existed at all,

were annealed out soon after the compression at 77 K .

The shape of the recovery curvé is dependent on the type
of deformation produced. For example, if we consider the
electron-irradiated recovery curves reported by Schroeder
and Schilling (1976) in lead, we find that the recovery

shépe is dependent, not only on the different energies of
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the ionising electrons, but also on the different
irradiation doses as well. This phenomenon has, subsecguently,
been found to be valid in our experiments performed on lead

and cadmium,
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CHAPTER 7 POSITRON ANNIHILATION IN GOLD AND SILVER IN

THE SUB-VACANCY REGION

7.1 Introduction

The noble metals, chiefly copper, are among the most
extensively studied metals by the positron annihilation
technique (Mc Gervey and Triftshauser, 1973 ; ‘Triftshauser
and Mc Gervey, 1975

-e

Jamieson et al, 1974 ; lMoya, 1974 ;

.
.

Dlubek et al, 1977a ; Campbell et al, 1977 ; Herlach et
al, 1977 ). |

Lichtenberger et al (1975) repdrted a8 non-linear behaviour .
of the Doppler-broadened lineQShépe parameter ih the abcesence
of vacancy frappihg in cadmium and several other metals,
including silver. This may be due to phonon assisted trapping
of positrons. They also stressed that this éffect introduced
serious complications into the analysis for vacancy formation
energies, hence, suggests a need to investigate the

sub-vacancy regime in detail.,

In this work we present measurements of line shapes in
snnealed and deformed specimens of gold over the range 4,2 K

to 700 K and in annealed silver from 77 K to 430 K .

7.2 Measurements on Annealed Specimens of Gold and Silver

Gold and silver sheets of 99.999% purity —from Koch-Light
and Johnson-Matthey, respectively— were cut into
10x10x0,.75 mm3 ‘and  16x16x1 mm3 pieces, respectively. The

gold specimens were amnealed for 21 hours at <1000 K under
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6torr and then slowly cooled down to room

a vacuun of 10~
temperature. The silver-épecimens were annealed under the
same conditions for 9 hours. Both were etched in dilute
nitric acid, and approximately 90 pCi of a carrier~free
23NaCl positron source was evaporated directly on to the
central region of each specimen which were thencomposed in

a sandwich configuration. The gold sample was wrapped.in a
thin coppér foil and the silver sample was sealed with resin

around its edges.

Figure 7.1 and 7.2 show the 1ine~shape parameter F —which

. was defined as the sum of the counts in the 21 central
channels divided by the sum of the counts in the 200 channels
across the peak— plotted as a function of temperature for

the gold and silver specimens, respectively.

In the gold data eaéh run of two hours, corresponding to a
point in the figure, accumulated 900 000 counts in the
511 eV peak; Simultaneous measurements of a cbntrol 105Ru
497 keV gamma-ray line, with the annihilation line, has been

instituted to assess any electronic drift.

The silver data points correspond to runs of three hours at
a total count rate of 30C0 cps , accumulating 850 000
counts in the 511 keV peak, and with a slightly poorer

electrbnic stability than in gold. data,

Measurements on gold were extended up to the vacancy
threshold temperature. Due to technical reasons the

measurements on silver were terminated at 4320 K ,
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approximately 300 K below.the onset of vacancy trapping.
Nevertheless, both the Doppler-broadening measurements by
Campbell et al (1977) and the coincidence counting rates at
zero angle by Mc Gervey and Triftshauser (1973) , show an
‘apparent linear behaviour of the measured characteristics of
annihilation, This occurs from 300 K to a well defined
threshold at which temperature a sharp increase occurs due

to thermally generated vacancies.,

7.3 Annealins of Deformed Gold

. Two 10x10x1 mm3.sheets of 99.999% pure gold from Koch-Light
were deformed in a heavy vice by a 20% reduction in
thickness. The deformation was carried-out at room
temperature . The éoﬁrce-sample sandwich was wrapped in a
thin copper foil to hold it together and to provide good

thermal conductivity{

The annihilation line shapes were recorded as has been
described for annealed gold. The annealing curve is shown
in figure 7.1 . The fegion‘up to 320 K shows no appareﬁt
change due to annealing. A large step, showing the effect of
recovery from themplastic deformation-induced defects as a

| result of their rearrangements and disappearance, is seen
over the temperature interval 320 K to 350 X . Thé sample
was kept for 12 hours at 340 K and the sharp decline above
340 K merely demonsrates the time factor involved in the

recrystallisation process.

After the deformation, the sample was kept for nearly 8 hours
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at room temperature prior to insertion in the cryostat.
Although, in many metals, even 15% deformation is kmown to
result in saturation trapping, it is not known whether this

has occurred for our gold specimen,

7.4 Discussion

The correct interpretation of the intermediate temperatvure
dependence of the annihilation characteristics is very

important for the analysis of positron trapping by vacancies,

Triftshauser and Mc Gervey (1975) and Campbell et al (1977)
reported an apparently linear temperature dependence4of the
annihilation line shape parameter in the sub-vacancy region‘
in the noble metals, which contradicts the report given by
Lichtenberger et al (19755. This led us, initially, to
méasure the annihilation line shapes in gold and silver from
very low temperatures up to the‘vacancy ﬁhreshold. Our
observations, in these metals, do not confirm the low
temperature behaviour of the annihilation parameter F

reported by Lichtenberger et al (1975).

Unlike the deformed specimen; the annealed gold shows the
distinctive feature at the lowest temperatures which has
also been obser&ed in cadmium and zinc but not in indium and
lead. Absence of this temperature dependence in the deformed
specimen, when the temperature tends to 4.2 K , hints at
the possibility of a saturation trapping phenomenon in the
deformed gold. Nevertheless, it is also true that the

unusually higher order of fluctuations, observed in the
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F-parameter in this temperature regime might have masked

the small effect of grain boundary trapping.

Herlach et al (1977) has also observed the distinctive
behaviour of the line-shape parameter in the temperature
range below 50 K for annealed and quenched specimens of
gold but not in electron-irradiated gold. On the other hand
their suggestion that positrons escape from the sample by
channeling within the grains is unconvincing —e.g., the
conventional maximum range of positrons, given by the

empirical formula R(gr/cme) = 0.407 E1e38

max ¢ 10 cadmium and

gold are 200 and 90 pm , respectively, which are unlikely to
be increased to 1.5 mm in cadmium and to 0,75 mm in the

case of gold.by channeling.
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CHAPTER 8 GENERAL CONCLUSIONS

8.1 Instrumentation

The theme of this thesis has been the studies of positron
annihilation in several annealed and plastically deformed
metal specimens, Throughout this work the annihilation line
shapes were recorded by a high resolution Doppler-broadening
spectroscopy systems This consisted of an intrinsic germanium
planar detector, incorporated with an optical feedback
pre-amplifier, and unipolar output pulses from the main
amplifier were fed directly to an analogue-to-digital

converter linked to a Nova-2 computer,

8.2 Evaluation of Mono-vacancy IFormation Energies

For a clear understanding of metallurgical properties of
materials it is important to know the concentrations and the
formation energies of point defects, During the last decade,
the positron annihilation technique has proved to be very
sensitive in studying vacancies, dislocations and voids.
Thermal equilibrium measurements of the positron annihilation
momentum distribution, in piinciple; should provide accurate
values of vacancy formation energies, providing the
underlying sub-vacancy effects are properly accounted for

and subtructed from the main effect due to vacancies,

On the basis of several hypotheses, including positron
self-trapping, thermal expamnsion of lattice, and divacancy
producticn, mono-vacancy formation energies have been

evaluated,
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In many metals the reported values of mono—#acancy formation
energies, including ours, do not show a satisfactory
agreement, On the basis of our line-shape parameter analysis
we have concluded that the improper definition of the
pre-vacancy temperature dependence of the annihilation
parameters may be the root of the discrepancies between the
values of mono-vacancy formation energies., Therefore, it is
obvious that a more sophisticzbed theoretical description is

required,

8.3 Terperature Dependence of the Specific Trapping Rate

In the trapping model, the rate v at which thermal positrons
are trapped by a unit concentration of defects is compared
with the annihilation rate of positrons. Several theoretical
models, concerning the temberature dependence of the
positron trapping rate, have been proposed. These have been
discussed in chapters 1 and 6 . On the basis of
experimental evidence we have found that the rate of
trapping of positrons by plastic-deformation-induced defects
is independent of.temperature. This finding, for lead, is
valid up to at least 260 K , and for cadmium up to at least
200 K o |

8.4 ILiquid Helium Temperature Regime Anomalies

As liquid helium temperatures have been approached a new;
reversible effect has appeared. An unexpected rise in the
line-shapé parameter F has been seen at the lowest

temperatures in polycrystalline specimens of zinc, cadmium
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and gold but not in indium, lead and single crystal cadmium;
Even in well-annealed samples grain boundaries exist. These
consist of complexes of intersecting dislocations whicﬁfﬁnown
to trap positrons, Whether positrons exist.in the grain
boundaries will depend on the average size, i.e., will depend
on the surface area of boundaries. Also, it will depend on
whether or nof a significant proportion of positrons would
encounter the boundaries., The increase in F at the lowest
temperatures implies that positrons are captured in shallow
grain boundary traps, and the negative slope (dF/dT)
indicates thermal detrapping. This, eventually, would result

in their subsequent annihilation in different states,

depending on the concentration of the grain boundary traps.

8.5 Identification of Defects

The positron annihilation technique is valuable.in the study
of concentration and the nature of lattice defects. The
nature of a particular defect will be associated with
characteristic values of the line shape parametér, say, F .
Hence, the study of changing values of annihilation
characteristic parameters in the recovery stages of a

defected sample can indicate the defects involved, and their

-

relative concentrations,

In principle; one might expect each type of defect to have a
characteristic Doppler-broadened line shape., For example; in
cadmium we can conclude that there are at least four

characteristic values of the Gaussian widths corresponding to
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positrons annihilating in fhe free séate, or trapped in
vacancies, or in two different types of plastic-deformation-
induced traps. At this stage; it is obvious that much work
“has to be done in singling out individual defects and
identifying them. Having singled out different types of
defects, careful analysis of an experimental line into its
individual components might reveal the relative concentrations

if more than one type of defect were to be present,

There can be little doubt that positron annihilation and;
especially; the Doppler broadening technique; will in futﬁre
be refined to aliow for an identification of defect..
catagories and a close examination of their behaviour with\

rising temperatures,
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- APPENDIX 1

Program CURFIT

This program employes the NAG subroutine EC4FBF (based on a
Harwell routine) or a similar sum of squares minimiser to
make a least squares fit of a function non-linear in certain
parameters to data, especially that expected to have Gaussian
errors. For the convenience of experimenters who wish to
derive quotable results estimates of confidence limits for

the parameters are also derived,’

The Function Required

The user has to supply a FORTRAN function VALUE to’calculaté
the Y value on the curve for a given X. This should have the
form :—
REAL FUNCTION VALUE(N,PAR,X)
. DIMENSION PAR(I)
C THE ARRAY PAR HOLDS THE N PARAMETERS
voeeesese Calculation of VALUE from X and parameters ceecceceo
VALUE=¢see0ese
~ RETURN
END

The Input Data :

(1) Number of parameters (I)
Number of data points (M) FORMAT(2I20)

(2) The accuracy re@uired for the final sum of squares

The proportion by which the varisble should be changed to
get a nearby point.

A limit to the number of evaluations of the sum of squares
during the iterative minimisation for each data set,
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An integer to control fhe reporting of the movement of the
parameters during minimisation. If zero reporting is

supressed. FORMAT( 2E20.10,2I20)
(3) (A set of cards ONE:.for EACH parameter

Name of the parameter
Order of magnitude for this parameter
Initial guess for that parameter

Generous estimate of the possible difference of the final
result from the initial guess, Used in the termination
criterion for the minimisation FORMAT(A10,3E20,10)

(4) Variable format card (should contain a Format of 3 real
variables ; X, Y and Weight for each data point. If all
the Weights are zero they are assigned value 1).

(5) Identification card -—e.g., the program title.

(6) The data as specified in (4) -

Output :

The program writes out all the data after reading it in,
though it may be in a different format. It reads in X, Y and
WEIGHT values for the data and prints them out again, Then
it repeats the guesses for the parameters and their orders
of magnitude and possible variations,

In the iterative minimisation of the sum of squares of
differences between Y prediction and its actual measured
value then begins the output controlled by the fourth
statement of the second input card.

~ After succesful convergence it should print IFAIL IS O and

then give the values of the parameters at the minimum,
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APPENDIX 2

The Function VALUE Employed in the Program CURFIT

REAL FUNCTION VALUE(N,PAR,X)

DIMENSION PAR(N),R(200),C(200)
C R IS THE RESPONSE FUNCTION ARRAY
C C IS THE ARRAY OF THE GENERATED SPECTRUM
DATA MC/1/ ,M/150/ ,IBAR/75/ ,R/... the response func./
C IBAR IS THE CENTROID OF THE RESPONSE
I=IFIX(X+0.5) ' ‘
IF (MC.EQ.1) GO TO 888
2 5=0.
DO 6 X=1,M
J=IBAR+I-K
IF (J.LT.1) J=1
IF (J.GT.150) J=M
6 S=S+R(J)*C(K)

COUNT=S+PAR(2)+PAR(3) *I+PAR(8) *I1**2+PAR(9Q) *1**3
PAR(2) IS CONSTANT BACKGROUND
PAR(3) IS BACKGROUND SLOPE 1
PAR(8) IS BACKGROUND SLOPE 2
PAR(9) IS BACKGROUND SLOPE 3
MC=MC+1 |
GO TO 999
888 DO 4 J=1,M
T=PAR(1)-FLOAT(J)

C PAR(4) IS THE PEAK CENTROID
GW=T*T/PAR(5) /PAR(5)
PW=T*T/PAR(7)/PAR(7)

GAUSS=0,
PARA=0, ,
IF (GW.LT.200,) GAUSS=PAR(4)*EXP(-GW)

C PAR(4) IS THE GAUSSIAN HEIGHT

C PAR(5) IS THE GAUSSIAN WIDTH

¢ PAR(7) IS THE PARABOLA WIDTH

Q Q Q Q
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IF (PW.LT.1,) PARA=PAR(6)*(1,-PW)
¢ PAR(6) IS THE PARAROLA HEIGHT
4 C(J)=GAUSS+PARA:
GO TO 2
999 VALUE=COUNT
RETURN
END
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