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Abstract

Positron diffusion in solid and
liquid metals
by

E. Gramsch

Adviser: Kelvin G. Lynn

A systematic study of diffusion of positrons in several liquid and solid mctals
was performed with a vertical positron beam. The S parameter and positronium
fraction was measured as a function of temperature in the solid and liquid phases
for Ga, Bi, Na, Sn, In and Pb. An appreciable change is observed in metals where
positrons trapping is not observed in the solid just below the melting point (Ga,
Bi, Na, Sn). In metals where positrons are trapped below the melting point (In
and Pb), a very small or no change is observed upon melting. The results suggest
that all positrons are trapped in the liguid.

The diffusion length of positrons in the liquid was also measured. In Ga,
Bi and Sn, a large drop is observed upon melting. In Pb and In ouly small or
no change change is observed. In all liquid metals, as the temperature of the
liquid is increased the diffusion length increases. Diffusion appears to be related
to trapping in temporary density fluctuations, thus the positron hops from one
trap to another. The size of the traps is strongly dependent on temperature, so
that when it is increased, the hopping motion increases.

The re-emitted energy spectra of positrons from the liquid and solid surfaces

was measured. No appreciable change was seen with increasing temperature. or

when the sample is melted.
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Chapter I: Introduction 1

Chapter 1. Introduction

Our knowledge of the liquid state of matter has made slow progress in the
last decades compared to our knowledge of the crystalline structure of solids and
the dynamics of gases. Part of the reason is the few techniques available to study
liquids, as well as intrinsic difficulties in formulating models for them.!~% Because
many crystals are grown or refined from the molten state, the study of its structure
and properties is important. Liquid metals can be considered as an ensemble of
ions and electrons with good electrical and thermal conductivity. The density of
electron states in liquids is generally free-electron-like.! In contrast to a solid wetal,
the components of a liquid metal must move under an irregular configuration of
ions. This is the basic difficulty in formulating a model for a liquid: the theory
must include the potentials between all pairs of ions. Simplifications that can be
included in the model due to a periodic arrangement of atoms (as in a crystalline
solid), or due to a completely disordered structure (as in a gas) are not satisfactory
for modelling a liquid. Because of the irregular arrangement of the ions, there can
be regions of low ion density in a liquid. similar to vacancies or voids in a solid.
Because positrons have a strong sensitivity to vacancies and other defects® in solids,
techniques that use positrons as a probe, like angular correlation or lifetime, have
been extensively used to measure vacancy formation energies in solid metals in
the past decade.” 12 In this work, we will use the strong sensitivity of positrons
to defects to study the regions of low ion density and the dynamics of such defects
in a liquid.

Most of our knowledge of the liquid structure comes from x-ray and neutron
diffraction experiments!~5. These experiments allow to determine the structure

factors from liquid metals, which can be compared with calculations based on pair



Chapter I: Introduction 2
potentials between ions. A disadvantage of these techniques is their short range
order: only the structure of the nearest atoms can be determined. Positrons,
in contrast are sensitive to defects that are located many lattice-spaces away®.
Therefore the positron ar;nihila.tion technique can be used to complement x-ray

and neutron diffraction results.

The study of condensed matter with positrons has a long history since their dis-
covery in 1932 by Anderson’. The first applications to solid-state physics were in
bulk studies of electronic structure. Lifetime techniques and measurements of the
angular correlation of annihilation gamma rays were extensively used. The interac-
tion of positrons with matter has given information about its fundamental proper-
ties, as for example the electron momentum distribution, or defect concentration.?
The positron probe does not depend on long-range order, as do diffraction tech-
niques, but probes local structure. Therefore, positrons have the potential to be

useful for studying liquids and solid-liquid interfaces.

The study of defects in metals using positrons started in 1967, when MacKen-
zie et al.’ demonstrated that thermally generated vacancies in several metals can
.tra.p or localize positrons.® Since then, the research done with positrons in solid-
state physics has increased considerably, several techniques were developed or
improved. Lifetime techniques® show that the residence time of the positron in
a solid increases when it is trapped at vacancies or defects. Angular correla-
tion techniques!®!? show that positrons have a narrower spectrum when they are

trapped at defects than when they are in the bulk of a crystalline solid.

The sensitivity of positrons to changes caused by melting was demonstrated by
early studies of liquids with angular correlation'?~1% and lifetime®~17 techniques.
For several metals the lifetime was seen to increase 10 — 40 % on melting, as
shown in figure 1.1 for mercury (Hg), gallium (Ga), and sodium (Na). In angular

correlation studies!®, the proportion of conduction-electron annihilation relative
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to core annihilation was considerably higher in the liquid than in the solid. Figure

1.2 shows the results for. Hg.
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Figure 1.1: Positron lifetimes for solid and liquid metals, The increase in lifetime upon melting
(Tar) is attributed to positron trapping. From reference 20.
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Figure 1.2: Angular correlation results from solid and liquid mercury (Hg). An increase in the
proportion of conduction electron annihilations is observed in liquid Hg. From reference 15.

The effects were attributed to disorder in the conduction electrons, but the nature

of the change was not clear until MacKenzie et al’ showed that vacancies could
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trap positrons. The ch#nges observed upon melting were qualitatively similar to
those arising from positron-trapping at thermal vacancies in solids. In addition,
a large change was observed in metals where vacancy trapping does not occur
in the solid phase!® (for example Ga, tin (Sn)), which suggests that the disorder
creates regions of low-ion density, similar to vacancies in solids, that can trap the
positrons. Metals that show large changes in angular correlation and lifetime in the
solid phase upon heating, demonstrate a small change or no change on melting ( for
example lead (Pb), or indium (In)). This finding suggests that positrons trapped
in the solid remain trapped upon melting. Doppler broadening results'®, very
clearly show the effect of thermal vacancy trapping in several metals, as shown
in figure 1.3. Upon melting there is a sudden increase in the peak counts, and
no further increase in spite of the increasing temperature. In all metals studied
the increase can be associated with trapping of positrons.!? Doppler broadening
measurements in In and Pb are shown in figure 1.3.

The techniques discussed above all obtain positrons from a radioactive source.
Depending on the source, the energy distribution can be very wide (0—0.545 MeV
for 22Na), with a large end-point energy, and the positrons can penetrate deep
into the sample. Therefore, the techniques are sensitive only to bulk effects. To
date, no studies of positron annihilation at the surface of clean liquid metals have
been reported.

In contrast to lifetime or angular correlation techniques, positron beamns have
a narrow energy distribution, which allows us to implant them into the sample at
a depth that is known and, most important, that can be controlled.

The angular distribution and the size of the beam also is very small.® At low
incident energies (E < 100 eV'), positrons do not penetrate deeply into the sample
so that the surface of the sample can be studied.

Positron beams have been shown to be useful probes for defect profiling in
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crystalline solids®. With the discovery of efficient positron moderators®2122 slow
positron beams were developed, representing a major step in the research in the
positron field®. New techniques were developed, such as positronium emission
spectroscopy?®, positron Auger spectroscopy?!, and beams that provide a depth-
sensitive probe for interface studies. It became possible to measure the diffusion

length of thermal positrons in matter using positron beams.21:25
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Figure 1.3: Doppler broadening measurements in two solid and liquid metals. The incrensc at
the melting point can be associated with trapping in regions of low ion density. From reference 19,

It is well known®2?"=37 that diffusion of thermalized positrons in solids is de-
termined by their interaction with phonons, impurities, or trapping (in vacancies,
voids, or other type of defects). In a defect-free metal, the diffusion coefficient D..
for positrons has a temperature dependence?” of D, ~ T-1/2, In some metals, at
temperatures close to the melting point, positrons become trapped at thermally

generated vacancies, and the diffusion coefficient rapidly decreases. -

Upon melting, the metal looses its crystalline structure, and a disordered array
of atoms is generated. There is an increase in the number, as well as a change

in the nature of the traps (considered as regions of low ion-density), and positron
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localization increases. Because trapping will probably increase, and positrons move
in a disordered array, we expect that the diffusion coeflicient then will drop to a
value lower than in the solid phase.

If positron diffusion in liquid metals is determined by the same mechanisins
as in the solid phase (phonon scattering and trapping), we would expect that the
diffusion coeflicient continues to decrease with increasing temperature.

In contrast, in the liquids studied, the diffusion coefficient increases with tem-
perature. This surprising result suggests that a different mechanism is involved in
the interaction of positrons with liquids.

To better understand the diffusion mechanism in liquids, we Lave made a
systematic study of the diffusion characteristics of positrons in several liquid and
solid metals. A vertical positron beam was designed and constructed to study low
melting temperature metals under ultra high-vacuum. It is also of considerable
interest to study surfa:ce defects (or regions of low ion density), positron and
positronium states in the surface, and the relation between the diffusion coeflicient
and density fluctuations in liquids.

Chapter 2 discuses the different interactions of positrons with solid and liquid
metals and the energy and time scales at which they occur. We assume the motion
" of the thermalized positron to be a random walk, and describe its motion with the
diffusion equation. In this chapter, we define the S and F parameters which are
the qut'zntities measured experimentally. The S parameter is fitted to the solution
of the diffusion equation to extract the diffusion length. Finally a description of
the program used for the fits is given.

Chapter 3 describes the mnodern theory of liquid metals in terms of correlation
functions. It also gives a description of the neutron scattering and x-ray diffraction
methods used to derive the pair correlation functions.

In chapter 4 we give a description of the positron beam and the special features
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necessary for the study of liquid metals, and samples with high vapor pressurc.
We also discuss the different types of moderators used for positron beams and give
a comparison of their efficiencies.

Chapter 5 presents the experimental results. The metals studied are separated
in two groups according to the state of the positron in the solid phase at T < Ts,.
The ﬁrsf group is formed by Ga, Bi, Na, and Sn. In these metals, positrons do
not get trapped in thermally generated vacancies in the solid phase, but trapping
is observed in the liquid phase. Consequently, there are large changes in the S and
F parameters and in the diffusion coefficient. The second gronp is formed by I'b
and In, in which positron trapping at thermally generated vacancies is observer
at T < Th.

Section 5.1 has the S and F parameters versus energy. These measurements
are used to determine the state of the positron in the solid or liquid phases (free or
trapped). The sensitivity of positrons to the melting transition and positroninm
formation in liquid surfaces is discussed. The S parameter and Positronium frac-
tion (F parameter) is measured as a function of temperature for several incident
energies. The results are compared to previous studies of positron lifetimes and
Doppler broadening in liquids. A surface state is shown to exist in the liquid, and
positronium formation is observed in several liquid surfaces.

In section 5.2 , we present the diffusion length results iﬁ solid and liquid met-
als. The increase in the diffusion length with temperature is discussed in terms of
hopping between traps and is related to density fluctuations in the host or thermal
desorption of positrons from traps. However, to obtain more quantitative infor-
mation of the fluctuations in liquid metals, we need a theoretical model relating

the diffusion length to density fluctuations.

In section 5.3 , we show measurements of nonthermal positron emission from

the surface of liquid and solid metals. A small fraction (5 - 15 %) is re-emitted
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from Bi, Sn, and In. This fraction is unchanged upon melting.

The conclusions and suggestions for future studies are presented in chapter 6.
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Chapter II. Diffusion model

2.1 Interaction of fast positrons with matter

The interactions of an energetic positron with matter can be described ac-
cording to the energy that the positron has at a given time. The scattering
mechanisms between positrons and the solid are strongly energy dependent.28-31
Inelastic ion core scattering is dominant at high energies (E > 1 keV), while the
creation of electron-hole pairs, plasmon excitation, and phonon scattering are
dominant at lower energies (E < 1 keV). Since the energies that can be attained
with the Liquid Metals Beam range down from 25 keV, the processes rclevant to
our work are those that occur below 25 keV.

As illustrated in figure 2.1, an energetic beam of positrons incident on a
sample undergoes processes on several different time scales and energies. The
longest time is spent by the positron in thermal motion in the solid (with energy
E = 3/2 kgT). Positron lifetimes are of the order of 1071? sec for most metals;
this is much longer than prethermalization period3! which lasts ~ 10~ 12sec. It
is during the slowing process that the spatial distribution of the positrons in the
sample is determined (usually a Makhovian profile).

At shorter times, 0 < t < 10~ 15sec, a positron can be scattered or diffracted,
leaving the sample after losing only a fraction of its energy. " If annihilation
takes place far from the detector, the gamma rays will not be detected, and the
positrons will not contribute to the diffusion equation. For samples with high Z
(eg. Pb, Bi), the backscattered fraction can be high and many of those positrons
will be trapped by the magnetic field and later return to the sample. The energy
of these positrons is likely to be lower than the incident energy. Thus, thereis a

situation where the incident beam is not monoenergetic, but has a low energy tail.



Chapter II: The diffusion model 10
This effect, which tends to modify the spatial profile of the incident positrons,

will be discussed in section 5.2.
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Figure 2.1: Typical interactions of positrons near the surface of a solid, organized according to
the time scales at which they occur. The process of energy loss is different for each stage. From
reference 8,

If the sample is a crystalline solid, the positrons will be channeled along



Chapter II: The diffusion model 11
the planes of a crystal, and strong scattering and absorption is observed for
specific orientations. This effect has been discussed by others®?3% and will not
be discussed here because it is not relevant for a liquid or polycrystalline solid.

At high incident energies, from 50 keV down to = 1 keV, the positron scatters
mainly with core electrons, and the rate of energy loss is very fast. In this initial
stage, the time required for the positron to reach 1 keV is less than ~ 1 x 10715
sec. The angular deflection in each scattering event is small, and the differential
scattering cross-section is peaked in the forward direction’* (figure 2.1a).

At energies from about 1 keV down to the Fermi energy, the dominant pro-
cess of energy loss is inelastic scattering hy conduction electrons. Oliva®® showed
that plasmon excitation is dominant over electron-hole pair excitation. Direct
evidence of plasmon excitation was found by Dale et. al.*® This second stage of
energy loss lasts ~ 1x 1012 sec. In insulators and semiconductors, because of the
energy gap between conduction and valence band, the creation of electron-hole
pairs no longer occurs when the energy of the positron is less than the gap energy.
This results in the wide energy distribution of positrons re-emitted from ionic
solids.3® The slower rate of energy loss allows some positrons to reach the surface
and be reemitted with energies higher than the thermalization energy, E;;. This
process is illustrated in figure 2.1b (nonthermal positrons). For these reasons,
the thermalization times and mean free path of positrons in insulators and semi-
conductors are longer than those in metals. For example, it was observed3” that
the average energy loss per collision in solid Ne is only ~ 6 meV.

At even lower energies, from the Fermi energy Ep to thermal energics E
= %kBT, inelastic phonon scattering becomes dominant. The crossover from
electron-to phonon-dominated scattering was found to be =~ 5 eV, as shown by

the onset of temperature dependence in figure 2.2.

Perkins and Carbotte3? calculated the rate of energy loss including phonon
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and electron scattering. These were extended by Nieminen and Oliva’® to include

different thermalization temperatures; their results are shown in figure 2.3.
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Fignre 2,2: Mean free path of nonthermal positrons in Al plotted as function of energy. The
model®! includes the combined effect of electron and phonon scattering. The onset of temperature

dependence is at E &~ 5 eV. From reference 31.
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Figure 2.3: Rate of energy loss for positrons in Al. The calenlation includes the scattering of
positrons with conduction electrons and phonons for several temperatures. From reference 31.

In each scattering event, the positron undergoes angular deflections that are
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very pronounced close to thermal energies,’! and its mean free path decreases.
The mean free path of nonthermal positrons versus energy is shown in figure 2.3.
At low energies, the mean free path is larger (~ 100 A) than at higher encrgies.

As a consequence of this, there is an overall broadening of the spatial profile of

the positrons in the incident direction.

2.2 Nonthermal positrons

Before complete thermalization, a small fraction of positr.ons can return to the
surface or hecome trapped at defects in the bulk of the sample. In the analysis
of lifetime measurements,’®3% nonthermal trapping of positrons was proposed
to explain a drop with temperature in Af, the annihilalion rate of untrapped
positrons. Nonthermal positron trapping in vacancies was observed only recently
with a positron beam?®4! and was shown to affect the analysis that is used to
obtain the diffusion length of positrons. These expex:iments also showed that
trapping is a very efficient process that can occur in times shorter than 10713 sec
A recent theoretical model*? shows resonances in the trapping rate at energies
of about 1 - 2 eV, that can only enhance nonthermal trapping. The analysis of
lifetime data, as well as calculations of diffusion length are affected by the the

fraction of nonthermal positrons.

Gramsch and Lynn?? included the effect of nonthermal trapping in the analy-
sis of lifetime data in Al. They modified the standard, two-state trapping modcl
in the energy range between 5 eV and the thermalization energy E;,. Their
model includes the effect of resonance trapping in vacancies and divacancies.
A positron-energy-loss function3? anci energy-dependent trapping rates!? were
used to calculate the mean lifetime> and intensity of the untrapped and trapped
positrons. To compare these theoretical calculations with experimental data, a

nonlinear fitting routine was used to obtain a best fit to the experimental lifetime
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results of Jackman et af? in Al. Gramsch and Lynn*® siiowed that the lifetine
calculated with this model is longer than that resulting from the simple trapping
model.43 This effect is more evident at temperatures close to the melting point,
where large numbers of vacancies are in thermal equilibrium in the sample. The

fitted results along with the experimental data are shown in figure 2.4.
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Figure 2.4: Mean lifetime of positrons in Al. The squares are the experimental data. The solid
line is the fit using the the model proposed in reference 43. The dashed line corresponds to Lhe
standard two-states trapping model.

The solid line shows the fitted results. The fitted parameters are written in the
plot. E;y is the formation energy of vacancies, Eoy is the formation energy of
divacancies in the metal, ;v and poy are the specific trapping rates of positrons
in vacancies and divacancies respectively. The dashed line is the lifctime as ob-
tained using the standard two-states trapping model with the same parameters
as the solid line. The model does not fit in the high-temperature region, where

the lifetime remains relatively constant. This effect is probably due to satura-
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tion trapping, i.e., all positrons are trapped, and an increase in the number of
vacancies does not lead to a change in the lifetime.

There is a variety of channels open to nonthermal positrons that return to
the surface. They may be re-emitted from the sample with E > Eyy,, even if the
positron work-function is positive, or they may form nonthermal positroniwun
and leave the sample. The positronium activation energy is smaller than the
positron work function; thus, this effect is probably more significant because it
is energetically favorable. Nonthermal positron and positronium emission have
not yet been included in the diffusion model. However, there are techniques to
estimate the magnitude of the error incurred by their omission.* The effect of
nonthermal re-emission of positrons in the analysis of the diffusion length will be

discussed in section 5.2.

2.3 Diffusion of thermal positrons

When monoenergetic positrons from a beam have reached thermal energies,
Ey = %kBT, the spatial distribution within the sample in the incident direction
(z) can described by a Makhovian distribution?®

mz™1
P(z) = exp (—(z/20)™), (2.1)

m
2

where z, = Z/I(1/m +1). The distribution is isotropic in a plane parallel to the

surface. The mean implantation depth, Z is assumed to be a power law,
zZ=AE", (2.2)

where E is the incident energy of the beam, and A is a constant to be discussed
below. The relation (2.2) between incident energy and mean implantation depth
gives us a depth-sensitive probe, which is essential for defect-profiling or multi-

layer studies. The value of n depends on the energy, and it varies from 1.16 at 3
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MeV to 1.68 at 10 keV.%% From Monte Carlo simulations,*? and from studies
of multilayer structures,*”#® it was found that n = 1.6 for positrons, but there

are indications that this value depends on the material.49-53

The shaping parameter, m, is found to be close to 2 from fits to Monte
Carlo simulations®®, and from studies of multilayer structures.#” Monte Carlo
simtﬂations by McKeown et al’? are shown in figure 2.5. However, in magnetically
guided positron beams, a fraction of the incident positrons are backscattered out

of the the sample.
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Fignre 2.5: Stopping profile for 1, 2, 3, and 4 keV incident positrons on Al, as obtained from
Monte Carlo simulations®2. The solid lines are fits to the Makhovian profile.

This effect is more evident in metals with high Z (Pb, Bi). The backscattered
positrons are trapped by the magnetic field of the beam and may return to the

sample, thus modifying the profile by increasing the number of positrons in the
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low energy region.’? There is little experimental evidence of the modification
to the implantation profile? due to backscattered positrons. This effect will be

discussed in section 5.3.

The value of A is also controversial. Experimentally, it was found that Ax
4.0/p [pgr/cm?), where p is the density of the sample.’ Multilayer studies?’ give
A = 4.5(4)/p [pgr/cm?], and Monte Carlo simulations® give A = 4.6/p [ugr/cm?].

The value used in this work is A = 4.0/p [pgr/cm?|, following reference 8.

Monte Carlo simulations by McKeown et al? show that A and n depend on
the density and the atomic number Z of the host material. A increases signif-
icantly with the atomic number, (figure 2.6), and n decreases with Z. But the
combined variations of n and A do not significantly alter the mean implantation

depth, (z), from the standard implantation depth, eq. (2.2).
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Figure 2.8: Dependence of the A parameter on the atomic number, Z. These results were
obtained by fitting the mean implantation depth obtained from Monte Carlo simulations to the
equation (z) = (A4'/p)E™.

We note that the Monte Carlo simulations from Valkealahty and Nieminen**
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and McKeown et aP? at low energies only include scattering with valence and
core electrons. As a consequence, the end point energy of the positrons is ~ 25
eV. However, the lower energy interactions with phonons can further modify the

implantation profile.

Recent simulations by Ritley and Lynn® have shown that the profile can
be significantly broadened at low incident energies. A comparison of the profile
with thermal end-point energy (T = 23 °C, E = 0.06 eV), and 20 eV end-point
energy is shown in figure 2.7(a). The incident energy of the positrons is 1 keV
on an Al substrate. The curves have been normalized to the same area. For
high incident energies, the difference between thermal energies and 20 €V is less
pronounced. Figure 2.7(b) shows the profiles with thermal end-point energy and
20 eV, but for an incident energy of 3 keV. The calculations were done on Al at
T =23 °C . The effect of phonon scattering is less at this temperature becausc

the profile is broad to begin with.

When positrons have thermal energies, the scattering with phonons is isotro-
pic. Under these conditions, the motion of the positron can be characterized as a
random walk, with a gaussian velocity distribution. However, the random walk
model requires that the implantation depth be much larger than the mean free
path. Typical implantation depths3! are about 103 A, and the mean free path?!
is about 100 A. For low-energy positrons, which have an implantation depth of
~ 1004, the diffusion model may not be valid. The assump.tion of the model is
that the mean free path is smaller than the de Broglie wavelength of positrons.
In bulk crystalline materials, the diffusion length is of the order of 200 - 600 A.
Therefore, at low incident energies the model can not be used. However, in liquid
metals, all positrons get trapped in regions of low ion density and the de Broglie
wavelength is of the order of the atomic dimensions. In this situation, the use of

the diffusion model is justified because the de Broglie wavelength is much shorter
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than the mean free path.
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Figure 2.7: Broadening of the implantation profile for positrons with low incident energy. a)
Stopping profile for 1 keV incident positrons on Al at ‘T’ = 27 °C . The end-point energy is 20
keV and thermal energy (5/2 kgT). b) Stopping profile for 3 keV incident positrons on Al at I
= 27 °C . The end-point energies are the same as in a). From reference 53.
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Mathematically, this model of positron motion can be represented by the
diffusion equation in one dimension. The derivation of this formula for positrons

was given by Mills?! and Lynn and Welch®®:

ONy(z,t 02Np(z,t
_—I:';S_t—) = D+—_82;('2_’l - ’\efpr(zat)’ (2'3)

where z is the distance from the surface, Ny is the positron density, .D+ is the
positron diffusion coefficient, Aegs = Ay + A: is the effective annihilation rate of
the positron, )y is the bulk annihilation rate, and A; is the trapping rate. The
formula does not included thermal detrapping of the positron, which, in most
solids, is generally assumed to be small. The relevance of detrapping in liquids
will be discussed in section 5.2.

Nonthermal vacancy trapping has not been included in the diffusion model
because otherwise the equations become very complicated and too time-consu-
ming for computer simulations. There is no clear solution to this problem yet,
nor is it clear how important the effect is.

The eigensolution to eq. (2.3) for z > 0 is given by:

ny = (Asin(kz) + B cos(kz))exp(—6t). (2.4)

Replacing (2.4) in eq. "(2.3), we obtain the relation § = —D,k? + Aeps. The
constants A and B can be obtained with the radiative boundary condition®,

that takes into account reflections at the surface:

aNP(zvt)

Np(0,2) =8 37 (2.5)

z=0
The result is B = fkA. For 8 — 0 the surface is perfectly absorbing; this is
the case for a metal with a potential well at the surface. For 8 — oo, all positrons

are reflected by the surface and return to the bulk where they annihilate. Sodium
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is an example of this later effect (section 5.1). The normalization condition gives

A =1/4/1+ B2k2. Therefore,

“sin(kz) + Bk cos(kz)

nk(z’t).‘_" \/ﬁ-—ﬂm

The general solution is a linear combination of nj, for all possible k:

exp(—6t). (2.6)

o0

Ny(z,t) = /C(k)nk(z,t)dk, (2.7)
0
where C(k) is obtained from the initial conditions (implantation profile). The

standard method®” to solve for C(k) is to use a § function, Ny(z,0) = §(z — a)

in eq. (2.7),

_ T 2 sin(ka) + kS cos(a) -
Na(zat)_o/(‘ﬂ_ \/m‘z—k—z ) k( ’t)dk' (2‘8)

From eq. (2.8) we can calculate the number of positrons returning to the surface.

Fy(a) =/|J(O,t)|dt, (2.9)
where, ’
J(0,t)=—-D M (2.10)
T + 0z z=0 )

is the flux of positrons through the surface. Substitution of (2.8) and (2.10) into

(2.9), and carrying out the integration in k and t, we obtain:

__exp(~a/y/Dy7ess)
R = S YL (2.11)

For a more general Makhovian implantation profile P(z), the solution is a weigh-

ted integral of the delta function result (2.11):

o0

(Fy) = /P(a)T(u.)da,. (2.12)

0
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A closed form for (F,) can be found when m = 1 in the implantation profile (2.2).

In this case we have z, = AE"/I'(2) = AE™. Substituting (2.1) in eq. (2.12):

o0 1 1
exp(—a (- + -
(F,) = / 1 (& +2) da (2.13)
Where Ly = /D, Tesy is the diffusion length. The result is:

(F,) = . - (2.14)

(1+(48)") @ +8/L4)

Another analytic solution is found for m = 2, which better fits the Monte

Carlo simulations shown in figure 2.4. In this case, 2, = AE"/T'(3/2) =
= 24AE"™/\/m, substituting (2.1) in (2.12)

Fraxe— (27 +5)

da. 2.15
o 14+8/Ly - ¢ (2.15)

(Fa) =

The result is:

1= i e (Z) o () () o0

where erfc(x) is the complimentary error function. For other values of m, the

integration has to be carried out numerically.

The connection between theory and experiment is given by (F,), the number
of positrons that return to the surface after being implanted with an energy, E.
This value can be directly compared with the experimental results.

There are two methods to dct.ermine this fraction experimentally: the mea-
surement of annihilation radiation from positronium (Ps); or the Doppler broad-
ening of the annihilation radiation from positrons trapped at the surface. Both

techniques will be discussed in section 2.5
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2.4 Interactions at the surface
The potential to which the the positron is subjected at the surface consists of
contributions from the interaction with ions, as well as bulk and surface electrons.
The bulk part (4 ), which comes from the interaction of the positron with ions
and conduction electrons, is defined as the difference between the crystal zero
level for T = 0 °K and the bottom of the lowest positron band. Contributions
to u4+ are the repulsion from the ion cores (zero point potential E,), and the
correlation energy Ecopr, which is the attraction to the electrons,”® py = Ecopr +
E,. The surface contribution to the potential is the tailing of the electrons into
the vacuum, which produces a dipole D, that is directed out of the solid. These
contributions are shown in figure 2.8 for a typical metal. The positron work
function is defined as the minimum energy required to extract a positron from a
metal, and is given by:
b+ =D —ps. (217)

D is positive, and, in some metals, it is sufficiently large that the positron work
function is negative, allowing slow positrons reaching the surface to be re-emitted
into the vacuum. This situation exists for W (¢4 = —3 eV) , Ni, and Cu. The
re-emission effect allows these metals to be used as positron moderators. For

electrons, a similar relation holds,
¢~ =D —p_, (2'18)

where p_ is the chemical potential of the conduction electrons.
The Positronium (Ps) formation potential is the energy required to extract
a positron and an electron from the metal, minus the binding energy of the Ps

atom in vacuum:

¢ps = ¢4 + ¢ — 6.8 eV. (2.19)
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For most metals, ¢ is positive, but because of the large binding energy of Ps,
$p, is negative or slightly positive, and Ps formation is the only way that the
positron can leave the metal. In a metal with ¢, < 0 all positrons reaching the
surface are expected to form Ps, and the conversion probability to Ps is unity.
But, at the surface they are accelerated by the potential well and have some
probability of inelastic collisions with the surface electrons. Thus, they might be

trapped at the surface, and the probability of forming Ps is less than unity.3!
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Figure 2.8: The surface potential for thermalized positrons. The positron work function ¢, is
determined by the dipole contribution D, the attraction to the electrous By, and the repulsion
from the ion cores E,.

During the diffusion motion, some positrons will approach the surface before

annihilation. Several interactions processes can occur.

i) Binding to the surface state. For metals, a typical potential well is depicted

in fig. 2.8. Thermal positrons approaching the surface will be trapped with a
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binding energy of 2 - 3 eV. They also may get trapped at defects in the surface,

and the binding energy is higher.

ii) Re-emission as a free positron. If the positron does not have time to thermalize
in the bulk, and its energy is higher than the positron work function ¢., it can
Be re-emitted as nonthermal positron (E > kgT). Thermal positrons can be re-
emitted with an energy E = ¢.. only if the positron work function is negative, as

in W, Ni, or Cu.

1ii) Re-emission as nonthermal positrons. If the positrons did not hLave time to
thermalize before reaching the surface, and they have an energy higher than tlie
positron work function, they can be reemitted as nonthermals. This effect is
usually seen in a beam of low incident energy ( Eipc < 4. keV'). The signal from

these positrons can affect the analysis of the results, and will be discussed in the

section 5.2

iv) Positronium emission. If the sum of the electron and positron work functions
is less than the binding energy of Ps (6.8 eV), positrons can pick up a surface
electron and be re-emitted as Ps or as excited states of Ps (Ps*, Ps™). N onthermal

positrons also can pick up an electron and be re-emitted with higher energies.

v) Thermal positronium emission. If the positron is bound to a surface state, or
to a defect at the surface, it can be excited and re-emitted if the temperature is

high enough. Most metals emit thermal Ps above 0 °C.

vi) Internal reflection at the surface. Tbe alkali metals Lhave low electron deun-

sity, perhaps reducing the degree to which the clectrons penetrate out into the
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vacuum. This, in turn, tends to create a potential well outside the surface that
is too narrow to have bound states.5? Therefore, a positron reaching the surface
will be reflected back to the bulk. In the diffusion model, the reflection is quan-

" tified with the parameter G, which is 1 for total reflection, and 0 for a totally

absorbent surface,

2.5 Observables

Most research with the liquid metals beam consists of measurement of the
nearly antiparallel garnma rays resulting from the annihilation of positrons with
core or valence electrons, or in positronium states.

Because of the momentum of the electron at the site of annihilation, the
annihilation radiation exhibits a Doppler shift around the mean energy value (511
keV) of the emerging gamma rays. In a metal, typical valence-electron energies
are of the order of the Fermi energy (3-5 eV), while core-electron energies are
much higher. On the other hand, the energy of a thermalized positron is only
a few meV (~ 0.04 eV). Therefore, the momentum of the positron is smaller
than the electron momentum and can be neglected. The gamma rays resulting
from the annihilation will have a spread in energy and angle proportional to the
momentum of the electron, as illustrated in fig 2.9.

The Doppler broadening and angle distribution of the gamma rays can be
easily calculated. The velocity of valence electrons in a solid is ~ 108 cm/s,
which is 2 orders of magnitude smaller than the speed of light. The applicable

nonrelativistic equations of motion are:

1
2mc? - =mv? = E, + E»
2
myusing = Ecl- sing, and (2.20)

Ey
mv cosf = E3 — — cos @,
[
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where v is the speed of the center of mass of the electron and positron before
annihilation, and c¢ is the speed of light. E; and Ej are the energies of the
outgoing gamma rays. The angles are depicted in fig. 2.9. From the second and
third equation in (2.20):

E}

c?’

mi? + E} - 2mzc,-E'z cosf = (2.21)

Substituting the first equation of (2.20) in (2.21) and neglecting the terms of
O(v/c)? and O(v/c)*:

—%EEz cosd = mc? — E; and (2.22)
[+
— me? 2
E; = me (1 + % cos 0) . (2-23)
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Figure 2.9: Annihilation of the electron and positron and Doppler broadening of the gamma
rays arising from the annihilation. Pr is the center of mass momentum of the et-e~ pair. ¥,

and v; are the outgoing gamma rays.
If the positron is diffusing freely, there is a large overlap of its wave function

that of the the core electron. Therefore, the probability of annihilation with a
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core electron is higher than annihilation with a valence electron. On the other
hand when a positron falls into a vacancy, defect, or at the surface, it loses energy
to a valence electron and its wave function is localized in the vacancy . Thus it
has higher probability of annihilating with a conduction electron which has lower
momentum than the core electron.

Two techniques are used to study the Doppler shift of the annihilating gamma
rays. Using alarge array of detectors at long distances, the angular distribution of
gamma rays can be measured, giving direct information on the momentum distri-
bution of the electrons (integrated in one direction). This is the two-dimensional
angular correlation’®=15 technique (2d ACAR).

The second technique, which is used in this study, consists of measuring the
broadening of the annihilation peak arising from the gamma rays. The spectrum
obtained is a convolution of the energy resolution of the detection system and
the doppler broadening of the annihilating gamma rays (figure 2.10).

When positrons annihilate with core electrons, the Doppler broadening is
large because of the relatively large momentum of the electrons, and the shape
of the peak is broad. The peak is narrow when the positron annihilates with a
low momentum electron, as also seen in eq. (2.23)

These two effects are characterized by the lineshape paramneter, S, as intro-
duced by MacKenzie et. al.5 S is defined as the area of a central segment of
the 511 keV peak divided by the total area (fig. 2.10). These areas are defined
at the beginning of the experiment, and are kept fixed throughout. The back-
ground underlying the peak is removed by simple linear subtraction. Thus, the
S parameter is a measure of the width of the annihilation peak.

A major advantage of this definition of the lineshape parameter is its su-
perposition property. If there are various annihilation modes (in defects, bulk,

surface or as Ps), each with a probability f;, having a lineshape S;, then the
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observed S is:

S = Zzs}f’ (2.24)

lllllllli]lrlllllll|llIllllll

30000

..

un tts)

%

v""
208!

R \/
IIKRKS

n
l
2

20000

\/

'

YO Va4
fofof

\/
:?o

X

10000

R
S

v,

9,

Counts (Arb.
QR

lllllllll]lllllllll|llll|llll|l|ll

Loy e byt ooy bbb

520

&
[y
a
)
9
o
)

Figure 2.10: Illustration of the areas used for the definition of the S (lineshape) and W (wings)
parameter. S = n/N, and W = (n, + na)/ N.

Another property of the § parameter is that it can be described by the
binomial distribution®!. The § parameter is the ratio of tle counts, n, in the
center of the peak to the total counts N, § = n/N = p. Thus there are only two
classes of events: an event which falls within the central area of the peak or one
| which falls outside. The probabilities are p and (1 - p). In this situation, the

binomial distribution can be used to describe the spectrum,
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P(n) = (1’(,) "1 -n)¥" n=0,1,--,N. (2.25)

From statistics theory, the variance is:

V(n) = Np(1 - p), (2.26)

and the standard deviation is:

o(n/N) = (“(—A;W;’l)-)m.

For a typical value S = 0.5, the statistical error is ¢(0.5) = 0.5/+/N. This

(2.27)

value is smaller than ¢(0.5) = 0.86/+/N, which results from the addition of errors
from independent quantities n and N. This is an advantage of the definition of §
that has received little attention in the literature.

The channels to define the § parameter have to be chosen to obtain the
maximum sensitivity to defects or surface annihilation. If a wide central region
is defined, the statistical error is small, but channcls that are sensitive to core
annihilation®! may be included. If the cental region is too narrow, the sensitivity
to valence electron annihilation is high, but the statistical error may be too big.
A good definition of § which balances these considerations was found®! to be
between 0.4 and 0.6.

The superposition property of the S parameter, eq. (2.24) is essential to study
the diffusion length of positrons, because the probability, F,, of positrons reaching
the surface can be obtained by solving the diffusion equation. Its solution is given
in eq. (2.14) or (2.16). The probability of positrons annihilating in the bulk is
just 1 - F,. Thus, in an experiment to determine S(E), the measured result will

be:

— SsFy + Sbulk(l — Fa)

e . (2.28)

S
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where ) is a nofma.liza.tion factor defined below, S, is the S parameter from
positrons annihilating at the surface, and Sy is associated with positrons anni-
hilating in the bulk. The second term, in general has contributions from positrons
annihilating in the defect-free bulk, and trapped at defects (vacancies, divacan-
cies, or voids). If ff and f; are the free and trapped fraction, the bulk S is given
by Sputr = S¢ft + Sgfs-

The surface term has several contributions. Positrons can annihilate while
trapped at the surface state, after forming Ps, or after heing emitted as free
positrons. Two types of Ps can be formed, each with a different decay scheme.
Twenty five percent are Para-Ds, the singlet spin state, 'that has a short lifetime
(~ 125 ps) and decays via two gamma rays. Thus, its signal falls into the 511
keV annihilation peak. Seventy five percent of the Ps are Ortho-Ps, the triplet
spin state that has a long lifetime (142 ns), and decays via 3 gamma rays.. Thus,
the signal has a distribution in energy below 511 keV. Ortho-Ps lives long enough
to travel far from the surface, and a small fraction is not detected. Only Para-Ps
contributes to the S parameter. Therefore, an expression for § at the surface is
given by,

Sa = foSpa t (1= fo)Sus, (2.29)

where {, is tile fraction of positrons arriving at the surface that form Ps. Sp, is
the S parameter associated with the fraction % fo of positrons that annililate after
forming Para-Ps (the fraction (3 f,) that forms Ortho-Ps does not contribute to
S because it is detected in the energy region below 511 keV). S,, is associated
with the fraction (1 - f;) annihilating from the surface state. Because of the low
center-of-mass momentum of the Ps atom, the S parameter from Ps is higher
than the S parameter arising from valence electron annihilation (S,,).

In all metals that we studied, the fraction of positrons that is reemitted from

the sample is small. Thus, the S parameter arising from nonthermal positrons
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that escape from the sample and eventually return to it can be neglected. The
measured nonthermal fraction is discussed in section 5.3.

The calibration factor, {1, is obtained from the different annihilation modes

that contribute to S:

Q=(1-F)+F(1- Zfo). (2.30)

The positronium fraction, i.e. the fraction of pc;sitrons that form positronium
for a given incident energy is F(E) = F,(E) f,. Because of the factor {2 in the
definition of S, F is a nonlinear function of S.

Another parameter that can be defined from the annihilation peak, is W
(wings), which is defined as the counts at the extremes of the peak (n; + n2)
divided by the total counts under the peak (N) (Fig. 2.10). Since W is defined
from the gamma rays that have large deviation from 511 keV, it will be more sen-
sitive to core-electron annihilation. The statistical and superposition properties
of W are the same as S.

A useful combination of the S and W parameters is the R parameter,%:5
which is insensitive to chenges in the fraction of positrons annihilating in each
state. R can be calculated from the S and W parameters in the bulk only. If
(1 — S¢) and S correspond to the S parameter from a free and trapped state
respectively, then:

S =551~ fi) + Sefe (2.31)

ft is the probability of annihilation in a trapped state. For W we find a similar

relation. Both relations can rewritten as:.

S ~ Sf = (Sg - Sf)fg, and
(2.32)
W — Wy = (W, — Wy)fe.

To eliminate the dependence on f;, the R parameter is defined as the ratio

between these quantities.

S —
= i 5 ‘ . (2.33)

T |\W Wy
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Thus, R is independent of the concentration of traps, and characterizes the type
of traps involved. This analysis is valid when there is only one type of trap
involved, or, at least, one type of trap is dominant. However, the R parameter
requires a precise knowledge of Sy and Wy in the bulk of the sample. In the
liquid metals beam, these values are difficult to obtain for high density metals,
because positrons cannot be implanted at energies where they all annihilate in
the buik.

The fraction of positrons that form positroniumn after returning to the sur-
face?! also can be determined with the liquid metals beam. Both Para-Ps and
Ortho-Ps can be formed outside the surface. The radiation is collected by a Ge
dctector, and two regions of interest are selected in the cncrgy spectrum: the
total T, that has all the counts in the spectrum below the 511 keV peak, and
the peak P, that includes only a region under the photopeak. We assuine that
a fraction, F, of the positrons which annihilate in the sample form Ps. F is the
positronium fraction and depends on the incident energy of the positron. If the
total number of counts in the spectrum is Tr, and the number of counts in the

peak is Pp, we then have:
Trp=T1F+(1~F)I, and
(2.34)
Pp =P F +(1-F)P,,
where we have defined T} as the total counts when F = 1, and T, the total
number of counts when F' = 0. P, represents the counts under the 511 peak
when F' = 1, and P, is the peak counts when F = 0.
We now define Rp = (Tf — Pr)/TF, Ro = (To — Py)/To, and Ry = (T} —

P,)/T1, which are independent of the beam intensity. Solving eq. (2.34) for F

we find:
Py (Rp — Ro))“
F=114—-—+—"r———= . 2.35
( Py (Rl "‘RF) ( )

To obtain F experimentally, it is necessary to calculate the parameters R,
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R,, and Py/P,. P; and P, are determined from the counts in the peak when
R; and R, are measured. R, is calculated from the total energy spectrum at
high incident energies (when no positrons can return to the surface). R; is more
difficult to determine, because it has to be extrapolated to zero incident energy,
under very clean surface conditions, at high temperature, when all positrons are
thermally desorbéd as Ps. Even under these conditions, it is difficult to determine

R, with confidence®?,

2.8 Fitting Procedure

The analysis of the data depends critically on the fitting procedure and the
method used to solve the equations numerically for different implantation profiles
and overlayers54,

The fitting routine used in this work, developed by Van Veen et al,%® is a
very fast numerical scheme developed to solve the diffusion equation (2.3). This
scheme allows fitting a number of parameters related to the implantation profile:
m , n and A parameters, mean depth, trapping rates, and electric fields, in
lé.yered materials. The positron diffusion parameters are also fitted: Spyx, S,
and diffusion length L. The last parameter is defined in term of the lifetime
and the diffusion coefficient,

Ly =+/DyT. (2.36)

The problem is reduced to a single-speed diffusion equation by considering
only thermalized positrons, with a source term given by the Makhov profile®!.
The positron density is averaged over time. The equation to be solved is:

2
D+%(—”—) L 0alp) + 1(2) = degglp(z) = 0 (2.37)
where Np(z) is the time averaged positron density, vg(z) = pE(z) the drift

velocity, p the positron mobility, E the electric field strength, I(z) the positron

stopping rate, and A.ss the effective annihilation rate of the positron in the bulk.
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The boundary condition at z — oo is taken at a depth zf beyond which
there are no defects and no positrons are stopped®®. At the surface, an apparent

diffusion length is defined such that:

(@)% ass

This equation is the same as the boundary condition (2.5), with 8 = L,.

To solve the problem, the sample is divided into intervals Az relative to the
mean depth Z. Equation (2.37) is solved for each interval. The concentration
of defects, the positron implantation profile (eq. 2.1), and the electric field are
assumed to vary slowly over the interval, and they can be taken as constant
within the interval. This method allows the solution of the equation with a
general m and n in the Makhovian profile (eq. 2.1), while the analytical solution
to the problem exists only for m = 1 and m = 2. The general solution to eq.

(2.37) within an interval is given by:
Ny(z) = Aexp(yz) + Bexp(—vz) + p/a (2.39)

where A, B and a are constants that are determined from the continuity relations

and the boundary conditions at z = 0 and at z = oo,
Ni(zi) = Niga(z),  Nizi) = Nigy(2:) (2.40)

where N' denotes the derivative with 'respect to z. The solutions obtained from
the set of equations (2.40) can be used to calculate the fraction F, of positrons
returning to the surface for a given incident energy, E.

The fitting procedure used to deduce the parameters of the model (L., S,,
Spy m, m, etc.) is varied for the experimental situation. Five models cover most
of the problems that are investigated by positron beams.

Model #1: This is a general model that allows any value for all parameters,

Ly, S, S, Lay Ss, fo, Lepis Sepiy foepi- The three last values correspond to
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an approximate treatment of nonthermal positrons following reference 63. Any
parameter can be fitted independently.

Model #2: Here, the S parameter (S, and S;) is not solved for each interval
and is related to the diffusion length and to the concentration of defects. This
relation allows to obtain information on the depth profile of the defects.

Model #3: In this case, the diffusion length is coupled to the S parameter
in the same way as in model #2. The defect concentration and the electric field
are assumed to have a Gaussian depth distribution. The standard deviation
of the gaussian, the mean values, and the normalization factors are the fitting -
parameters. The distribution of defects or electric fields in the sample can be
obtained.

Model #4: In this model, the defect concentration is assumed to be dis-
tributed in blocks across the sample. The density of the sample is uniform. A
layered structure is defined, with different values of the diffusion length and/or
the electric field. Continuity conditions are imposed on the diffusion length across
the boundary of the layers. The S parameters are coupled to the diffusion length
as in model #2.

Model #5: This model is similar to model #1; all parameters can be fitted
independently. However a layered structure composed of materials of different
density can be treated. An S parameter and diffusion length for each layer is
assigned, both values being independent of each other. The S parameter is the
weighted sum of S in each layer and the surface, normalized by the the factor

defined in eq. (2.30)
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Chapter III. Liquid Metals

3.1 Thermodynamics

Liquid metals can be considered as an ensemble of ions and electrons in a
disordered configuration. In cont1:a5t to solids, there is no medium or long range
order and the position of its elements can not be described by a simple function.
Short range order is evidenced by the strong peak of the structure factor, or the

pair distribution function, as seen in figure 3.1b.
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Fignre 3.1: Schematic view of the atomic configurations in a gas, liquid, amorphous solid, and
crystalline solid. The pair distribution function g(R) and the atomic structure factor S(Q) are
shown. From reference 2.

Conversely, in a liquid, the elements are not completely independent as in gases! 5.

There is a weak positional correlation that indicates interactions hetween pairs of
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particles, and the mean free path is shorter than in gases.

The differences between the three states can be seen'in figure 3.1. The pair
correlation function g(R) as well as the structure factor S(Q) are shown for a gas,

liquid, amorphous material, and a crystalline solid.

The ions are assumed to be classical particles with effective potentials be-
tween them. A correct description of a liquid metal should consider it as a binary
mixture of positive ions and conduction electrons, and proceed by a two compo-
nent formalism. The ion-ion correlation needs to be calculated in the presence
of a free electron gas, which has to be treated quantum mechanically. However,
as a first approximation®®, it is reasonable to convert the problem into one in
which the ions move in an effective force field produced by the electron gas (Born-
Oppenheimer approximation). Such method is possible because the electron-ion
coupling is weak, and can be regarded as a perturbation to the electron gas. Thus,
in a first order approximation, the electron gas density will be taken as constant.

In the discussion that follows, we will be concerned mainly with the ion-ion inter-
action.

The thermodynamic properties of liquids can be studied by specifying two
independent quantities, which are generally temperature and pressure. In this

way, the connection between the experimentally measured parameters from x-

ray and neutron diffraction experiments and the thermodynamic variables can be

easily seen.

The partition function of a system of particles, in the grand canonical ensemble

can Dbe calculated as:

== Z Qnexp(Np/kpT), (3.1)
N

where the number of particles N, in the ensemble is not restricted, @y is the
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partition function in the canonical ensemble, and is defined as:
QN = Zviexp(—E,-/ka) (3.2)
i

where the sum is taken over all possible states of a system with N particles, E; is
the energy of each gtate, and v; is the degeneracy of the state.
The thermodynamical variables are connected to the grand canonical ensem-

ble®” by the relation:

pV = kpT In(E) (3.3)
In a similar way, the partition function is connected to the Helmholtz free energy
by the relation

F = -kpTInQy, (3.4)

and the total energy can be calculated as®768:

E =F_T(%§)V. (3.5)

Let us consider a liquid metal, with a large number N, of elements. The total
energy of the system is given by Ey = ) ; 2]'—,m'v,-2 + Upn. The potential energy of
the system Uy is a function of the coordinates of the particles, Ry, ....... , Iy, then

the partition function in the canonical ensemble is given by"":

QN = -Alr—!/exp(— Z(%mvf-)/kBT)dvl...vax
j

(3.6)
/GXP(—U(R1,...,RN)/kBT)d3R1...d3RN
Performing the integral in the velocities, the above expression reduces to:
Qn =¢Zy/N! (3.7)

where ¢ is the partition function for a single molecule, ¢ = (mk,T/27hi?)V/%, K

is the Plank’s constant divided by 27, and Zy is the configurational partition

function:

Iy = /.../exp(—U(Rl,....,RN)//cBT)d"RI...d-’RN (3.8)
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From eq (3.1) and (3.8), the corresponding grand partition function is obtained.

E= ¢*"Zyexp(Nu/kpT)/N!. (3.9)
N

In the grand canonical ensemble, the number of particles is not fixed, but

fluctuates about a mean value given by%8:69:
(N
((N - (N))Z) = (NZ) — (N)2 = kBT(‘é_uz‘)T,V, (3-10)
which can also be shown? to be:
2 2_ N
(N%) = (N)* = <7xs (3.11)

where xr is the isothermal compressibility.

In general, in a disordered system such as a liquid metal, the potential energy
can be separated in two parts:

a) The structure-dependent part, which can be expressed as a sum of potentials
between pairs of atoms of the form u = u(R;;), where R;; = |R; — R}, is the
distance between atoms.

b) The part that depends on the volume of the system, which is independent of
the coordinates of the ions, Uy = Nuy.

The total energy of a liquid metal can be expressed as:
U= Nuy+ > u(Ri) (3.12)
i#j

Eq (3.8), (3.9) and (3.12) show that the grand partition function is inathematically
very complicated because of the potential between pairs of ions. In general, there
are no satisfactory simpliﬁcatiuns to describe the properties of liquids. In a solid,
the periodic structure of the atoms allows the potential to be described in terins
of coordinates of the form R = ayn; + agng + agns. In a gas, the configuration is

perfectly random, the particles are far apart, and the potential is U = 0.
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3.2 Correlation functions

In the theory of liquids, a formalism of correlation functions is adupted to
avoid the direct evaluation of the configurational partition function, which has a
complicated dependence on the coordinates of the particles. In this approach®,
the probability of grouping the particles in two, three or more sets is introduced,
and probability functions (or correlation funcfions) are used to obtain the same
information as from direct calculation of the partition function (3.9).

The probability of finding one particle in a volume element d®R of a constant
density liquid is nd® R, where n is the number density, n = N/V = 1/v of a liquid
with N particles in a volume V. Then, n is regarded as the one-body distribution
function, n{!), and v is the volume per particle. The next case is the probability
of finding two particles in the volume elements d*R; and d*R; separated by a
distance R =| Ry — Ry |. This value is given by n(®?)(R)d*Ryd®Rz, the two-
body distribution function or pair distribution function. From probability theory,
there are N!/(N — n)! ways to chose n particles out of N. Thus, we have the
normalization condition:

/ nMNd3Ry = N,
(3.13)

/ n®d3R1d*R; = N(N —1).

Similar definitions can be made for higher order distribution functions.

For diluted systems, where the positional correlation between the particles is
very weak, the distribution functions n{*) become n’. Thus, it is convenient to
define dimensionless quantities called correlation functions, g((,") =n{")/n?. These
functions are unity for diluted systems. The connection between theory and ex-
periment is accomplished by the pair correlation function, g(?), which can be de-

termined by x-ray or neutron scattering.

Using the definition of the canonical ensemble, the pair distribution function
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can be calculated as:

N!'  [..[exp(~U/kpT)d’R;...d* Ry

@ = 3.14
"W =2) Zy (3.14)

this equation also can be written as:
n(® = n? exp(—u'(Ry2/kBT)), (3.15)

where Ryz = |Rz — Ry|, and u'(R;2) is the mean potential energy of a pair of parti-
cles including the interaction of the other particles in the system. The advantage
of writing the pair-distribution function in this form is that for a dilute system,

where the n — 0, it reduces to:
n(® = n?exp(—u(Ryz2/kpT)), (3.16)

because the interaction between the two particles is not affected by the rest of the
system, u being the pair potential. However, at liquid densities u is very different
than u'. Using formulas (3.4), (3.5), and (3.7), the total energy of the system can

be shown to be:
2 g NkaT + _Zl_ / / U exp(—U/kpT)d® Ry....d* Ry (3.17)
N

Combining these last two equations, an expression for the pair correlation function

and the energy of the system can be found:

E= gNkBT + Nug + n(N/2) / a$D(R)u(R)d*R. (3.18)
The equation of state, can be obtained differentiating the Helmholtz frec encrgy:
p= <6F)
=-{37
? ;’ R Su(R) (3.19)
_ _ 9% 7" [ (20U
= nkgT 3 G/yo p{ 3R Jd'R,

The normalization condition for the pair correlation function in the grand

canonical ensemble can be shown to bel3:

j / n®(R)P R1d Ry = (N?) — (N)2, (3.20)
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g{Ri

N

Figure 3.2: Pair correlation function g((,z) for several liquid, trivalent metals, Calculated with

the local empty-core model potential (dotted line), solid and dashed line, optimized noulocal
pseudopotential calenlated with relativistic and nonrelativistic core orbitals, from reference 111.
The circles are experimental data, Ga is from Ref. 137, Al, In and Il are from Rel. 2.
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Combining (3.20) with equation (3.11), a relation between the isothermal cow-

pressibility and the pair correlation function can be obtained
140 [(gO(R) - )R = nksTar, (3.21)

this equation can also be written as:

1+n / h(R)d*R = kg (%’—") , (3.22)
P/T

Where the compressibility (at constant temperature) has been written as xr =
8
a(5m)r-
The function h(R) is the total correlation function, h(R) = gl()z)(R) —1. Equa-
tion (3.21) or (3.22) are known as the compressibility equation, which relates the
(2)

thermodynamic variables to the pair correlation function g '~ Figure 3.2 shows

the pair correlation function g? for severals liquid metals.

3.3 The force equation and the superposition approximation

We now need to relate the pair potentials to the pair distribution function
using an integro-differential equation. The mean force that acts on a particle at a
position Rj, when there is a second particle at a distance Ry = |[R2 — R;| can be
written as —Viu'(R;3), where u' is the mean potential due to the second particle
at Ry, and the combined effect of all other particles. This term can be expressed as
the force due to the second particle —V u(RR3), where u is the poténtia.l between
the two particles. In calculating the force from a third particle, one must calculate
the probability of finding a particle at R; when particles 1 and 2 are at %) and
R,. This probability is given by the three-body distribution function n(*), which
measures the probability of finding simultaneously three particles at I2), IRy, and
R3. Since we already have particles in positions I2) and 2y, we have Lo divide by

the two-body distribution function n(?); then the force can be written as:

(3
V]U.’(Rm) = Vﬂl,(R]z) -+ / Zﬁ)—vlu(Rm)dR;,, (3.23)
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where Ry3 = |R3 — R;|. Using relation (3.15), we can write equation (3.22) as
kpTVin(Ry2) = —n®V u(Ryg) - / )V u(Ry3)d® R;. (3.24)

This equations links the structure functions n{*), and the pair potential. However,
this is only a formal solution to the problem; to solve this equation, one needs
n(3), This term can be solved by another integro-differential equation involving

n(4), and successive higher order equations are required?.

3.4 The superposition approximation and the Ornstein-Zernike equa-
tion

An approximation to the above solution can be made with the superposition
appro- ximation”, which gives an explicit relation between the second- and third-

order distribution functions:
’n(3)(R1,R2,R3) = n(z)(Rlz)n(z)(Rn)n(z)(Rz:;). (3.25)

In this approximation, it is assumed that in a group of three particles, each pair
is independent of the third particle. This assumption is true if the density is low,
and the particles are far from each other, but this approximation has been shown
to be inadequate for liquid densities’. This approximation allows us to write
(3.24) as an integro-differential equation with only n(?) (or g((,z)) as the unknown
variable.73-75

Another approach to the solution of equation (3.24) was introduced by Orn-
stein and Zernike™. They view the total correlation function (3.21) as composed
of two terms: a direct term ¢(R;2), which is a function of the position of two par-

ticles, and an indirect term, that describes the correlation of the pair considered

with a third particle:

h(Riz) = c(Ri) +n / o Ris)h(Ra)d* Rs, (3.26)
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this equation is only a definition of the direct correlation function ¢(R), and it is
known as the Ornstein-Zernike relation™ (OZ). Taking the Fourier transform of

“of equation (3.26) leads to:
h(k) = é(k) + né(k)h(k), (3.27)

where the convolution theorem has been used. iz(k) and (k) are the TFourier
transforms of h(R) and ¢(R). Using eq. (3.22), taking k = 0 in (3.27), and

re-arranging the terms, (3.27) can be written as:

which is equivalent to the compressibility equation (3.22) showing that a knowledge
of ¢(R) is enough to determine the compressibility of the system. The physical

meaning of ¢(R) for dilute gases is simple. If we introduce (3.16) in the definition

of ¢(R), (3.27), we obtain:
c(R) = ¢'(R) = exp(—u(R)/kpT) — 1. (3.29)

The OZ direct correlation function puts too much emphasis on the region of sinall
k, i.e. small angle scattering®. Therefore, one must expect the data from small-
angle scattering to be of considerable importance when attempting to deduce the

pair correlation function from equation (3.28).

3.5 The Perkus-Yevick approximation
A useful approximation to the direct correlation function ¢(R) is the Perkus-
Yevick (PY) approximation””:
cpr(R) = g5 (R)(1 - explu(R/kpT))

= f(R)y(R),

(3.30)
where we have written:
f(R) = exp(—u(R)/kpT) ~ 1

(3.31)
y(R) = g (R) exp(u(R)/kpT).
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Using this approximation, the Orntein-Zernike relation (3.25) becomes:

h(Ri2 = f(Riz2)y(Riz) + n/lL(R23)f(R1};)y(R13)d3R3, (3.32)

3.6 The hard sphere model
The simplest approximation to the potential between pairs of particles is the
hard sphere model' 4, that allows the PY equation (3.31) to be solved analytically.

The potential is:
u(R) = o0 forR<o
(3.33)
=0 for R > o

The potential is shown in figure 3.3, where o is the diameter of the sphere. This
model gives the first useful approximation to the short-range interaction between
particles that determines the geometrical packing at liiluid densities. This model
is also very useful for discussing the thermodynamical properties of many simple

liquid metals. Its solution was derived by Thiele’® and Wertheim™®.

u(R)

ol

Figure 3.3: The hard sphere potential for liquid metals. o is the diameler of the sphere.
Using the hard sphiere potential, the direct correlation function in the PY
approximation can be calculated. The solution is a polynomial in R:
3
R R
ch,=a+b—+c(-—> <o
g o

R> o,

(3.34)
=0
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the coeflicients are:

a=—(1+2n)%/(1-n),
b=6n(1+1/2)"/(1-n) (3.35)

¢ = —n(1+2n)*/2(1 - n)*.

These quantitiés are expressed in terms of the packing fraction 7, which denotes

the fraction of the total volume occupied by hard spheres:

1
n= Ewa'an, : (3.36)

The thermodynamical variables can now be calculated by replacing the direci
correlation function (3.37) in the pressure equation (3.19),

phs = nkpT + %mz.zchTa"’g((,z)(a), (3.37)

where we have assumed the term u4 to be constant. The pair-correlation func-
tion g((,z) can be easily evaluated from equation (3.34), and the pressure equation

becomes:

Phs 1274397
= . J3.38
nkgT (1—7n)? ( )

Because of its mathematical simplicity, the hard spliere model has been well
studied. As an example, molecular dynamics simulations®® determined that the
freezing point occurs at a packing fraction of 0.45-0.46. Computer simulations®?:81
of the equation of state are shown to be very close to the results derived with the
Perkus-Yevick approximation and the hard sphere potential (equation (3.38)) In
general, the compressibility, and thermal pressure coefficients calculated using the
hard-sphere model agree well with the alkali metals, but not with other metals?.
However, the hard sphere model does not approximate well the gas-liquid tran-

sition, which requires an attractive part in the potential no included in the hard

sphere model.
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3.7 The static structure factor

The connection between theory and experiment can be made by the static
structure factor, as deduced from x-ray or neutron diffraction experiments. The
structure factors derived from these measurements are in qualitative agreement
with those calculated with the PY solution for hard-sphere liquids.

Let a liquid metal composed of N ions be illuminated with a monochromatic x-
ray beam of wavelength A. The amplitude of colerent scattering is represented in
terms of the atomic scattering factor arising from the electrons associated with each
atom. The phase factor of the wave scattered by the ion at R; is exp[i(k' —k)-R,],
where k and k’ are the incident and the scattered wave vectors. The total intensity

of the scattered radiation is due to the combined effect of the atoms in a liquid:

I(q) = Io <Z expliq- (R; — Ri)]> ; | (3.39)

iJ
where q = k — k', and Iy is the intensity of scattering from a single atom. If elastic
scattering is assumed, with an anglé of scattering of 20, and, the magnitude of q
is given by?:

4rsinf
¢=lq = —— (3.40)

The average of equation (3.39) means that exp(iq - R) is averaged over all con-
figurations of atomic pairs. Thus, we can use the definition of the pair corrclation

function (3.14) to calculate the average:

Nt <Zexp[iq (R - R,-)1> =1l+4n / 96" (R)exp(iq-R)I°R,  (3.41)

iJj
The 1 comes from the .terms with i = j in the summation. At low densities, when
982) = 1, the integral in (3.41) is nearly zero everywhere, except when g =~ 0. We
can write this equation as: .

I(q) = NIoS(q), (3.42)
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where we have defined the static structure factor as:
S(g) =1+ nf(gsz)(R) —1)exp(iq - R)d*R. (3.43)

The inverse of this relation can be obtained with the help of the Fourier theorein:

2 v gsing
i) =1+ 577 [(5(a) - )17 an (3.44)

This is the fundamental formula that connects the experimentally measured struc-

(2)

ture factor S(q) with the pair correlation function g;~’.

With the help of the § function, the nummber density can be written as:

n(R) =) §R -R;), (3.44)
J
which can be written in terms of the Fourier components exp(—iq - R) as:
1 .
n(R) = ) n([q)exp(—iq - R), (3.45)
q

where n(q) is the Fourier transform of n(R):
@)= [nR)eptia RIPR= Y enlia-Ry), (149
j

the last term has been obtained with the use of equation (3.44) Using equation
(3.46) in (3.39), and using this result in equation (3.42), we can write the structure

factor S(g) in terms of density fluctuations:

Sta) = 5 () P, (3.47)

At the long wavelength limit, i.e. when ¢ — 0, an important relation for the
equation of state can be obtained. Taking the limit when ¢ — 0 in equation (3.43)

we obtain:

S(0) =1+n / (o)) - 1)d°R, (3.48)
Using now the compressibility equation (3.21), we can write:

S(0) = nkgTxr. (3.49)
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The structure factor $(q) can be obtained by x-ray diffraction, elcctron or
neutron scattering. Some of the advantages and disadvantages of these imethods
have been discussed by Waseda?, Vineyard®2, and Enderby®3. A surnmary will be
given here.

The fundamental difference between neutrons and electrons is that neutrons
are scattered by nuclei whose size is smaller than the wavelength of thermal neu-
trons. Thus, neutron scattering can only determine the ionic configuration in the
liquid. X rays are scattered by core electrons, and the ion-ion and ion-electron
correlation determine the scattering intensities®4.

The absorption of x-rays in the sample is very large, and increases with high
Z elements. Also, the penetration depth in a liquid material is very small. Thus,
surface contamination has to be avoided. The samples have to be scaled in low Z
material, or studied in vacuum. For neutrons, the absorption is very sinall, and a
larg.e sealed sample should be used.

Multiple scattering events can be important for neutrons, but not for x rays.
At small scattering angles, secondary scattering from neutrons is the dominant
effect. X-ray scattering is superior at small angles.

The intensity of scattering is larger for x rays than for neutrons. Thus large
samples have to be used for neutron scattering.

The scattering process for neutrons is described only in terms of a scattering
parameter independent of the scattering angle, which simplifies the analysis. For
x rays, the atomic scattering factor and the intensity depend on the scattering
angle.

The scattering parameter for neutrons is sensitive to different isotopes, which
is a fundamental factor in the study of alloys.

The static structure factor S(q) has been measured for a large nunber of

liquid 1netals over a wide wavelength range, with x-ray and neutron scattering.
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For example, Narten®® measured liquid Ga, using very careful x-ray and neutron
scattering (figure 3.4a). Greenfield made careful X-ray measurements for Na,®®
(figure 3.4b). The general features are similar for all metals, there is a sharp peak
followed by several smaller peaks. The physical interpretation is more transparent
if we look at the pair correlation function which can be obtained by the Fouricr
transform of the static structure factor, given by eq. (3.44). This derivation is
shown in figure 3.5 for liquid In%. At small r, g((,z) is zero, because the separation
between the particles has to be greater than the size of the atoms. The sharp peak
at larger R is associated with the distance to the nearest neighbour; the following
peaks are associated with the next nearest neighbours. At larger R values, _q((,z)

tends towards one, that is, the particles are uncorrelated.
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Figure 3.4: a) Static structure factor S(q) of liquid Ga at 20 °C , measured with x-ray and
neutron scattering.®® b) Structure factor of liquid Na at 100 °C using x-ray measurements.®®

The integral between 0 and r of the pair correlation function gives the number

of atoms in a sphere of radius, r:
N,=n / o P(R)arR2dR, (3.50)
0

N, is called the radial distribution function (RDF). The coordination number,
which is defined as the number of nearest neighbours about an atom, can be

calculated by integrating the radial distribution function from zero to the position
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of the first minimum.

For certain metals the results are close to the coordination number in the
solid phase,’” but, in general the number in the liquid phase is smaller than in
the solid phase. In cluse-packed metals the coordination number is 12; for liquid
metals it varies® from 9 to 11. The difference is related to the random packing of
spheres. According to calculations of aggregates of hard spheres®®°7, the random,
close-packing fraction is 0.64, compared with 0.74 for crystal close packing. .This

explains the increase in the volune upon melting that occurs in most mnctals.
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Figure 3.5: The pair correlation function g((,2) calculated {rom the measured structure factor S(q)
in In%°,
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Chapter IV. Experimental section

4.1 Description of the beam:

The Liquid Metals Beam is a magnetically guided positron beam designed to
study the interaction of positrons with low vapor-pressure liquids at ultra high
vacuum. Positrons are obtained from a radioactive source and are moderated
to a few eV. Subsequently, they are guided to the sample and implanted at the
desired energy. The resolution of the beam is 1 eV at 200 eV. The transport
system, consisting of 9 coils that magnetically guide the positrons to the target,
is mounted vertically to allow study of liquid samples. The four main chambers

are schematically shown in figure 4.1.

1.- The upper chamber has a 70 mCi radioactive source that produces the
positrons. A 22Na source decays into ?2Ne, releasing a positron and a gamma
ray of 1270 keV of energy. These gamma rays are shielded from the detector
by a heavy metal shield placed inside the chamber, and lead sheet outside the
vacuum chamber.

The emitted positrons have a broad energy distribution, with mean energy of
= 150 keV, and maximum energy of ~ 450 keV. These positrons are moderated
by a tungsten film of ~ 5000 A coupled te an inverted tungsten cone. The
advantages of this configuration will be discussed in section 4.3. The conversion
efficiency from fast to slow positrons with this geometry is approximately 10~4.
The negative work function of W allows the positrons reaching the surface to be
re-emitted into the vacuum. These positrons have a narrow angle and a narrow
energy distribution.’? A diagram of the source chamber, source, moderator, and

accelerator tubes is shown in figure 4.2.
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Figure 4.1: Schematic view of the Liquid Metals Beam. The source and moderator are placed

at the top. The sample is placed in the bottom chamber. Positrons are guided into the sample
by an axial magnetic field.
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The source and moderator are mounted on a linear feedthrough of 1 and 2

inches respectively, so that their relative positions can be easily adjusted. The

maximum positron yield is obtained with the moderator in contact with the

source and at the same potential. The moderator can be moved away from the

source, to a position where it can be annealed with an electron gun. Because there

are no pumps close to the electron gun, annealing has to be done slowly, to allow

the gases released by heating to be pumped down. The annealing temperature

in the beam should be ~ 800 °C,
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Figure 4.2: Diagram of the soutce chamber, the source, moderator geometry and accelerator

tube. The E x B plates are placed below the accelerator tube.

Below the moderator and source there is a chamber that contains the Ex

B plates. On each side of the plates there is tube that creates an homogeneous
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acceleration field. To prevent the fast positrons and gamma rays from reaching
the detector, the source and moderator are displaced 1 inch from the axis of
the beam. The Ex B plates act as a velocity filter that deflects the positrons
towards the a..xis of the beam.i Two collimator disks made of heavy metal are
located on each side of the ExB plates, so that there is no direct path from the
source to the sample.

In standard, flat, ExB filters, the positrons acquire a drift velocity given
by v = Ex B/B?, and their deflection depends on the time spent inside the
plates. The velocity is given by v = \/m In the Liquid Metals Beam, the
energy of the reemitted positrons is = 3 eV. Thus, the positrons are deflected
horizontally 25 mm. Fast positrons (E > 50 keV) coming directly from the source
are deflected only a few mm and annihilate in the lower collimator plate.

When the diameter of the beam is comparable to the separation between
plates, the shape of the beam is distorted.’? There is a substantial potential
gradient across the beam profile inside the ExB plates that broadens in the
longitudinal positron momentumn. This produces a spread in the transit times
which results in a distortion in the beam profile, as seen in figure 4.3.

The curved E xB plates were designed to prevent this distortion. A computer
simulation®? shows the distortion by flat plates and the result using curved plates
(Fig. 4.3a and Fig 4.3b respectively).

The source and ExB chamber can be floated up to 25 kV with a high voltage
power supply. The moderator, source, and chamber are all electrically isolated
from each other and from ground. Up to 7000 V can be applied to the mod-
erator and source, and have the chamber grounded without short circuits. The
normal running configuration has the source, moderator and chamber electrically

connected.
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Figure 4.3: Cross sectional view of the flat and curved ExB plates. a) Beam distortion due to
flat plates. b) No distortion ocurrs in curved plates. (from ref. 92).

Three low-voltage power supplies are connected to the chamber and isolated
from ground. They are used to bias the ExB plates and two extraction tubes.
Below the source and ExB chambers there is an accelerator stage that clectri;:a.lly
isolates the top chambers from ground. This stage also provides an evenly spaced

electric field gradient that helps prevent distortion in the beam.

2.- The center chamber is designed so that a collimator tube can be inserted
to protect the moderator and source. Some of the metals studied (Na, Bi, Pb)
have high vapor pressure, and, at high temperatures, part of the sample evap-
orates and may be deposited on the moderator or source, thus decreasing the
beam rate. Even worse, deposited metals can corrode the window of the source
and create a contamination hazard. The collimator has several 6-inch tubes of
different diameters.. A rotary mechanism allows tubes with diameters ranging
from 5 to 11 mnm to be interchanged without breaking the vacuum. If necessary,
the tubes can be cooled with liquid.nitrogen to increase the sticking coeflicients

of the gases passing through them.
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A 60-liter ion pump and a titanium pump are located on either side of the
collimator. -

The two top chambers are separated from the bottom chamber by a gate

valve. This valve is kept closed to maintain the source and moderator under

vacuum while the sample is being changed. It is also desirable to close it during

argon sputtering.

3.~ The lower chamber (target chamber ) contains the sample, a turbo pump,
and the Ge detector. Measurements are made in this chamber.

The sample is mounted in a manipulator that allows 36 inches of forward
travel. It can also be moved laterally and horizontally, as well as rotated to allow
precise alignment of the sample and beam. The temperature is measured with
two type-K thermocouples, the first normally mounted in the boat that holds
the sample, and the other on top of the heater. The heater is a non-inductively
wound W wire isolated from the sample holder by ceramic beads placed below
the sample. The maximum sample temperature that can be reached with the
heater is ~ 600 °C. Temperature fluctuations depend on the temperature of the
sample. For T > 150 °C, fluctuations from the set point are less than 1 degree.
At lower temperatures, the fluctuations are 2 - 5 °C. There are four electrical
connections to the sample; two are attached to the heater, and two can be used
to bias the sample. For cooling, there is a liquid nitrogen line that fills a small
dewar close to the sample, which cools a copper braid connecting thc dewar to
the sample. The lowest temperature that can be reached is ~ —100°C:

Outside the chamber, on one side of the sample, there is a high purity in-
trinsic Ge detector. It is used for Doppler broadening and positronium fraction
measurements. It operates at liquid nitrogen temperatures in order to lower the

leakage current and, hence, the noise of the system. The high purity Ge has been
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made into a diode capable of withstanding high reverse bias voltages (typically
3500 V). Electron-hole pairs produced by the absorption of a gamma ray are
driven to opposite sides of the detector by an electric field. The current pulse
is integrated by a charge-sensitive preamplifier that produces an output voltage
pulse of height proportional to the incident energy of the gamma ray. The reso-
lution obtained with this type of detector is 1.4 keV FWHM at the 477 keV peak
of "Be. The collection efficiency is ~ 35 %.

Below the sample there is a photodiode coupled to a CsI(T1) scintillator that
is used to monitor the stability of the beam. If, at any time, the beam misses
the sample, positrons will annihilate in the bottom of the chamber, close to this
detector, increasing the count rate. The detector is used to tune the magnets for
different incident energies.

On the opposite side to the detector, there is a 60-liter turbomolecular pump
that handles the gas load when the sample is liquid. This pump keeps the vapor
from the sample from reaching the low energy electron diffraction (LEED) and

Auger system.

4.- The analysis chamber is located on the side of the sample chamber, in
line with the manipulator, so that the sample can be moved from the target
to the analysis chamber. A shutter separates both chambers, preventing the
vapors from the sample from reaching the LEED-Auger apparatus. This chamber
contains an electrostatic retarding field Auger analyzer and LEED system. Liquid
samples present geometric constraints; the sample surface must be horizontal.
Therefore, the surface analysis system must be useable without rotating the
sample. This configuration is achieved by mounting the LEED-Auger system in
a vertical position.

In this chamber there is also a 200 liter ion pump, quadrupole mass spec-
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trometer, and an ion gun. A leak valve is connected to this chamber to introduce
argon gas for sputtering. An ion gauge is also located in this chamber, and the
pressure at which the data is taken is typically 1 x 10~ Torr. The mass spec-
trometer can be used to look at vapors released from the hot sample. This is an
alternative method to detect impurities in the surface of the sample, and it also

serves as a very sensitive leak detector.

The normal cleaning procedure consists of sputtering the sample with Ar,
(20 A at 2000-3000 V), at a pressure of = 5 x 10™4 Torr. The sputtering time
and energy of the ion beam depends on the type of sample, and the impurities
present. In most cases, the surface is oxidized.

Néxt, the sample is annealed for several hours to get rid 'of any Ar atoms
adsorbed on the surface. The annealing temperature also depends on the sample.
If the surface looks clean after annealing, an Auger study should be done. The
size of the electron beam is less than one mm?, and it is desirable to study on
several places on the sample where contamination is suspected. The electron
beam current is typically 20 zA at 3000 V. If the sample .stiII has impurities, the
cleaning procedure must be repeated. ‘

Beam transport is achieved with a magnetic field of ~ 100 gauss produced
by 9 solenoid magnets. A gradient in the field is established to create a focusing
effect that reduces the cross sectional area of the beam at the sample. The field is

weaker in the top chamber (close to the moderator) and stronger at the sample.

The current in the solenoids positioned above the sample is controlled by the
computer. Whgn the incident energy of the beam is changed, the area of the
spot and its position changes slightly. To correct this effect, the magnetic ficld
produced by two magnets above the sample is adjusted for each implantation
energy. The effective diameter of the beam at the the sample is ~ 3 mm. The

beam moves sideways less than 2 nm when the energy varies from 100 eV to 25

.
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keV.

4.2 Data acquisition system

The data acquisition system for S, W, and F parameter measurements con-
sists of an intrinsic Ge detector, a silicon photodiode coupled to a scintillator,
and external electronic circuits (figure 4.4).

The photodiode detector is positioned at the bottom of the beam, below the
sample, to monitor the count rate at the bottom of the beam. An increase in
the count rate indicates that the beam is bypassig the sample. The Ge detector
is used for the high resolution measurements of the 511 keV gamma rays and is

positioned = 5 cm from the side of the sample.

Ge
detector 5i/CsI(TI)
detector
ADC amp. & amp: 673 amp. &
gated Int. SCA
. SCA 1
MCA L—' counter |+
SCA 2
IBM
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Figure 4.4: Block diagram of the electronic data acquisition system of the Liquid Metals Beam.

The output from the Ge detector is fed into a shaping amplifier, (Ortec 673).
One output of the amplifier is fed into a biased amplifier and gated integrator
(Ortec 444), which amplifies the region of the spectrum around 511 keV. The

spectrum starts at 500 keV and ends at 590 keV. The outputs from the 444
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amplifier are fed into an analog-to-digital converter (ADC) Canberra 8077, and
finally, into the multichannel analyzer (MCA); the S and W parameters are taken
from the MCA.

The second output from the shaping amplifier is fed into a single-channel
analyzer (SCA) with a window around 511 keV. The third output is fed into
another SCA with a window that starts at = 100 keV and ends at =~ 520 keV.
The outputs from both SCA go to a counter (Ortec 974). These data are used
to calculate the positronium fraction. Annihilation radiation from Ortho-Ps falls
into the SCA with the wide window, and annihilation radiation from Para-Ps falls
into the SCA with the narrow window. The F parameter can then be determined

by the procedure described in section 2.5.

4.3 Development of positron moderators

Moderator efficiency is an essential factor in developing low-energy positron
beams. A high flux of positrons allows the study of surface and bulk properties
of the sample in a reasonable time span. The geometry, as well as the technique
used to prepare the moderators are important factors in the efficiency obtained.%

The efficiency of a moderator is defined?® as the ratio of slow positrons emit-
ted by the moderator and the number of positrons emitted by the source (cal-
culated from its activity). Characterizing moderators in this way is sumewhat
imprecise, and does not separate the prop'erties of the moderator from those of the
source, but the definition was adopted because the self-absorption of the source
and the number of positrons backscattered by the substrate into the moderator
are not well known.

We will discuss some geometries currently used in positron beams, and the
preparation technique of forward re-emission geometry, i.e. when positrons are

re-emitted from the surface opposite to the source, using a thin fouil or cone.
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Different geometries are shown in Fig. 4.5
a) The most common configuration is the back-reflection geometry®* (figure
4.5a). A piece of single crystal, W, is placed in front af a ®Co source plated on a
W needle. The positrons are implanted into the W crystal. After therinalization
they diffuse back to the surface, where they are reemitted with the energy of the
positron work function (~ 3 eV). The efficiency obtained with this geomelry is
~ 2 x 103, One disadvantage of this method is the short lifetime of the 58Co
source, Ty/; = 70.8 days; it has to be replaced often. In addition, ounly 15 %
of the decays results in positrons. Another disadvantage is that a significant
fraction (~ 20%) of the emitted positrons are captured by the source on their
drift path out of the moderator. Therefore it is desirable to use the smallest
source possible. 22Na can not be used with this geometry because it can not be
made in small sizes. 22Na has a high 8 decay fraction ( 90 % of the decays are

positrons), and long lifetime, T;/; = 2.6 years.

b) Venetian Blinds%:9: This moderator (Fig. 4.5b) is made of several poly-
crystalline parallel W films equally spaced, with the surfaces at an angle to the
incoming positrons. .This geometry provides a large area for moderation, and
large 22Na sources or a LINAC can be used to produce the positrons. In the
later case a Ta plate of thickness ranging from 0.3 - 2.5 cm is used to create
electron-positron pairs from the incoming electrons. This type of moderator is
difficult to make because it has to be made with polycrystalline W foil, which
has lower efficiency than single crystal W foils. The efficiency obtained with this
geometry®® is ~ 9 x 1076,

c) Solid rare-gas moderator: This moderator is used with a 2?Na source
(other sources could be used, e.g. %4Cu ) in thermal contact with a cone or a
cylinder but electrically isolated??%7 from them. The system is cooled to ~ 7

°K, and a thin layer of Ne is deposited on top of the source and cone. Positrons
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implanted in the Ne layer will quickly lose energy by ionizing radiation and the
creation of e-hole pairs. The band gap of insulators limits the minimum enecrgy
that a positron can reach, below which phonon excitation is the only available
mechanism to lose energy. Positrons with less energy have high mobility and are
likely to escape from the solid. The cone or cylinder increases the area available

for moderation. This configuration is shown in figure 4.5¢
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Figure 4.5¢: Some of the different geometries actually in use in positron beams. a) Back-reflection
geometry, b) Venetian blinds, ¢) Solid neon moderator, d) Thin fuil, ¢) Cone, and ) “I'hin film
and inverted cone.

The disadvantage of this set-up is that it requires that the the modera-

tor/source assembly be cooled and operated under ultra high vacuum. The

efficiencies obtained are very high®": ~ 7 x 103

d) Thin film: This geometry is the simplest of all used (figure 4.5d). It
requires a thin filin of 0.1 to 1.0 um thickness that can be made of several

crystalline or polycrystalline materials?*%. The source is placed on one side of
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the film and the slow positrons re-emerge on the opposite side. A thin film can be
easily used for remoderation because a favorable configuration of clectromagnetic
fields is easily obtained.

Gramsch et. al.?® compared several different thin films. The films were
prepared by annealing to temperatures close to their melting points several times,
at a pressure of 5 x 10™8 Torr. The measurements were taken with a calibrated
22Na source of 0.9 mCi. For W films, the annealing procedure consisted of heating
to ~ 2000 °C for 2-3 min, then cooling to 1600 °C for 15 min, and repeating this
step 3 times. The film was annealed in a separate chamber at a pressure of
5 x 10~7 Torr, then was transported in air to the beam were the tests where

done. For Ni films, the annealing was done in situ at ~ 1400 °C several times.

The highest efficiency was obtained®® with a Ni(100) single crystal of 0.3
pm. A disadvantage is that Ni does not stay clean for long in a vacuum of 5
%x10~% Torr, and the efficiency decays after a few days. High efficiencies also
were obtained with a W(100) single crystal, whose efficiency remains stable in
high vacuum ( 10~7 Torr). This crystal can also be exposed to air without losing
cfficiency. The efficiency of polycrystalline films is 50 % less than single crystal
W or Ni, but these films are more rugged and are commercially available. Single
crystal W or Ni are not readily available and their production requires specialized
equipment.

The slow positron yield from a MgO crystal has been measured by Mayer
et. al.%° The crystal was prepared as follows. A 1 x 1 x 0.3 mm?® MgO plate
was etched to a thickness of ~ 50 ym. To make electrical contact between the
film and the source, and reduce charging problems, a copper film of ~ 2 um was
evaporated on the source side of the moderator. The positron yield was mea-
sured after heating the moderator with an electron gun. The efficiency obtained

for this crystal was 2 x 1075 The efficiency of different thin-film moderators is
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summarized in table 4.1.

Improvements in the efficiency and in the energy resolution of the re-emitted
positrons from a thin film can be obtained using an inverted W cone in front of
the film (figure 4.5f), as discussed by Wu et al1% With a filim, a large fraction
of the positrons (~ 77 %) are transmitted without losing much energy. This
method improves the efficiency by forcing the transmitted positrons back to the
to the film, so they can be moderated. Improvements from 50 % to 150 % have
been obtained for cones with different shapes.

e) Cone moderator: In this configuration (figure 4.5¢), a truncated cone is
spark-cutted from a W or Ni single crystal rod.1! Subsequently, it is annealed
by a similar procedure as that used for the films in iv).

The cone is placed in front of the source (the smaller opening facing the
source) on an x-y-z manipulator. Its position is adjusted until the best efliciency
is obtained. A grid placed in front of the cone with a high extraction potential is
needed. The magnetic field in the area of the cone has to be lower than the rest
of the beam, because the cyclotron radii of positrons leaving the cone decrease
with distance from the point of origin. Consequently, the fraction of positron
tra.jectbries which intersects the cone surface adjacent to the point of reemission
is reduced.

This configuration has high yields of positrons, with an efficiency in the range
of 1.2 to 1.5 x 1073, Because a high extraction potential and nonhomogeneous
magnetic field is needed, the energy resolution of the beam is not as good as with

a single foil.
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Table 4.1: Comparison of different moderators and the efficiency obtained for
the source/ moderator system. The efficiencies are taken from the papers quoted
in the references.

Moderator efficiency reference
W backscattering 2x103 94
Venetian Blinds 9 x 10~6 95,99
Solid rare gas

cone 7x 103 97

cylinder 5x 103 22
W(100) thin film 5.9 x 1074 93
W polycrystalline 2.6 x 104 93
Ni(100) thin film 6.6 x 10~4 93
Ni polycrystalline 2.5 x 10~ 93
Cu polycrystalline 8.5 x 106 93
Ta polycrystalline 3.5x10°% 93
Mo polycrystalline 7.5 x 1075 93
Nb polycrystalline 3.1x10°° 93
MgO(100) thin film 2 x 1075 99
W(100) with an
inverted cone 1.0 x 10-3 100

W cone 1.5 x 10~3 101




Chapter V: Results 69
Chapter V. Results

5.1 Temperature dependence of S and F

We have studied several liquid metals in an attempt to identify the different
variables that contribute to the diffusion motion. As with solids, it is expected
that positrons will diffuse freely or be trapped at defects or at the surface of a
liquid. In each case, the interpretation of the results will differ.

The metals studied can be classified according to the the state of the positron
in the solid phase. The first group is metals in which thermal vacancy trapping
has not been observed in the solid phase, either by lifetime!®192:16 or Iy angular
correlation!?14103-105. these metals are Ga, Bi, Na, and Sn. The second group is
metals where experiments have shown positron trapping at thermally generated

vacancies: namely Pb and In. Some properties of the metals studied which are

relevant to the experiments are presented in table 5.1.

Table 5.1: Lattice structure and other physical characteristics of the metals under
investigation. orc = orthorhombic, rhl = rhombohedral, bcc = body-centered
cubic, fct = tetragonal, fcc = face-centered cubic. V is the volume of the ion core
in the lattice, Z is the number of valence electrons. Trapping refers to trapping in
thermally generated vacancies in the solid phase.

Metal Lattice Z Tr Trapping
°C in vacancies
Ga orc 3 29.8 no
Bi rhl 5 273.3 no
Na bee 1 95.7 no
Sn fet 4 232.0 no
Pb fce 4 327.5 yes
In fct 3 156.6 yes
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Because of their charge, positrons are repelled by the atomic nuclei in the
lattice. The potential energy of a positron in a metal is minimal at the interstitial
space of the lattice, and increases as the positron approaches the ion cores. Thus,
the probability of finding a positron in the interstitial space or at vacancies is higher
than the probability of finding it near the ion cores. The details of the potential
energy depend on the characteristics of the lattice!?®, as well on the relative size
of the nuclei.’07 Table 5.2 shows, the bulk lifetime at room temperature and the
lifetime just below the melting point. In metals where vacancy trapping is not
observed, the lifetime remains constant with temperature. The binding energy of

positrons to vacancies is also shown.

Table 5.2: Experimentally measured bulk lifetime of positrons in solid and liquid
metals. E, is the binding energy of a positron to a vacancy in the metal, from

reference 117

Metal 7 (ps) 5 (ps) 7 (ps) Ref. E,
T=22°C T < Tm T > Tm (eV)
Ga 190(5)  190(5)  260(6) 16 2.65
Bi 258(3)  258(3) 105
Na 263(5)  263(5)  278(5) 16 0.02
Sn 202(5)  202(5) 102 2.64
Pb 201(5)  275(5) 108 3.44
In 220(4)  280(5)  260(4) 109 2.55

If positrons are not localized, the motion can be interpreted in terins of scat-
tering from ions or electrons. If they are trapped, the interpretation has to be
made in terms of hopping or tunneling between traps, similar to the sell-diffusion
process of ions in liquids!~3. In metals where vacancy trapping was observed in

the solid phase, we can expect trapped positrons also in the liquid phase.
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In metals where trapping was not observed in the solid phase, trapping can or
canot occur in the liquid phase. In some solid metals, the traps are too shallow
to have bound states because the ion cores are too far apart compared to the
mean distance between atoms.1%7. In other metals the ions relax arround the trap
reducing the binding energy of positrons. In the liquid phase, it is likely that
there are traps with varying sizes. Therefore, trapping is likely to happen. For
untrapped positrons, the diffusion motion could be related to ion scattering, as in

the solid phase. A more detailed discussion with be given in the conclusions.

5.1.1 Measurements of S and F as function of temperature for Ga, Bi,
Na, and Sn
Gallium

Gallium has been studied using bulk positron lifetime?® and angular correlation
techniques'®. Previous experiments!!® on liquid and solid Ga using a positron
beam did not show a significant difference between the solid and liquid phase.
Gallium is an interesting metal to study because it has a low melting point, 29.8
°C, ant it contracts 3.1 % on melting, its vapor pressure at 500 °C is only 2 x
1072 Torr. These characteristics allow studies over a large temperature range in
the liquid phase at ultra high vacuum.

The Ga sample was obtained from ROC/RIC, Ca, 99.999 % purity. Before
placing in vacuum, Ga was etched in 50 % nitric acid, 56 % distilled water, until
a shiny surface was obtained. The etching procedure is described in reference
144. It was cooled under vacuum to -10 °C, sputtered with argon at a pressure
of 4 x 10~* Torr for 1 hour and then annealed at 500 °C for 12 hours. No trace
of contaminants was detected with retarding field Auger electron spectroscopy,
(figure 5.1).

The teinperature was controlled and measured with a type K thermocouple.
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Fluctuations were less than 1°C, and the error in the calibration was less than
~ 3°C. During measurements, the pressure in the beam was better than 5 x 10~?

Torr.

The S parameter was measured as function of the temperature at three inci-
dent energies, as displayed in fig 5.2. The three curves correspond to positrons
implanted close to the surface Z < 20 A (E = 25 eV), in the bulk z ~ 8200 A (E
= 20 keV), and at an intermediate point where there are contributions from the

surface and the bulk, 2 ~ 130 A (E = 1.5 keV).
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Figure 5.,1: Auger spectrum of Ga, taken before the experiments.

The mean implantation depth was calculated using Eq. (2.2). Different fea-
tures were seen for the surface and bulk. The S parameter at the surface (E = 25
eV) does not show a significant change at the melting temperature suggesting that
the branching ratio of positrons forming Ps, or annihilating at the surface, is not
altered on melting, i.e. is independent of the crystalline structure. The small rise
observed at the melting point could be associated with changes in the geometry
of the sample, or melting of a section of the sample caused by variations in tem-

perature across the sample. It is interesting to note that the density of electron
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states increases significantly!!! near the Fermi encrgy when Ga melts suggesting
that there are more energetic electrons available to pick up the positron and form

positronium; an increase in positronium formation should be seen on melting,
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Figure 5.2: S parameter in Ga for three incident energies as function of temperature, E = 25
eV corresponds to positrons implunted close to the surface (2 < 50 A), E = 20 keV are positrons
implanted in the bulk (£ ~ 8000 A), and E = 1.5 keV positrons implanted at £ & 130 A, this curve
has contributions from positrons annihilating in the bulk and surface.

however this did not occur.

As the temperature increases beyond the melting point, the surface value of S
in Ga increases mainly from thermally activated formation and desorption of Ps
from the surface. Positronium fraction curves are shown in figure 5.3 for the same
incident energies. The first curve, (E = 25 eV), shows that positronium begins to
be thermally desorbed at T = 50 °C. The S parameter from annihilation of Ps is
high because the low momentum of the e*-e~ atom.

Thermal desorption of Ps has not been observed before in liquids, and, this

work shows for the first time, that a positron surface state can exist on disordered



Chapter V: Results T4
surfaces. At the melting point , a small rise is observed; as before, this rise could

reflect local melting, or impurities being released from the surface.
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Figure 5.3: Positronium fraction in Ga as function of temperature. The first curve is for Z < HU
A, the second curve is for Z ~ 1304, and the lower curve is for £ ~ 6200 A.

We turn now to a quantitative treatment of positronium desorption. The
activation energy of positronium E, is related to the binding encrgy of positrons
to the surface trap Ey, the energy necessary to extract an electron from the surface
¢, and the energy released when Ps is created in vacuum (6.8 €V). From the
112,

Born-Haber cycle
Ey=¢-+E,—68¢eV. (5.1)

Typical values of E; are 2-3 eV. The activation energy for desorption of positro-

nium ¢p,, can be calculated from the temperature dependence of the fraction of

positrons arriving at the surface that form Psi13:142;

[ exp (= Ea/ksT)
A+ Texp(—Eq/kpT)

where F, is the fraction of energetic positronium emitted from the surface. It is

fo(T) = Fo + fas (5.2)
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generally assumed that the desorption rate!!®*3 is T exp(—E,/kpT), where X is
the annihilation rate of positrons trapped at the surface state. The second term in
eq. (5.2) is the fraction of positroniums emitted from the surface state, with f, the
fraction trapped at the surface. The experimental values of the Ps fraction in fig.
5.3 were fitted with a nonlinear fitting routine, using F, f,, Eq, and I'/\ as free
parameters. The re‘:sults are shown in fig. 5.4. The solid line is a fit to cquation
(6.2). The results are Eq = 0.35(0.03) ¢V, F, = 0.36(0.01), f, = 0.55(0.01) and
I'/A =1.0(0.4) x 104,

The electron work function in metals depends on the phase of the surface;
the differences between phases is about 5 %. However, the differences between
the results obtained by different experimental methods are of the same order!!S,
Therefore, the work function used to calculate the binding energy of positrons
to the surface represents an average from different phases. From Ashcroft and
Mermin1®’s book, the electron work function in Gais ¢_ = 3.96 eV. Fromeq. (5.1)
we obtain for the positron binding energy Ey = 3.19(0.03) V. This value is higher
than the theoretical value E; = 2.3 eV, obtained by Nieminen and Iodges''.
However, these authors used an average electron density to determine the corre-
lation energy Ecorr. It was shown later!! that this method gives variations in the

absolute values of the positron work function of up to 1 eV.

The second curve in fig. 5.2 shows the S parameter for positrons implanted
at z ~ 130 A. This curve has contributions from positrons that annihilate in the
surface and in the bulk. In liquid Ga, the fraction annihilating in each state
is different from that in the solid state. Therefore the S parameter drops upon
melting because fewer positrons can reach the surface. This finding indicates that

the diffusion length decreases on melting.

The bulk value of S for Ga in fig 5.2 ( Einc. = 20 keV ) increases at the melting

point, which is generally assumed to be caused by positron trapping!®104195, Ap
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increase in the bulk lifetime of Ga from 190 to 260 ps'®, also suggests that positrons
become trapped in liquid Ga. We note that these traps do not affect the positrons
annihilating at the surface, because no change is seen in S,. The potential well of

the traps at the surface is negligible compared to the surface state.
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Figure 5.4: Thermally activated Ps formation in Ga; the dashed line is & nonlinear fit using eq.
5.2. The results are E, = 0.35(0.03) eV, Fp = 0.36(0.01), f, = 0.5656(0.01) and 1'/A = 1.0(0.4) x 10*

In the solid phase, there was no trapping of positrons in thermal vacan-
cies!?1%5 The reason may be that Ga has a very open packed structure, or-
thorhombic Ga has a coordination number!!! N, = 7. Therefore because the
large separation between atoms, potential wells capable of trapping positrons are
not created?” or they are too shallow. On melting, Ga contracts by 3.1 %, and
the coordination number increases to N, = 9-10.111 In spite of the decrease in the
average interatomic spacing, previous studies have shown that trapping does oc-
cur in the melt!®. Kishimoto and Tanigawa’s!%® two-parameter correlation of the
lifetime of positrons and energy of the annihilation radiation suggests that more

than one annihilation mode can coexist in the melt. Oune mode is short lived, with
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narrow momentum distribution, which is attributed to trapping and annihilation
in solid-like clusters in the liquid. The other is long lived, with broad momentum

distribution!%? (attributed to trapping in vacancy-like defects).

These two modes of annihilation were also evidenced by a small decrease in
the lifetime of liquid Ga as the temperature was increased!®. Our results only

show a small decrease in Sy, as the temperature is increased.

Bismuth

Bi is a semi-metal with low melting point, T,, = 273.3 °C, that also contracts
on melting (3.3 %). Its vapor pressure just above the melting point is &~ 1 x 1010
Torr; its density at room temperature is 9.8 g/cm3. As in Ga, previous studies in
Bi1% showed no trapping of positrons in thermally generated vacancies in the solid

phase. Therefore, in solid Bi the bulk S parameter increases slightly, following the

thermal expansion of the latticel®® (which is also true for Ga).
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Figure 5.5: Auger spectrum of a clean Bi surface taken before the experiments.

The Bi sample was obtained from Aesar/Johnson Mathey, MA, 99.9999 %
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purity. Before placing the sample the vacuum, it was etched in a solution of 160
ml H30, 30 ml nitric acid, and 40 ml glacial acetic acid'*4. It then was placed in
the beam, sputtered, and annealed in situ until there was no trace of contaminants.
The Auger spectrum of a clean surface taken before the experiments is shown in

figure 5.5.

The experimental values of the S parameter as a function of temperature are
shownin fig. 5.6. The S parameter at low incident energy, E = 200 eV, corresponds
to positions implanted close to the surface (2 < 50 A). This curve starts to increase
at T ~ 80°C and levels off at the melting point. As in liquid Ga, this leveling is

caused by thermal desorption of positronium.
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Figure 5.8: S parameter for Bi plotted as function of temperature for three incident energies. T
= 200 eV corresponds to positrons implanted at z < 50 A, E = 5 keV to positrons implanted ai
2 480 A, and E = 25 keV corresponds lo Z =~ 6200 A,

At the melting point, there is a jump associated with a change in the geometry
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of the samnple, or release of impurities. It does not seem to be related to a change
in the surface state, because the positronium fraction increases slightly. and the

change in S is of the same order of magnitude as the error bars.

The second curvein fig. 5.6 shows the S parameter from positrons implanted at
E = 5.0 keV, which corresponds to Z ~ 540 A. As in Ga, there are two contributions
to this curve; S, and Syyx. A fraction of the positrons diffuse to the surface and
contribute with a high value of S; the remaining annihilate in the bulk. Because
the diffusion length changes at the melting point, the fraction of positrons that
annihilates in the bulk increases, and the the fraction in the surface decreases. As

a result the S parameter decreases.
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Figure 5.7: Positronium fraction in Bi at the same incident energies as in fig. 5.6, as function of
temperature.

The fraction of incident positrons that form Ps after returning to the surface
is shown in fig. 5.7 for the same incident energies as fig. 5.6. Thermally activated

Ps formation is clearly seen in the first curve (E = 200 V). These positrons are
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implanted close to the surface, and most of them return to it. The small increase
in Ps formation upon melting suggests that the density of clectron states increases
in the liquid phase, i.e. there are more free electrons with energies cluse to the

Fermi energy that can combine with positrons to form Ps.

Using eq. (5.2), the first curve in fig 5.7 can be fitted, to obtain the for-
mation energy of positronium. The results obtained are E, = 0.32(0.01) eV,
Fo, = 0.38(0.01), f, = 0.58(0.01), and I'/\ = 7(2) x 10%. The results are also shown
in fig. 5.8, along with the fitted results. The electron work function!!® of Bi is ¢_
= 5.4 eV. Using equation (5.1) the binding energy of positrons to the surface trap
Ey = 2.72(0.01) eV. At the melting point, the S parameter drops because fewer
positrons can return to the surface, indicating that the diffusion length decreases

on melting.
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Figure 5.8: Fit to positroninm fraction in Bi (dntted-dashed line) using eqq. 5.2. The circles are the

experimental values. The formation energy of positronium is E, = 0.32(0.01) eV, F, = 0.38(0.01),
f, = 0.58(0.01), and I'/A = 7(2) x 103.

The bulk value of S for Bi, E = 25 keV, which corresponds to an implantation
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length of Z ~ 7040 A, shows a linear increase with temperature, and a small change
upon melting. This jump could be due to vacancy trapping!” or to a change in
the electronic configuration!!® in the location of positron annihilation.

The change in positronium fraction at the melting point seen in the third curve
of fig. 5.7 (E = 25 keV) reflects ~ 3 % of the positrons reaching, and annihilating

at, the surface. Upon melting, all positrons annihilate in the bulk of the sample.

Sodium

Na is an alkali metal with low melting point, 95.7 °C, its vapor pressure at
T = 130 °C is = 4 x 10~® Torr. The vapor pressure increases very rapidly as
temperature increases. Therefore, only measurements for T < 250 °C could be
performed. Sodium reacts easily with oxygen and hydrogen, and is very hard to
keep clean, even at a pressure of 2 x 10~? Torr, which corresponds to normal run-
ning conditions. To obtain a clean St;mple, a sealed ampule from Aesar/ Johnson
Mathey, MA, 99.95 % purity, containing Na was inserted into the vacuum system.
When the pressure reached =~ 1 x 10~? Torr, the tip of the ampule was broken
and heated until liquid Na poured into the sample holder. A large, clean Na
meniscus was obtained. The surface was subsequently cleaned by skimming with
a flat stainless steel blade to remove impurities. Auger spectra were taken before
and after measurements to assure that the surface of the sample was free from
impurities. Figure 5.9 shows a typical Auger spectrum after cleaning.

Previous theoretical studies?’"11% predicted a high value of the positron work
function for Na (¢4 = 5 eV), and a positive value of the positronium work function
(pps = 0.4€V). Ther.efore, no emission of positrons or positronium from the surface
was expected. In addi£ion, it was also predicted that there would be no bound
states at the surface’!. As a consequence, all thermal positrons reaching the

surface from the inside will be reflected and eventually annihilate in the bulk.
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Figure 5.9: Typical Auger spectrum of clean Na sample taken before the experiments.
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Figure 5.10: S parameter in Na for positrons implanted close to the surface (E = 100 eV) and
deep in the bulk (E = 25 keV) as function of temperature. Both curves show similar features and
are close to each other, indicating that, in both cases, positrons annihilate in the bulk.

This effect can be seen in figure 5.10, where the S parameter is shown for for two

incident energies. The results at E =100eV (2 < 50 A) andE =25keV (2 = 7.1
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m) are similar because even positrons implanted close to the surface annihilate in
the bulk. The difference between the two curves is associated with the emission

of nonthermal positronium.

The curve for positrons implanted at 25 keV increases at the melting point,
reflecting a change of state from free to trapped in the liquid phase. The same
effects were observed for Ga, and Bi. Trapping in liquid Na was also observed
with lifetime experiments'®, in which the lifetime increased from =~ 263 to = 278

ps upon melting.

In figure 5.11, the positronium fraction is plotted as a function of tempcrature.
At low incident energies, a small fraction is desorbed from the surface, which we
believe is due to nonthermal positrons. The decrease upon melting may be due to
a decrease in the density of electron states at the Fermi energy, which reduces the

probability of picking an electron to form Ps.
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Tin
Tin (Sn) is also a metal with low melting point: 232.0 °C. Its density is p =
7.3 g/cm? and its vapor pressure at T = 900 °C is ~ 1 x 10~% Torr. Therefore it is
suitable for study with the Liquid Metals Beam. The response of tin to positrons
is very similar to Ga. Previous studies!®119 have shown no vacancy trapping in

the solid phase, even at temperatures close to the melting point.

Before insertion into the vacuum, a polycrystalline sample (99.9999 % purity)
from Aesar/Johnson Matthey was etched' in a hot solution (T = 80 °C) of 60
% ethanol and 40 % HCI, until the surface was shiny. In vacuum, the sample was
sputtered and annealed to 400 °C for several hours. An Auger spectrum is shown

in figure 5.12. A small amount of oxygen is present at the surface.
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Figure 5.12: Auger spectrum of Tin taken before the experiments.

The S parameter mneasured as a function of temperature for three incident
energies is shown in figure 5.13. As with Ga and Bi, we can calculate an approx-
imate implantation depth using eq. (2.2). The curve at E = 100 eV corresponds
to positrons implanted less than 50 A from the surface. E = 3 keV corresponds

to positrons implanted at z ~ 320 A, and E = 25 keV are positrons implanted at
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z =~ 9450 A.

At high incident energies, most positrons annihilate in the bulk. Sy, does
not change appreciably when the temperature increases in the solid phase, which
indicates that there is no trapping!® in thermally generated vacancies. Sceger!®?
argues that Sn is a metal with narrow ion cores, which preclude vacancy trapping
because the potential well formed at a vacancy is too shallow to trap positrons. The
radius of Sn*t is 0.71 A, which is small compared with the interatomic distances
(2.8 A and 3.02 A). At the melting point, there is an increase in Sy, which
is an indication of trapping. The lifetime!®192 in solid Sn was 7 ~ 202 ps, and
no trapping was observed at thermally generated vacancies. Dedoussis et al'?°
found later a small increase in the lifetime before melting, which they attribute to
trapping by thermally generated vacancies. Our results do not show an increase
in the S parameter below the melting temperature.

Upon melting there is = 2% increase in Spyx, which snggests that the electron
density at the site of annihilation changes upon melting. As in Ga, the increasc
is attributed to positron trapping st vacancies. Early angular correlation?®11?
studies indicated that there was vacancy trapping in liquid Sn. We found no
experimental values for the lifetime in liquid Su in the published literature.

The curve at E = 3 keV, in figure 5.13, shows contributions to the S parameter
from the surface and the bulk. At the melting point, fewer positrons reach the
surface because the diffusion length is shorter than in the solid phase, and the S
parameter decreases.

The value of S at the surface in fig. 5.13 (E = 100 eV) does not show a
significant change at the melting point (the small jump results from changes in
the surface geometry). Therefore, the branching ratio of positrons annihilating in

the surface or as positronium does not change. A similar situation was seen in Ga

and Bi.
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Figure 5.13: S parameter for solid and liquid Sn as function of temperature at three incident
energies, B = 100 eV corresponds to positrons implanted at 2 < 50 A, E = 3 keV corresponds lo
=~ 320 A, and E = 25 keV corresponds to z =~ 9450 A,
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Figure 5.14: Positronium fraction for Sn, for the same incident energics as in figure 5.13.

There is a continuous increase in S, with temperature that is associated with ther-
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mal positronium desorption. In figure 5.14, the positronium fraction as function

of temperature is shown for the same incident energies as fig. 5.13.

Near the melting point, positrons implanted close to the surface (E = 100
eV) fall into the surface trap and most are thermally desorbed as positroniurn.
Hence, there is only a small change in positronium formation upon melting. It is

interesting to note that desorption continues in the liquid as well.
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Figure 5.15: Fitted values of positronium fraction to equation 5.2, versus temperalure. The
circles are the experimental data. The resulis are B, = 0.25(0.01) eV, Iy = 0.46(0.03), I, =
0.45(0.03) and [/ = 0.8(0.1) x 10°

The positronium fraction curve at E = 100 eV can be fitted with equation (5.2).
The resulting values are E; = 0.25(0.01) eV, F, = 0.46(0.03), f, = 0.45(0.03), and
I'/A = 8(1) x 103. Fig 5.15 shows the fit , along with the experimental results.
Using equation (5.1), and the value of the electron work function?!® for Sn ¢_ = 4.4
eV, the positron binding energy is E, = 2.65(0.01) eV, which is very close to the
theoretical value of E, = 2.5 eV114, As mentioned before, the variation in the

electron work function for different crystallographic faces is about 5 %, as is the
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difference between different experimental methods.!!® Thus, it is not necessary to
differentiate between different faces.

Lynn et al'?! found the activation energy of Psin Sn to be E, = 0.38(0.02) eV,
which is 50 % higher than our values. However, all their measurements were done
below the melting point, and our results show that Ps desorption continues in the
liquid phase. This difference could introduce an error in their calibration of Ps
fraction at low incident energies (R1), giving an incorrect value in their fits of the
activation energy of Ps. The difference in E; also can results from its dependence
on the crystallographic face. Lynn et al'?! used crystalline Sn(110), while our
measurements were made with polycrystalline Sn. Differences of 25 % have been

observed for E, in different faces of Ag.?

5.1.2 Measurements of S and F parameter for Pb and In as function of

temperature

Lead

Lead has a low melting point T,, = 327.5 °C, and its vapor pressure at the
melting point is = 6.5 x 10~? Torr. Its density is 11.4 g/cm® at room temperature
and it expands 3.5% upon melting.

Pb has been studied with angular correlation techniques!® 22, lifetime'"®, and
positronium time-of-flight!?3. Lifetimel®® studies showed trapping of positrons in
thermally generated vacancies, starting from T = 150°C and feaching saturation
close to the melting point. Angular correlation studies'? in bulk Pb showed similar
behavior. Upon melting, an increase in the coincidence count rate at the peak of
the angular correlation curve (this is equivalent to the S parameter), shows that
the traps change. It is not clear if this change is related to an expansion of the

size of the trap, or the appearance of a new kind of trap.



Chapter V: Results 89

A polycrystalline sample of 99.9995 % purity from Aesar/Johnson Matthey was
etched in a solution of 25% hydrogen peroxide, 75% acetic acid until a shiny surface
was obtained!%4. In vacuum, the sample was sputtered with Ar, and annealed at
400 °C for several hours. The surface was monitored with Auger spectroscopy

after cleaning. The spectrum of a clean sample is shown in figure 5.16.

Figure 5.17. shows the S parameter as function of temperature in Pb. As in
the other metals discussed, the three curves correspond to positrons implanted at
Z<50A (E=200eV),at z ~ 460 A (E =5keV),and at z ~ 6050 A (E = 25 keV).
A small increase is seen in the top curve (surface), which is probably due to thermal
desorption of the small fraction of positrons that are trapped at the surface. Time-
of-flight experiments?3 have shown that the positronium work function is negative.
This conclusion is confirmed by our Ps fraction measurements (figure 5.18). The
curve at E =200 eV shows a high fraction of s at all temperatures, with a small

increase from 50 °C to 300 °C.
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Figure 5.18: Auger analysis spectrnm of a clean Pb sample.

The third curve in figure 5.17 (E = 25 keV) corresponds to positrons anni-
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hilating in the bulk. There is a small increase starting at T ~ 150°C, reflecting
the onset of trapping in thermally generated vacancies. At low temperatures, the
diffusion length seems to be long, and positrons implanted at 25 keV can still reach
the surface. Therefore, this curve has a small contribution from positrons annihi-
lating at the surface that increases the value of S at low temperatures. This effect
can be more clearly seen in figure 5.18. At E = 25 keV, below the melting point,
there is a small fraction of positronium. Upon melting, all positrons annihilate
in the bulk. Trifthduser’s results!® show an appreciable increase in the angular
correlation curve at the melting point (see figure 1.3) which we can not observe

with the S parameter.

There is no appreciable change in the bulk S parameter (E = 25 keV) at the
melting point, this is probably due to poor statistics, and the previously mentioned

contribution from annihilation at the surface.
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Figure 5.17: Experimental § parameter data for Pb plotted against temperature. The fiest curve,
(E = 200 eV) corresponds to z < 504, the second curve, (E = 5 keV) corresponds to z ~ 460 A,
and the third curve, (E = 25 keV) is for z ~ 60504.
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The S parameter curve at the surface (E = 200 eV) in figure 5.17, shows a small
jump at the melting point which is probably caused by a change in the geometry

of the sample. This increase is only is slightly larger than the experimnetal error.

The results with E = 5 keV show that the fraction annihilating in the bulk, and
the fraction annihilating at the surface are unchanged upon melting. This finding
is an indication that the diffusion leﬁgth is similar below and above the melting
point. If our conclusion that all positrons are trapped at temperatures below the
melting point is correct, then it is reasonable to believe that the diffusion length

does not change on melting.

The formation energy of positronium E; and the binding energy of positrons to
the surface potential E, cannot be calculated because only a very small percentage

of positronium is thermally desorbed, which does not allow us to perform the

fitting,.
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Figure 5.18: Experimental values of the positronium fraction for b, for the same incident
energies as figure 5.17.



Chapter V: Results 92

Indium

Indium has a low melting point, T,;, = 156.6 °, and a vapor pressure at tem-
peratures close to the melting point of 1 x 10712 Torr. Thus In can be studied
over a wide range of temperat.ures under ultra high vacuum. Its density is 7.31
g/cm?®. Upon melting, there is a volume increase of 2.7 %. Indium has been stud-

19,122 and lifetime techniques!®®179. As with

ied before with angular correlation
Pb, an increase in the lifetime indicates trapping in thermally generated vacancies.
Upon melting, there is an increase in the coincidence count rate of the angular
correlation curve!? suggesting that there is a change in the size of the trapping

centers, or the nature of the trapping centers, or there is an increase in the fraction

of positrons trapped??.
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Figure 5.19: Auger spectra of In taken before the measurements.
Following the standard procedure, the In sample (purity 99.999 % from Ae-
sar/Johnson Matthey) was etched in 75% HCIl, 25% HNO; at 80 °C until a shiny
surface was obtained!4%. It was subsequently placed in the sample holder, sput-

tered with Ar and annealed at 450 °C for a few hours. Figure 5.17 shows a clean



Chapter V: Results 93
Auger spectrum. All measurements were taken at a pressure of 2 x 10~? Torr. In
figure 5.20, we show the experimentally measured S parameter. The top curve is
for 2 < 50 A (E = 150 eV), the middle curve corresponds to positrons implanted
with z &~ 240A (E = 2.5 keV), and the lower curve z = 9400 A (E = 25 keV). At
E = 150 eV, the S parameter increases with temperature and is associated with
thermal desorption of positronium, as seen in Ga, Bi, and Sn. Figure 5.21 shows
the positronium fraction at the saine incident energies as fig. 5.20. The top curve
(E = 150 eV) shows that Ps starts to be thermally desorbed at T ~ 20°C. As
seen in the other metals, upon melting, the S parameter does not change appre-
ciably (except for a jump due to change in the geometry of the sample, or release
of impurities from the surface). The fact that the surface S parameter does not
change upon melting shows that the branching ratio for positronium formation or

annihilation at the surface is independent of the overall bulk structure.
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Figure 5.20: S parameter curves in solid and liquid In for three implantation depths. z < 50 A,
2240 A, and z ~ 9400 A.

From the curve at E = 150 eV in figure 5.21, we can see that upon melting, the
Ps fraction decreases slightly, which might iinply that the density of vacancies at

the surface increases, thus increasing the trapping rate. Upon melting, the density
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of electron states decreases slightly at the Fermi energy!!!, and there are fewer
electrons with energy close to the Fermi energy available to form Ps. This effect
may also explain the decrease in Ps fraction, and might also show that the density

of electron states decreases on melting.

The S parameter curve for E = 2.5 keV in figure 5.18 initially decreases with
temperature, which indicates that the fraction of positrons that reach the surface
decreases as the temperature is increased; this implies that the diffusion length
decreases. This effect is very clearly seen in the measurements of Ps fraction in

fig. 5.21, where the middle curve shows a rapid decrease in Ps.

At the melting point, there is a small or negligible change in S or F. This
finding is in contrast to the metals that do not show trapping in the solid phase
(Ga, Bi, Na, and Sn) and consequently, show a large jump in both S and F. If all
positrons are trapped in defects, the change from solid to liquid does not change

the state of the positron, and S or F' do not change.

The S parameter curve at E = 25 keV in fig. 5.20 corresponds to positrons
annihilating primarily in the bulk. As in Pb, Bi and Sn, a small fraction of these
positrons reach the surface. There is also a small increase in S when the temper-
ature increases. This effect, seen before with angular correlation techniques,!?'8
shows that positrons are trapped in thermally generated vacancies. An early
study? of lifetime in solid In revesled an increase from =~ 200 ps at T = 25 °C,
to 250 ps at T = 150 °C (just below the melting point). Crisp et al'” found the
bulk lifetime in In was 7, = 182 ps. Close to the melting point (T =~ 150 °C ),
their results show a vacancy lifetime of 7, = 240 ps. Work by Kishimoto and
Tanigawal?® also shows an increase in the lifetime as the temperature increases
from 220 ps at T = 25 °C to 260 ps at T = 130 °C . Very close to the meclting

point they observed an additional fast rise in the lifetime, which they attributed

to formation of divacancies or to impurities in In. This newer value for the lifetime
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in In will be used to calculate the diffusion coefficient.

Although the lifetime results from different experiments do not agree well,
they all show an increase that can be attributed to positron trapping in thermally
generated vacancies. The change in angular correlation helow Ty, and the small
change upon melting also seem to indicate that positrons annihilate from trapping
sites in the melt. The change upon melting is probably due to a variation in the
kind of traps; single vacancies as well as vacancy clusters of various sizes can be

expected in liquid In.1®

The S parameter for E = 25 keV (figure 5.20) does not change at T,,. We
cannot observe a difference between solid and liquid In because of the mixing of
surface and bulk S parameters for measurements at high incident energy. Another

problem is the large experimental error in the measurements of S parameter.
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Figure 5.21: Positronium fraction curves at the same three different implantation depths in In,
as in figure 5.20.

As with Ga, Bi, and Sn, we can fit the experimental results of thermal des-
orption of positronium to eq. 5.2 to obtain the activation encrgy of Ps. The

results obtained are E; = 0.25(0.01) eV, Fy = 0.47(0.03), f, = 0.46(0.02), and
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T'/X = 8(2) x 103. The experimental results and the fitted curve are plotted in
figure 5.22. The electron work function!!® in In is ¢, = 3.8 eV; therefore, from
equation 5.2, the binding energy of positrons to the surface state is B, = 3.25(0.01)

114 calculated the positron binding energy to Le Ep =

eV. Nieminen and Hodges
2.4 eV, and the positron work function ¢+ = 2.6 eV. They predicted that a surface
state cannot exist in In. But the results in figure 5.22 show that a surface state

does exist in liquid and solid In.
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Figure 8.22: Fit to the experiinental Ps fraction data. The solid line is obtained frum eq. 5.2.
The results are Eq = 0.25(0.01) eV, Fo = 0.47(0.03), f, = 0.46(0.02) and I'/A = 8(1) x 10®
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5.2 Diffusion length

5.2.1. Analysis of diffusion data

In this section we are going to present the diffusion length results. For all
metals investigated, the diffusion length decreases with increasing tcinperature
in the solid phase, decreases or remains constant at melting, and then increases
with further increasing temperature in the melt. As it was done in section 5.1, the
analysis of the results will be separated according to the state of the positron in the
solid phase at temperatures below the melting point. The first group are metals
where positrons do not show trapping effects in thermally generated vacancies,
namely Ga, Bi, Sn, Na. The second group is Pb, and In, in which positrons get
trapped at vacancies.

In section 5.2.1, we will describe in detail the method used to obtain the diflu-
sion length, using the data from Ps fraction and S paramcter for cach temperature.
We will describe the effect of nonthermal positrons in the fitting and a method to
estimate the error. Finally, the effect of positrons backscattered from the sample
is discussed.

~ Diffusion length was calculated using the fitting routine VEPFIT® described
in Chapter II. We used model #5 because a liquid can be considered as a layer
with uniform density, and we are interested in fitting the_ S parameter and the
diffusion length independently. The number of intervals defined was 24, which is
the value recommended in by Van Veen et al’®. In all cases, the fitted parameters
were the diffusion length L., the S parameter in the surface state S,,, and the S
parameter in the bulk Sy,. The parameters defining the Makhov profile, in and
n, were fixed for each metal. In all cases m = 2 and n = 1.6 were chosen, following

reference 8. The newer results from Ritley et alP® or McKeown et al’? mentioned
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in chapter 2 have not been implemented in the fitting routine yet.

We obtained the diffusion léngth with the following procedure. For each ten-
perature, the F and S parameters were measured. Data on positronium fraction,
ca.libl;ated according to section 2.5, were fitted with VEPFIT to obtain the fraction
fo and the diffusion length. The S parameter from Ps was extrapolated from the
curves of S as function of energy. At high temperatures and low incident energy, in
a clean surface, most incident positrons will form Ps. Therefore, the S parameter

obtained will be close to Sp,. The value used was Sp, = 0.62.

Subsequently, the S parameter data was fitted using the estimated Sp, and the
deduced f; as an input to the program. Both values are included in the calibration
factor Q2 (eq. 2.30). The diffusion length, as obtained from fits to the F' parameter
is not reliable because the calibration factors Ro, R; and P; /P, cannot accurately
be obtained. These parameters are also very dependent on the surface condition,
which can change during the experiment. Therefore, only the diffusion length
obtained from fits to the S parameter are shown.

To estimate the experimental error due to nonthermal positrons, at a given
temperature, a grid was placed in front of the sample and biased to 4-50 and —50
V. For each bias, the S parameter was measured as function of energy, using the
same energies as those used to measure the diffusion length. With a bias of 50
V, any nonthermal positron that is re-emitted from the sample, will be returned
to it. These positrons have less energy than the incident positrons, and they will
tend to increase the value of the S parameter at low incident energies. A fit to
these data will give a low diffusion length.

Huomo et. al** proposed another method to analyze the S and F parameter
when nonthermal positrons are present. They chose a minimum implantation
energy for the data analysis and assumed that S is a nearly linear function of

F. The deviation from linearity is mainly associated with nonthermal positrons
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feaching the surface. Also, they considered only energies above the energy where
that deviation occurs. However, the assumption of linear F and S is only valid for
small values of f,. For f, > 0.3, the nonlinearities are determined mainly by the
normalization factor in the S parameter. To illustrate this point, simulated data
with different branching ratios for Ps formation, f,, are shown in figure 5.23. The
parameters of the Makhovian profile were chosen to be m = 2 and n = 1.6. The

diffusion length was L, = 600 A.
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Figure 5.23: Ilustration of the dependence of the the S parameter on Ps fraction due to the
factor Q in the normalization factor for S (eq. 2.30). The dutn was obtained ftom the diffusion
model with m = 2, n = 1.6, and L = 600 A.

One problem with this method is that the fitted diffusion length increases
monotonically as thie the energy chosen to start the fit is increased. Consequently,
if the wrong minimum energy is chosen, the diffusion lengths obtained from the
fittings do not have an upper bound. To illustrate this point, the diffusion length

in Bi from fits to the S parameter data (T = 408 °C) are shown in figure 5.24.

The effect of backscattered positrons in the analysis of the diffusion length is



Chapter V: Results 100

800 prrrr T T T[T
- :
700 | -_
~ N _"
600 F :
e’ L 4
< s00 [ i .
'go A
% 400 | 3 .
8 3 5 ]
300 | .
. N m 1
. pod J
m20()..'- .
I = 1
= ]
100 [ 3
0:....I....I---.I---nl....l.L..lJ---:
0 1 2 3 4 6 7

5
Initial energy ( keV )

Figure 5.24: Fits to the S parameter data in Bi at T = 408 °C. The difTusion length was calculated
with VEPFIT, choosing dillerent energies to start the fits,
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stronger in materials with high Z (Bi, Pb, Sn), where the probability of backscat-
tering by the ion cores is large. These positrons, which have lower energy than
the incident beam, are trapped in the magnetic field and can later return to the
sample. As a consequence, there are more positrons close to the surface than is
predicted with the Makhovian profile having m = 2. Therefore the implantation
profile is best described by a shaping parameter m less than 2 for these materials.
For lead, a better fit to the the S parameter curves is found with m = 1, rather
than m = 2 (figure 5.25).

5.2.2 Measurements of Diffusion length in Ga, Bi, Sn, and Na

Gallium

The data used to calculate the diffusion length were taken at a constant tem-
perature, with the energy being varied from 100 to 20 keV. More poin.ts were
measured from 100 eV to 2 keV because the changes in S or F paraineter were
larger in this energy range than at high incident energies. Measurements of S as
function of energy are shown in figure 5.26 for different temperatures.

The fits were performed with the fitting routine VEPFIT. The values used
for m and n were 2 and 1.4, respectively. The second result was used because
preliminary Monte Carlo simulations*? of the stopping profile show n = 1.4 for Ga

The fitted results are shown in figure 5.27. Delow the melting point, the
diffusion length is Ly ~ 1200(100) A. The diffusion coeflicient D can be calcu-
lated using the definition in eq. (2.36). The experimental lifetime in solid Ga
is 7 =193(5) ps, as given by ref. 104. Thus we obtain D, = 0.75(0.07) cin?/s.
This result is larger than the theoretical value obtained by by Bergersen et a7 of
Dy =0.4 x 10~ m?/s.

Upon melting, the diffusion length drops to L., = 60(5) A, which represcuts

a change of almost 2 orders of magnitude. This large drop confirms the results
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obtained previously,!97879 that below the melting point positrons are in a Bloch-

like state and the diffusion length is long. Upon melting, all become trapped and

there is little diffusion.
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Figure 5.26: S parameter in Ga as function of the incident energy for different temperatures.

As the temperature is increased further, there is an exponential increase in the

diffusion length that starts at T =~ 150°C

The errors in the fits introduced by nonthermal positrons escaping through
the surface are estimated measuring the S parameter with a grid in front of the

sample. Three data sets are shown in figure 5.28. The grid was biased at +50 V,

—-50 Vand O V.

A possible explanation for the increase in the diffusion length in the liquid
phase is the following. The time it takes to trap a positron® in a vacancy or
defect is of the order of 10~1% s, which is much faster than the ionic motion in
liquids’? (~ 1072 5). Thus, the positron can be seen as interacting with au

almost static array of ions and can react to any ionic displacement. Therefore,
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density fluctuations on a time scale of 10712 s could produce potential wells strong
enough to trap positrons. These traps could later disappear, forcing the positron
to jump to the next fluctuation. Thus, the diffusion in liquid Ga can be seen as
a hopping motion hetween traps. Trapping and detrapping could happen many
times in the lifetime of the positron (~ 10710 s). As the temperature increases,
the frequency of these fluctuations would increase, increasing the diffusion lengtl.
These fluctuations also can affect the size of stable traps (with lifetime > 10712 s)
which, in turn, would alter the diffusion length. Thermally activated detrapp‘ing
alone is unlikely to explain change in the diffusion length because the thermal
energy of the positron is much less than the binding energy of the trap.’? The
fluctuation in the binding energy of the traps also can affect any stable traps in
the liquid. As the temperature increases, these fluctuation would force positrons

out, increasing the diffusion length.
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Figure 5.27: Diffusion length results for Ga as {function of temperature. A large drop is observed
on melting. The inset shows the exponential increase in the diffusion length in the liquid phase.
The error bars shown are statistical calculations from the fitting routine.
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Such fluctuations can explain the decrease in the lifetime with higher tempera-
tures!®, because the lifetime will be given by the weighted average of the lifetime

in the traps (260 ps) and the lifetime in the bulk (193 ps).

An alternative explanation is that the positron pushes away the surrounding
atoms to create a potential well where they get trapped??124125 (sclf trapping).
Leung et al.!?® modeled the metal by an elastic continuum with bulk modulus
B. The positron interacts with this continuum via a deformation potential. They
concluded that if E3/B < 70 [Hartree aj], positrons do not selftrap in the metal.
E, is the positron deformation potential, (E4 ~ -—%EF, Ep is the Fermi energy in

the liquid), and B is the bulk modulus.

For Ga, we obtain E2/B = 44 Hartree a} a value less than the limit required

to have a localized positron.!?%
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Figure 5.28: S parameter for T = 600 °C, with a grid in front of the sanple at three diifer-
ent hiases. These data were used to estimate the experimental error in the filting routine from
nonthermal positrons.
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Bismuth

The S parameter data used to calculate the diffusion lengths is shown in figure
5.29 at different temperatures, the energy ranging from 100 eV to 25 keV. Figure
5.30 gives the diffusion length results for Bi. At room temperature Ly ~ 650 A.
However, this value may be lower than the real value because of systematic errors
in the fitting routine. In VEPFIT, it is assumed that at high incident energies all
positrons annihilate in the bulk. However, the maximum energy reached by the
Liquid Metals Beam is 25 keV. At these energies some positrons can still reach
the surface. Figure 5.7 shows that below the melting point, the Ps fraction at E

= 25 keV is not exactly zero.
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Figure 5.29: S parameter in Bi plotted against the incident energy for four temperatures. The
circles and triangles are in solid Bi. “4” and “x” are in liquid Bi.

Thus, S(E=25 keV) # Spy and the diffusion length can not be calculated accu-
rately. The error bars in the solid phase are larger than in the liquid because the
dynamic range used to fit the diffusion length is smaller at lower temperatures.

At T = 31 °C, the S parameter varies from ~ 0.528 at E = 100 keV to ~ 0.50 at
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E = 25 keV. While at T = 276 °C, the change is from S ~ 0.603 to S ~ 0.50.
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Figure 5.30: Diffusion length results in solid and liquid Bi plotted againsi lemperature. 'L'here
is a large drop in the diffusion length at the melling point.

The theoretical value of the diffusion length can be obtained from the formulas
in reference 27. At T = 25°C, we have D, = 0.33 cm?/s (using Eq = —2Ep = —6.6
eV, and m* = 1.8m,). The diffusion length is given by L, = v/Dy7. The bulk
lifetime is1957 = 258(3) ps. Thus, L = 920 A, is higher than our experimental
value. Apparently, inaccurate determination of the asymptotic value of S can lead
to smaller values for L.

Close to the melting point, L} =~ 500 A for solid Bi. At this temperature the
problem of inaccuracy remains, and the deduced diffusion length may be lower
than the actual length. The theoretical value for the diffusion length calculated
according to ref. 27 is L, = 790 A at T = 270 °C.

Upon melting, L, drops to =~ 190 A. An estimate of the experimcntal error
from nonthermal positrons is + 40 A in the solid, and & 20 A in the liquid.

These errors are estimated from measurcments of the S parameter with a grid in
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front of the sample. Three data sets are shown in figure 5.31. The bias applied
was +50V, -50 V and 0 V. At T = 280 °C, and with a bias of --50 V in the grid,
the result obtained was L, = 424 A. With a bias of -50 V, the results is L, = 531
.&.'With the grid at ground the results is L, = 502 A.

In liguid Bi, at high incident energies, all positrons annihilate in the bulk
(as seen in figure 5.7, for z ~ 6200 A) and the calculated diffusion length is not

underestimated.
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Figure 5.31: S paramcter in Bi for T = 280 °C, with a grid in front of the sample at three different
bias voltages. These data were used to estimate the experimental ercor in the fitting routine from
nonthertnal positrons.

In Bi, the drop in the diffusion length observed at the melting point can be
explained as increased scattering by the more mobile ions in liquid Bi, or by
trapping. Several different traps can exist in the melt. Above the melting point,
there is a slight linear increase in the diffusion length with increasing temperature.

A simple least squares fit gives L, = 0.15(0.02)T [A/°C] + 149(6) A. In contrast

to Ga, the increase in Bi is linear with a much smaller slope which may indicate
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that traps in Ga are more shallow than traps in Bi, or that the ion mobility is
higher in Ga than in Bi.

As in Ga, the small increase could be due to fluctuations in the size of the
traps. Because positron trapping occurs in a time scale of ~ 10715, it can' react
to any ionic motion (~ 10~1%s). When the trap decreases in size, the positron is
forced out of it, and the diffusion length increases.

Self-trapping seems not to play a role in liquid Bi. From reference 125, we
obtain Eﬁ/B = 64 [Hartree ag];with E; = —%EF = —6.7 €V, which is lower than
E%/B = 70 [Hartree al], the limiting value for selftrapping. This result shows that

positrons are essentially a nonperturbing probe in liquid Bi.

Sodium

Because there are no bound states in the surface of sodium, and the positron
work function?! is positive,.¢+ = 5.6 €V, thermal positrons which re;m(:h the surface
return to the bulk, where they subsequently annihilate. Therefore, when the S
parameter is measured as function of the energy, there is no signal from the surface.
This assumption was basic to extracting the diffusion length with the VEPFIT
program. The S parameter plotted against energy is shown in figure 5.32. The
small difference observed between low and high incident energy is attributed to
nonthermal positronium. |

Positronium fraction is plotted versus incident energy in figure 5.33; there is
a rapid decrease from E = 100 eV to E = 1 keV. Theoretical calculations®! show
that the Ps work function is positive, ¢ p, = 0.4 eV, thus, no I's should be formed
at the suz“face. The F parameter seen in figure 5.32 at low incident energies is
attributed to nonthermal positrons, which have enough energy .to overcome the
potential step at the surface and leave the sample. Because the mean free path

for nonthermal positrons is short3!, they can reach the surface only if the mean
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implantation depth is small?*. Thus the number of nonthernial positrons reaching

the surface decreases rapidly as the incident energy is increased.

For comparison, the experimental results are plotted along with the fraction
of positronium that would be formed if a fraction f, of the thermal positrons

U5 of the diffusion length at

that reach the surface form Ps. The theoretical value
room temperature ( Dy =~ 1.29 cm?/s) can be inserted in the diffusion equation.
Then, the number of positrons that return to the surface can be calculated for any
given energy. If f, = 0.09, which is the value obtained experimentally from figure
5.33. Then, the amount of positronium formed from thenha,l positrons diffusing
to the surface can be calculated for any given energy, as shown by the solid line
in fig. 5.33. Because the measured positronium fraction decreases faster than the

theoretical, we can conclude that the observed results at low incident energy come

fromn nonthermal positrons.
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Figure 5.32: S parameter in Na, plotted as function of the incident energy. There is little change
between low and high incident energies.

- Self-trapping does not seem to play a role in liquid Na. Using the deformation
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potential from reference 115, By = —2.59 eV, B = 5.37x 10" dy/cm? in liquid Na'.
E2}/B = 31 [Hartree aj]. This value is lower than 70 [Hartree aj], the limiting value
for self-trapping. This result shows that positrons are essentially a nonperturbing

probe in liquid Na.
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Figure 5.33: Positroninm fraction in Na, as function of the incident enecrgy. The solid line is the
amount of I’s that would be formed if a fraction f, of the thermal positrons that return to the

surface form Ps.

Tin

The S parameter data used to calculate the diffusion lengths is shown in figure
5.34 for four temperatures, with the energy ranging from 100 eV to 25 keV. As in
the other metals, more points were taken in the energy range from 100 eV to 5

keV, where the change is most pronounced.

The diffusion lengths for Sn are shown in fig 5.35; they are very similar to
the diffusion lengths in Bi. In both metals, positrons are in a Bloch-like state in

the solid phase. Accordingly, the diffusion length decreases as ~ T~!/1 with tem-
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perature because phonon scattering is the dominant interaction between positrons
and the metal. At room temperature L, =~ 950(50) A. At temperatures below
=~ 100°C, the diffusion length is not accurate because the energy range of the

beam is not high enough to reach the bulk value of S. Thus, the fitting routine is

not accurate.
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Figure 5.34: S parameter measurements for Sn for four temperatures plotted against the energy.
The circles and triangles are in liquid Sn. “+" and “x" are in solid Sn.

The theoretical value for the diffusion length can be obtained from the formulas
in reference 27. At T = 300 °C we have D4 = 1.12 cm?/s, using E; = —2/3Ep
= 6.7 eV, and m* = 1.8m,. The diffusion length is given by Ly = /D7 and
the bulk lifetime is!%2 7 = 202(5) ps. Thus, the theoretical value of the diffusion
length is Ly ~ 1500 A. This value is much larger than the diffusion length in figure
5.32 (Ly ~ 950 A. at T = 30 °C). An inaccurate asymptotic value of S can lead

to smaller values for L.

Just below the melting point L. ~ 750(50) A. The theoretical value at this

temperatureis L} ~ 1100 . Upon melting, the diffusion length drops to = 260(20)
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A. The error in L. was calculated from the maximun error in the fitting routine. In
Sn, the drop observed at the melting point can be explained by vacancy trapping
or increased scattering with the more mobile ions in liquid Sn. The increase in
Spur at the melting point seems to indicate positron trapping. A more accurate
determination of positron trapping in liquid Sn should be performed using lifetime

techniques.
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Figure 5.35: Diflusion length results for Sn above and below the melting point as a function of
the temperature. Part of the data used for the fits is shown in figure 5.35.

Early Ps fraction measurements with a positron beam!?! showed that Ey,
which is related to the diffusion length by® Egp = L, /A decreased as the tem-
perature was increased. Lynn et. al'?! attributed this decrease to trapping in
thermally generated vacancies. However their data has incident energies only up
to 5 keV, which may be too low to extract the correct Eg. The diffusion length

that they extracted is L, ~ 300 A, which is smaller than our results.

There is a slight linear increase in the diffusion length with increasing temn-

perature. A least-squares fit gives L, = 0.163(0.029)T [A/°C] + 224(9) [A]. As
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in Ga, this increase in the diffusion length can be explained by positrons hopping
between traps. The increase is less pronounced than in Ga, which suggests that
the binding energy of the trap is higher in Sn than in Ga.

In liquid Sn, self-trapping does not to seem be the reason for positron trapping.
From reference 125, we obtain for liquid Sn Eg = —6.6 eV, B = 3.6 x 10! dy/cm?.
Then E}/B = 47 [Hartree aj] which is lower than 70 [Hartree a}], the limiting
value required for self-trapping. This result shows that positrons are essentially a

nonperturbing probe in liquid Sn.

5.2.3 Measurements of diffusion length in Pb and In

Pb and In show a pronounced trapping effect below the melting puiilt; as was
evidenced by Sp, and also by the diffusion length. A rapid decrease in the dif-
fusion length occurs when positrons start to get trapped at thermally generated
vacancies. Upon melting, the trapping sites may change, but the diffusion char-

acteristics are not significantly affected. Ouly a small decrease in the diffusion

length is seen.

Lead

As previously, the S parameter was measured as function of the incident eﬁergy,
for a given temperature. The energy ranged from 100 eV to 25 keV for each
temperature (figure 5 36). The increase in Sy, at temperatures below the melting
point is caused by thermal vacancy trapping of positrons. Saturation trapping
occurs close to the melting point;!® thus, there is no further increase in Spy;. The
results of fits to the S data are shown in figure 5.37, where the diffusion length is
plotted against temperature.

At room temperature, L. ~ 350 A. However, this value may not be accurate,

because at low temperatures the S parameter at 25 keV has a small contribution
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from the surface. In the fitting routine, it is assumed that Sp, can be reached at

high incident energies; this is not possible in the Liquid Metals Beam for Pb.
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Figure 5.306: Plot of the S parameler versus incident energy for different temperatures. The
circles and triangles are in solid Pb, the “+” and “x” are in liquid Pb.

The diffusion coefficient can be obtained from D, = L% /7. The bulk lifetime
151087 —= 168 ps in solid Pb, and D, = 0.07 ¢cm2/s. The theoretical value for the
diffusion length was obtained from reference 115. At T = 300 °C we have D, =
0.86 cm? /s, which is an order of magnitude smaller than the calculated result. An
inaccurate determination of the asymptotic value of S can lead to unrealistically

small values for L.

As the temperature increases, the diffusion length decreases rapidly because
of the combined effect of phonon scattering and thermal vacancy trapping. The
diffusion length just below the melting point is ~ 180(20) A. At these temnper-
atures, diffusion is determined by trapping, and the rclation D, ~ T~1/2 is no
longer valid. Upon melting, no change was observed in the diffusion length. This
resﬁlt is consistent with the assumption that all positrons are trapped in the solid
phase below the melting point. Upon melting, an increase in the concentration of

traps, or change in the electronic structure does not affect the diffusion of trapped
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Figure 5.37: Pits to the S parameter data in Pb. The melting point is indicated with an arrow.
No change in the diffusion length is observed within the experimental error.

The error bars in the diffusion length are obtained from the fitting routine. In
contrast to any of the previous metals, we did not observe nonthermal positrons
or Ps being emitted from the sample. In figure 5.38, we show plots of S and F
parameter taken at one temperature with a grid in front of the sample biased to
0, 50, and —50 V.

As discussed, the positronium work function is negative and there is a high

fraction of Ps at all temperatures. Thus, nonthermal Ps cannot be distinguished

from thermal Ps.

As the temperature increases, the diffusion length increases slightly. This eflect
has been observed for all metals. As in Ga or Sn, a pussible explanation is that
thermal fluctuations in the size of the traps can release the positron, creating a
hopping motion between different kind of traps or between the free state and the

traps. This hopping motion increases the diffusion length.

r
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Figure 5.38: (a) S parameter in Ph for three different grid bias, at T = 310 °C. (b) Positronium
fraction at the same temperature as in a). The S and F data were measured simultaneously.

A linear-squares fit to the diffusion length in liquid Pb gives L, = 0.095
(0.012)T [A/°C] + 149(5) A. The slope of the diffusion length is less pronounced

than in Ga, or Sn, which suggests that the binding to the traps is stronger in Pl
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than in the other metals.

In liquid Pb, self-trapping does not seems to be the reason for positron trap-
ping. From reference 115, we obtain Eg = —6.39 ¢V, B = 2.86 x 10! dy/cm? in
liquid Pb!. Then, EX/B = 57 [Hartree al] which is lower than 70 [Hartree a],
the limiting value required for self-trapping. This result shows that positrons are
essentially a nonperturbing probe in liquid Pb.

Nonthermal positrons do not play a role in the calculations of diffusion length.
There is no difference in the measurements of the S parameter with a grid in front
of the sample for different bias voltages.. This is shown in figure 5.36 for Pb at T

= 40 °C.

Indium

Previous studies with In show a pronounced trapping effect in the solid phase
as the temperature is increased. Therefore, as in Pb, there is a strong variation
of the diffusion length with temperature. Some of the data used to calculate the
diffusion length at different temperatures is shown in figure 5.39. The energy was
varied from 100 eV to 25 keV.

Figure 5.40 shows the results of the fit to the S parameter. At room tempera-
ture, L, ~ 530A. As in Pb, Bi and Sn, this value may not be accurate, because at
the highest incident energy (E = 25 keV), and low temperatures some positrons
still reach the surface. Thus, the S parameter is higher than the bulk value and
the fitting diffusion length cannot be calculated accurately. The diﬂ'usionl coefhi-
cient can be calculated from eq. (2.4). At room temperature, the bulk lifctime is
7 = 220(4) ps,!% and D, = 0.13 cm?/s. The theoretical results for the diffusion
coefficient can be obtained from reference 27. At T = 300 °C, D = 0.4 cm?/s,

which is larger than the experimental results.
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Figure 5.39: Representative S parameter data in In used to calculate the diflfusion length at
different temperatures.

As in Pb, Bi, and Sn, inaccurate determination of the asymptotic value of
S can lead to smaller values for L. A rapid decrease in the diffusion length is
seen from 50 °C to the melting point, which is attributed to trapping in thermall;v
generated vacancies!”. This decrease is much faster than the decrease in metals
with no vacancy trapping (Ga, Bi, or Sn) in the solid phase. Close to the melting
point, the diffusion length is ~ 245(20) A. The lifetime at this temperature!”®
in solid In is 7 = 280(5) ps. Thus, the diffusion constant is D4 = 2.1 x 102
cm?/s. The small drop in L} observed at the melting point can be explained by
an increase in the trapping fraction from = 83% to complete trapping'®.

As the temperature in increased in the liquid phase, the diffusion length in-
creases linearly. A least-squares fit gives L. = 0.123(0.014) T [A/ °C] -+ 205(4)
A. This increase also seems to be related to hopping between traps in the liquid
phase.

Self-trapping does not seem to play a role in liquid In. Using the criteria
from reference 125, we obtain E; = —5.6 eV, B = 3.38 x 101! dy/cm? in liquid

In!. Therefore, E3/B = 31 [Hartree aj|, which is lower than 70 [Hartree a),
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the limiting value required for self-trapping. This result shows that positrons are
essentially a nonperturbing probe in liquid In.
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Nonthermal positrons do not seem to play a role in the calculations of diffusion
length. Measurements of the S parameter with a grid in front of the sample do
not show any difference for different bias voltages as shown in figure 5.41 for T =

40 °C. This was also the case for Ph.



Chapter V: Results 121
5.3 Nonthermal-positron effects

The process of energy loss of charged particles in a solid or liquid recently
has received much attention?6-129, The analysis of the S and F parameter data
strongly dependes on a knowledge of the positron implantation profile!?, which
is determined by the mechanisms of energy loss available to the positrons. As
discussed in Chapter II, at energies below 1 keV, the positron can lose energy by
inelastic scattering from conduction electrons and phonons as well as from de-
fects. When positrons are implanted close to the surface, they can be re-emitted
before complete thermalization if their energy is higher than the positron work
function. We will discuss information on the energy loss mechanisms provided
by nonthermal positrons.

The en;argy analysis is performed with a two parallel grids in front of the
sample. The sample is maintained at 30 V, and the grid bias is varied from 10 to
50 V. Nonthermal positrons that leave the sample, having the normal component
of the kinetic energy less than the grid potential, will return to the sample where
they annihilate. Positrons with higher energy will pass through the grids and be
removed by an ExB energy filter. By changing the grid bias, an integral energy
spectrum of nonthermal positrons can be obtained. To avoid systematic errors
caused by changes in the surface conditions, many sweeps are performed during
each run. |

The differential energy spectrum is obtained by differentiation of a Gaussian
smoothed spectra (1.1 eV at FWHM).

In all the metals under investigation, the positron work function is positive.

Thus, the spectra of the re-emitted positrons reflects the energy distribution of

positrons that have energy greater than ¢,..
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Because of the efficient mechz;.nism of energy loss in metals, the re-emitted
fraction is strongly dependent on the incident energy, as shown in figure 5.42
for several metals. The fraction of re-emitted positrons decreases when the inci-
dent energy is increased. The fraction of incident positrons that are re-emitted
depends on the positron work function. In all metals, the re-emitted fraction
is small. Thus, the analysis of the diffusion length is not greatly affected by
nonthermal positrons. We noted in section 5.2 that the fitted diffusion length

changes little when a grid is placed in front of the sample.
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Figure 5.42: The fraction of incident positrons re-emitted from several metals, plotted against
the implantation energy. The rapid decrcase reflects the efficient mechanism of cnergy loss in

metals.
Bismuth

The energy spectrum of re-emitted positrons from solid and liquid Bi shows
that the positron work function is positive. To our knowledge, there are no theo-
retical calculations of the positron work function in Bi. For positrons implanted

at E = 270 eV, and T = 30 °C , the peak of the re-emitted positron spectra is
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centered around E = 0 (figure 5.45). There should be a small deviation from zero
due to the contact potentials between the sample and grid, but the resolution
of our system does not allow us to see it. Metals with a negative positron work
function show a re-emitted spectrum centered around E = ¢,. + §E, with a high
energy tail due to nonthermal positrons!3?; §E is the difference in the contact
potentials between the sample and the grid in front of the sample. The contact

potential is an order of magnitude smaller than the work function,!?® and smaller

than the accuracy of our measurements (=~ 1eV).
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Figure 5.43: The differential energy 5pectrﬁ of positrons being re-emitted from Bi at 1' = 30
°C, after being implanted at E = 270 eV. The spectrum is centered around E = 0, which shows

that the positron work function for Bi is positive.

Figure 5.44 shows the spectra of re-emitted positrons from Bi, implanted
at E = 270 eV for different temperatures. The oscillations in the curves are
produced by the smoothing routine. At T = 310 °C and 440 °C , Bi is liquid. For
positrons implanted at E = 270, the fraction re-emitted is =~ 9.4 %, independent of

temperature. Thus, the mechanism of energy loss for positrons with E> ¢ is not
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affected by temperature, and is the same for solid or liquid Bi. This suggests that
the implantation profile does not change appreciably upon melting. Nonthermal

positron trapping cannot be observed in liguid Bi.

Previous studies?® of nonthermal positron reemission in Al found a large
decrease in the re-emitted fraction when the sample was heated. Above 570 °C
the fraction of re-emitted positrons with energies less than 2 eV is reduced. At
this temperature, a large number of thermal vacancies is created, these can trap
nonthermal positrons in Al. In Bi, only positrons with energies grater than E =

¢+ can be re-emitted; therefore, nonthermal trapping is not observed.
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Figure 5.44: The differential energy distribution of positrons re-emitted from Bi, after heing
implanted at E = 270 ¢V, al Lhree dillerent temperalures. T = 310 °C and 440 °C correspunds
to liquid Bi. The fraction is independent of temperature,
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Sodium

Because Na is a very reactive metal, with a high vapor pressure, only data

at low temperatures could be obtained. Since its work function is highly positive
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(¢+ = 4.8 €V), the re-emitted fraction is smaller than in Bi. At E = 70 ¢V, the

fraction that is re-emitted from the surface of Na was =~ 7.0 %.

The spectra of re-emitted positrons from Na, implanted at E = 70 eV, are
shown in figure 5.45 for different temperatures. At T = 45 °C and 85 °C , Na. is
solid; at T = 110 °C Na is liquid. The re-emitted fraction for a given incident

energy is independent of temperature, as was also true for Bi.
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Figure 6.45: The differential energy distribution of positrons re-emitted from Na, after being
implanted at E = 70 eV, at three dillerent temperatures. T = 110 °C corresponds to liquid Na.
The nonthermal re-emitted fraction is independent of temperature.

Tin

The fraction of incident positrons re-emitted at E = 70 eV from the surface
of Sn was =~ 13.6 %. The positron work function!!¥ in Sn is 2.7 eV, and only
positrons with E> ¢, are re-emitted. Previous studies?® in Al found the re-
emitted fraction to be =~ 22%, with the positron work function =~ 0.1 ¢V. We note

that because of the large positron work function and small re-emitted fraction

(compared to Al), the analysis of the diffusion length is not strongly affected



Chapter V: Results 126
by nonthermal positrons. This finding is consistent with the observation that
the fitted diffusion length did not change when a grid was placed in front of the

sample (section 5.2).

As the incident energy increases, the re-emitted fraction decreases rapidly

due to the efficient mechanism of energy loss in metals (figure 5.42).

The spectra of re-emitted positrons from Sn, implanted at E = 70 eV, are
shown in figure 5.46 for three temperatures. The oscillations in the curves are
produced by the smoothing routine. Sn is solid at T = 31 °C and 180 °C and is
liquid at T = 240 °C . The fraction of re-emitted positrons is ~ 13.6 % of the

incident positrons, independent of temperature.
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Figure 5.46: The differential energy distribution of re-emitted positrons from Sn. The implan-
tation energy is E = 70 eV. At T = 31 °C and 180 °C Sn is solid. The fraction of re-emitted

positrons is independent of temperature.

Above E = ¢, the mechanism of energy loss is not affected by temperature,
and is the same for solid or liquid Sn. Nonthermal positron trapping is not

observed at T = 240 °C , where a large number of traps is expected. In solid
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Sn, (T = 31 and 180 °C ) thermal vacancies are not able to trap positrons?®.
These results indicate that nonthermal trapping occurs for positrons with energy

-9+ < E<O.
Indium

In contrast to previous metals, In shows pronounced thermal-vacancy trap-
ping below the melting point. The fraction of incident positrons that are re-
emitted at E = 70 eV from the surface of In was ~ 114 %. The posit1:011 work
function!1in Inis ¢ = 2.6 eV. Thus, only positrons with E > ¢, are re-emitted.
As with Bi, Sn, and Na, this fraction is small (compared with Al) because of the
large positron work function. The diffusion length is not gratly affected by non-
thermal positrons, a finding that is consistent with the observation that the fitted

diffusion length did not change when a grid was placed in front of the sample.
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Figure 5.47: The spectra of re-emitted positrons from In, after being implanted at & = 120 eV.
At T = 31 °C and 152 °C In is solid. At T = 165 °C In is liquid. As for Bi, Sn, and Na, the
fraction of re-emitted positrons is independent of temperature.

As the incident energy is increased, the re-emitted fraction decreascs rapidly,



Chapter V: Results 128
again, because of the efficient energy loss mechanism in metals (figure 5.42).

The spectra of re-emitted positrons from In, implanted at E = 70 eV, are
shown in figure 5.47 for different temperatures. The oscillations in the curves
are produced by the smoothing routine. At T = 31 °C, and 152 °C , In is solid,
and at T = 165 °C In is liquid. The fraction of re-emitted positronsis =~ 11.4 %
of the incident positrons, independent of temperature.

Above E = ¢, the energy loss mechanism is not affected by temperature,
and is the same for solid or liquid In. Nonthermal positron trapping is not
observed at T = 152 °C , where a large number of traps is expected. In solid
Sn, (T = 31 and 180 °C ) thermal vacancies are not able to trap positrons!!®.

These results indicate that nonthermal trapping occurs for positrons with energy

—¢+ < E<O.
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6. Conclusions

Using a newly constructed vertical positron beam, we have measured the
Doppler broadening of the annihilation gamma rays from positrons in several
liquid and solid metals. From these measurements, we calculated the diffusion
coefficient of positrons in liquid metals and the binding energy of positrons and
positronium to solid and liquid metallic surfaces. The aim of this work was to
extract information of the density fluctuations of the ions in a liquid by measuring
the diffusion coefficient of positrons. We found that the diffusion length is strongly
dependent on density fluctuations. Our results show that the diffusion mechanism
of positrons in liquids is a hopping process between traps. This is a very interest-
ing mechanism that differs from the mechanism responsible for diffusion in solids,
i.e. scattering with phonons.

We were also interested in the changes of the surface potential caused by melt-
ing. Positronium formation, as well as measurements of the fraction of nonthermal
positrons released from the surface, allow us to determine the change in the surface
potential and the branching ratio of positrons or positronium.

The samples studied were Ga, Bi, Na, Sn, Pb, and In. The primary reason
to using these samples was their low melting point and low vapor pressure in the
liquid phase. These characteristics measurements of Doppler broadening at ultra
high vacuum (~ 1 x 10~% Torr), which is important for measuring positronium
formation in a clean surface.

The S parameter was measured as function of the temperature for all samples.
Table 1 summarizes the bulk S parameter across the melting point. These results
are consistent with previous measurements of Doppler broadening!!~!5:19,26,109

and lifetime experiments.!®17:194105 Qyr results show that the bulk S parameter
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(Sbutr ) is sensitive to the state of the positrons in the host. An appreciable change
is observed in the bulk S parameter at the melting point. The metals that do not
show positron trapping in the solid phase (Ga, Bi, Na, Sn), show a large increase
in Spuir upon.melting. We interpret this effect as due to the creation of centers
that can trap positrons in the liquid phase. The nature of these centers is not

clear; most likely, they are regions where the ion density is lower than the average.

Table 6.1: Change in the bulk value of the S parameter below and above the melting point. The
largest change is observed in metals where posilrons do not get trapped in thermally generated
vacancies in the solid phase. Changes in Ps fraction, f, across the melting point also are shown.
The error quoted in parentheses corresponds to the last significant digit.

Metal Sbutk Sbuik fo fo
below T,;, above T,, below T,, above T,

Ga 0.474(1)  0.488(1) 0.36(2)  0.36(2)
Bi 0.436(1)  0.439(1) 0.90(2)  0.91(2)
Na 0.539(1) 0.545(1) 0.28(4)  0.23(4)
Sn 0.447(1) 0.458(1) 0.79(1)  0.79(1)
Pb 0.430(1) 0.430(1) 0.96(1)  0.94(1)
In 0.446(1) 0.446(1) 0.91(1)  0.87(1)

From measurements of the S parameter at the surface, S,s, we deduced that
there is no change or only a small one across the melting point (within experi-
mental error). This finding suggests that the branching ratio for Ps formation or
annihilation at the surface is not altered by a change from a crystalline to a dis-
ordered structure on melting. Furthermore, that the characteristics of the surface
state appear to be unchanged upon melting.

By fitting the temperature dependence of Ps formation, it is possible to obtain
the formation energy of Ps, and the binding energy of positrons to the surfacc.

Both results are given in table 6.2, along with the theoretical calculations of the
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binding energy by Nieminen and Hodges.!14 They calculated the electron-positron
interaction by means of virtual excitations of surface and bulk plasmons, and
minimized the energy expectation value at the ground state of a trial wave function.
The experimental results are within 40 % of the theoretical results. In contrast to
their calculations, a stable surface state (E > ¢4) was found for In, Sn, and Pb.

A stable surface state was found also for Ga, and Bi.

Table 6.2: Results of the Ps fraction fits to eq. (5.2). E,, is the formation potential for Ps, B is
the binding encrgy of positrons to the surface potential, Fy is the fraction of encrgetic I’s emitied
from the surface. f, is the fraction trapped at the surface, I' is the desorption rate ol positrons
from Lhe surface at high temperatures, A is the annihilation rate at the surface state. Fhe error

quoted in parentheses corresponds to the last digit.

Metal E, Fo 1, r/a tm, *Ey  surface
eV 104 eV eV states

Ga  0.35(3) 0.36(1)  0.55(1) 1.0(4)  3.19(3) 23  yes

Bi  0.32(1) 038(1) 058(1) 0.7(2)  2.72(1) . yes

Na 2.7 1o

Sn  0.25(1) 0.46(3) 045(3)  0.8(1) 2.65(1) 25  yes

Pb 2.8 yes

In  0.25(1) 0.47(3)  0.46(2)  0.8(2) 3.25(1) 2.4  yes

t This work
* Theoretical work from Nieminen and Hodges!!4

The fraction of nonthermal positrons re-emitted from the metals we inves-
tigated was not affected by the transition from the solid to liquid phase. The
re-emitted fraction in Bi (for a beam energy of E; = 270 ¢V ), Na (E; = 70 ¢V),
Sn (E; = 70 eV) and In (E; = 120 V) remained constant over a wide range of
temperature. The positron work function in all metals investigated is very large
(2-5 eV), which prevents low-energy epithermal positrons from leaving the sam-

ple. These positrons are more likely to be affected by a change in the number of
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traps?® due to melting or to an increase in temperature. Thus, the fraction that
can escape is not very sensitive to melting or to changes in temperature. This
indicates that the surface potential does not change appreciably upon melting.

Table 6.3 is a summary of the diffusion length results for the different metals
investigated is presented. The largest change in the diffusion length is observed
in metals where the state of the positron changes from a Bloch-like state to a
trapped state upon melting. In metals that trap positrons in thermally generaled
vacancies, the drop in the diffusion length upon melting is small or nonexistent.
In all liquid metals, the positron seecms to be in a trapped state. Diffusion appcars
to be related to trapping in temporary fluctuations in the ionic structure. The
positron hops from fluctuation to fluctuation. The size of the traps is strongly
dependent on temperature, so that when temperature is increased, the hopping

motion increases.

Table 6.3: Diffusion length L, results below and above the melting point for
metals under investigation. The largest change is obhserved in metals where
positrons do not get trapped in thermally generated vacancies. m,. is the slope
of the linear increase of the diffusion length in liquid metals, E, is the binding
energy of pusitrons in vacancies in Lhe sulid phase, from reference 117

Metal Ly (A) =~ Ly (A) my E,
below T,, above T,, (A/°C) (eV)

Ga  1200(100)  60(5) 2.65

Bi  500(40) 190(20)  0.15(0.02)

Na 0.02

Sn  750(50) 260(20)  0.163(0.029) . 2.64
Pb  180(20) 180(20)  0.095(0.012)  3.44
In  245(20) 225(20)  0.123(0.014)  2.55

In the liquid phase of all metals, the diffusion length increased with temper-
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ature. In Ga, the increase is very fast, resembling a thermally activated process.
All other metals showed a slow increase in the diffusion length with temperature.
A simple least-squares fit was performed in each case (the results are summarized

in table 6.3).

It is known that when there are vacancies that trap positronsin the solid phase,
the diffusion length is directly related to the strength of the trapping potential.!?7
If the diffusion length in liquid metals is only related to the binding energy at
defects, then in metals where trapping is weak, the diffusion length should be
longer than in metals where the trapping is strong. Following the same argument,
as the temperature is increased, thermal detrapping should occur more frequently

in metals where trapping is weak.

There are no calculations of the binding energy of positrons to traps in the
liquid phase. Although there is no a priori indication that the binding energy
to vacancies in the liquid phase should be similar to the solid phase, in order to
compare with the diffusion length, we will assume that it is the same. Calculations
of the binding energy in the solid phase!l” should give a reasonable estimate of
positron binding to traps in liquids. Table 6.3 gives the slope my., of the increase in
the diffusion length in the liquid, and the binding energy of positrons to vacancies.
Liquid Ga, which shows a rapid increase in the diffusion length with tcmperature,
has a very large binding energy in the solid phase. Pb, which has also a large
binding energy in the solid, shows a very weak increase in the diffusion length.
These facts indicate that the strength of the binding to the traps is not the only
effect leading to the increase in the diffusion length in the liquid.

The positron diffusion coefficient in liquid metals, D, is plotted in fignre 6.1
( using Dy = L_2+_ /7). The solid lines were calculated using the linear fits to the
diffusion length to distinguish the different results. The lifetiine was asswmed

- to be constant over the temperature interval. For Ga, tle solid line is a guide
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to the eye because no simple fit could be done. The diffusion coeflicient shows
a different behavior than the other metals. A low temperatures the increase is
linear, followed by a rapid increase at T =~ 200 °C . For Ga, the lifetimne used was
T = 260 ps!®. Because no experimental data on lifetime in liquid Sn exists, we
used the calculated lifetime at metal vacancies taken fromn reference 106; v = 282

ps. For Pb, 7 = 275 ps was used, taken from the lifetime at metal vacauncies in

solid Pb,106
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Figure 6.1: Diffusion coeflicient of positrons in liquid metals. The solid lines are calculated from
the linear fits to the diffusion length, as explained in the text, for Ga, the solid line is a guide to
the eye. The dashed lines are the self-diffusion coeflicient in liquid metals.
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The lifetime for liquid In was taken from reference 109, T = 260 ps. In Bi, there
is no data for positron lifetimes in vacancies nor in the liquid phase. Thus, the
lifetime was estimated assuming that upon melting, it would increase =~ 30% from
the bulk value (7, = 258 ps); this is a typical increase seen in metals!%’

The ionic self-diffusion coefficient in liquid metals also has been plotted in the
same scale. This coeflicient is three orders of magnitude smaller than the diffusion
coefficient of positrons. The difference is expected because the difference in the
positron and atomic mass is at least two orders of magnitude.

It is now widely believed that the self-diffusion process in liquid metals is
not a therinally activated process!~5131132 i e This process requires that a
void of molecular dimensions is created in the neighborhood of the ion before
it jumps!33-136, An activated process predicts a diffusion coeflicient that has an
exponential temperature dependence, D = D, exp(—E/kT), where E is the acti-
vation energy.

However, the experimental data on sclf-diffusion show that no simple function
can be used to fit the datal®!, and that an exponential dependence on temperature
is not the norm. It is believed that there may be many modes of motion®!:82 (ac-
tivated diffusion and free diffusion), that contribute, and the relative importance
of each mode depends on temperature.

The diffusion mechanism of positrons in liquids may also be a combination
of many diffusion modes. 1) A thermally activated process that depends on the
strength of the binding to the trap. This process would also depend on the avail-
ability of a void where the positron can jump. 2) Another mechanisin may result
from fluctuations in the size (and binding energy) of the traps. In each metal, the
relative importance of these three mechanisms differs at different temperatures.

Table 6.4 summarizes the diffusion coefficients in several solid and liquid metals

at the melting point; these values are compared with the self-diffusion coefficient
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in liquid metals.

The behavior of the diffusion length of positrons in liquid metals suggests that
there are density fluctuations in liquid metals of the order of a few atomic voluines
which to a small degree are dependent on temperature. The time scale of these
fluctuations are of the order! of 10712 s, However, the size and the frequency
of these fluctuations needs to be related to the diffusion coefficient of positrons.
Calculations of this type are needed to compare with our experimental data to

shed light into the dynamics of the ions in liquid metals

Table 0.4: Diffusion coeflicient below and above the melting point for several
metals. D, is the self-diffusion coeflicient of the ions at the melting point, from
reference 131, The Jargest change is observed in metals where positrons do not
get trapped in thermally generated vacancies.

Metal D, D, D,
10~2cm?/s 10~2%2cm?/s 10 %cm?/s
below T, above T, above T,,

Ga 75(7) 1.4(0.1) 1.6
Bi 9.7(0.8) 1.1(0.1)

Na 5.2
Sn 28(2) 2.4(0.2) 2.3
Pb 1.2(0.1) . 1.2(0.1) 2.2
In 2.1(0.2) 1.9(0.2) 1.6

Future studies.

There are indications that melting of small clusters embedded in a larger host
occurs at temperatures below the melting point.!4® The diffusion length and the
S parameter in the bulk of a metal offer a unique opportunity to study melting

of clusters or multilayers. The S parameter length in Bi, Ga, Sn, and Na is
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remarkably different in the solid from the liquid phase, offering the opportunity
to study the temperature dependence of the melting point of clusters of different
sizes. Thus, if a cluster of any of these metals is embedded in another material with
different bulk melting point, the change in S parameter can reveal any deviation
of the melting temperature of the cluster from the bulk melting temperature.

The diffusion length offers the possibility to study melting of overlayers of
different metals. For example, a multilayer of Al/Sn/Al should show an increase
in the S parameter if the Sn layer melts. A large decrease in the diffusion length
of the Sn layer should be observed at the same time. If melting in thin layers
occurs at temperatures below the melting poiht, or if a large number of defects
are created, the S parameter or the diffusion length would show a change different
from that in the bulk.

An interesting set of experiments is the study of surface melting. Recent
studies!3?~141 show that the open-packed surface of Pb, Al, and other metals
lose their crystalline order few hundred degrees below the bulk melting point. A
roughening transition is seen, even at lower temperatures. The thickness of the
molten layer is only a few nm, and increases logarithmically as the temperature
approaches the melting point!%?. A useful probe of this liquid layer is Ps formation.
For several of the metals studied (Bi, Na, Pb, and In), a decrease in the Is fraction
was observed upon melting. Because P’s is very sensitive to surface conditions, it
may be an ideal probe to surface melting. A gradual decrease in the Ps fraction
could be observed in open packed surfaces like Pb(110) approaching the melting
point because of the appearance of a liquid layer. In close packed surfaces that
do not show surface ‘melting effects, like Pb(111), only a sudden decrease in Ps

fraction should be observed on melting.
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