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ABSTRACT

Measurements of the work function, quantum yield and
low energy (6.0 eV ¢ hV ¢ 21,2 eV) photoslectron spectra are
presented for the simple metals In, Al, Pb and Sn in the liquid
and frozen solid states, and for Hg and the mercury alloys

- In =In in the liquid states only.

950~ 10502 M975710250 Hags™ Nagy
The results obtained for the solid simple metals are consistent
with other published results, The results for the liquid are

very similar to thoss for the solid and are constant over a

broad temperature rance above the melting point,

A Monte Carlo simulation of the photoemission process,
based on the 3=step model of Berglund and Spicer, has been
developsd and used to examine the effects of vériation of the
electron=phonon scattering length on tﬁe quantum yield and escape
depth of the photoelsctrons, This programme has been used in
con junction with an énalytical programme, based on the work of
Krolikowski, to derive optical density of valsnce states functions
and electron-elactron scattering lengths for‘the liquids,

In all cases the optical density of states functions show
much stronger structure than expected on the basis of a weak
scattering description of the liquid system and agree better with
theorstical predictions for the solid, indicating that some aspects
of the solid state band structure persist on melting. No
evidence fur conservation of the momsntum vector k or for non
conséant matrix elements is observed,

In the case of mercury and the mercury alloys the results

obtained agree well with the pseudogap concept proposed by Mott,
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CHAPTER 1t~ INTRODUCTION
l.1l. Qutline

During the past fifteen years'thare has been increasing
intersst in the properties of liquid metals and alloys. This
has arisen naturally as earlier studiss of the crystalline phase
have been extended into disordered systems, The liquid system
is attractive both to the theorstician and the expsrimentalist
as it is spatially isotropic and, unlike the amorphous solid,
offers a degree of disorder that may be easily reproduce&.

There ars, however, considerable difficulties in this
field - for the experimentalist there are the problems of the
high temperatures required (resulting in high vapour pressures)
and the corrosive nature of liquid metals, whilst for the
theoretician there is the problem of treating a disordered system
where long range translational order does not exist = precluding
the use of Bloch's theorem to simplify matters, This is
particularly true with the tight binding systems existing in
transition metals,

The work in the fisld to date has been summarised in
three major confersnces (Brookhaven 1966, Tokyo 1972 and Bristol
1976) and in several revisws = notably those of Cusack (1972),
March (1969), Enderby (1972),and Faber (1972), From these it
is apparent that there is relatively little expsrimental data
available on the electronic structure away from the Fermi level,
although other aspects (such as the elsctron transport properties)
have been extesnsively studied and are rslatively well understood,

This thesis describes a series of photoemission

experiﬁants carried out on five liquid metals = aluminium, indium,



2,

tin, lead and mercury and some mercury alloys. The object of
these experiments was to obtain information on the valence band
structure of these metals from measurements of their photoemission
properties = notably the work function, quantum yisld (as a
function of photon energy) and photoelectron energy distribution
spectra (E.D.C's). A computer model of the photoemission process
was developed and used to examine the effects of scattsring
processes, This model was alseo used in conjunction with the
experimental data to obtain values for the electron mean frse

paths and an optical density of states which could be compared both

with theoretical predictions and the results of other workers.

l.2. Liguid Simple Metals

The metals chosen for this work, with the exception of
mercury, are what are normally referred to as 'simple' metals,
i.e. metals of high conductivity that do not possess a d or f
resonance close to the Fermi level = this excludes transition,
noble and rare earth metals and the chalcogenides,

Up to the present it has normally been considered that
liquid simple metals could be adequately described in terms of
a nearly-free-electron (n.f.e.) model where the disorder has
largely reduced the scattering.potential. There has been
considerable work done in obtaining values for the structure
factor S(Q) (defined in the usual way as the expsctation value

of Na(Q)a™* (Q) where:

a(Q):= Eexp(-la-ri) (1.1)

and N = number of scatterers, Q is a wave number and Ty refers to

the positions of the nuclei) from X-ray or neutron scattering
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experiments and, with the exception of small effects in non-

cubic metals such as zinc and cadmium, the results agree well

with a simple pairwise interaction between ions, By plotting
structure factors against hard sphere diameter, Ashcroft and
Lackner (1966) have obtained a universal curve which is in
reasonable agreement with the hard sphere solution of the
Percus=Yavick equation, Howsver, in the case of the chalcogenides
there is some deviation from this model and these must be
considered in terms of non-central forces (Enderby and Hawker
1974),

Figure 1l.,1l. shows tha structure factor for leed, which
is typical of a hard sphers-like metal = a strong first peak
followed by oscillations which damp out in a few multiples of Q
As may be sesn from Tabls l.2.,, the elactrons at the Fermi leval
in a simple metal such as sodium traverse many of the'lbcal
arrangements betwsen scattering events, which would be expscted
to cause considerable smearing of the E«k curve as suggested
by Edwards (1962). This again contrasts sharply with the
chalcogenides, such as tellurium, where the mean free path is
only a few times the atomic diameter, with resultant strong
local scattering, As will be discussed later, measurements of
the optical properties also support this n.f.e. picture, showing

little evidence of band structure,.

1.3 Electron States in Disordered Systems =
Theoretical

There are several different methods that have been used
to obtain numerical results for simple liquid metals (a full

review of these is given by Cusack 1%972), but the majority

-
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of results have been obtained using a Greens function method
which was introduced by Edwards (1966). This has bsen used
as a basis for two different approaches.

The form of approach used by Chan and Ballentine (1972)
and Itami and Shijomi (1972) to obtain results for sodium,
aluminium, bismuth, mercury, indium and some alloys defines the

resolvant operator in the form:

G(E) = (E-H) = M (1.2.)
E - E,
n

where H = p2/2m + V is the Hamiltonian and kb >and E_ are its
eigenvectors and esigenvalues,
This results in a density of states (per unit energy,

per unit vol,, for a single spin orientation) of the form:

n(E) = L"E s:(k,E) = (2Tt)“[s(k,s)d’k (1.3.)

3

where the spectral function s(k,E) is defined as:

s(k,E) :—'T-;-Im G(K,E + i0) (L.4,)

where G(k,E) is the ensemble average Greens function.

Figure l1l.3. shows typical results for this method which
generally yislds a free slectron like n(E), lead and bismuth
being the metals which show the greatest deviation from this,

Because of the lengthy numerical calculation involved
in this method, a simplified version has been used by Shaw and
Smith (1969) and Schneider and Stoll (1967) to obtain results

for nickel, potassium, lead, bismuth, indium and cadmium, In
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this method the formal perturbation expansion for an energy

eigenvalus is written as:

z ’ e
E = ._k_’<k]V|k> + <K|Vlk?<zk|V|k.) e . (1.5,)
2m E-(k')/2m

K#k
By taking the ensemble average and assuming a uniform

distribution of states in k space, the following rslation for

n(E) is obtained:
n(E) - Eli [.a_gﬂ(_)] | (1.60)

Figure l.4, shows typical results for this method.

This method ignores triplet correlations = the structure
that exists from the third term of the expression involving S(q),
the 2=body structure factors,

The relationship between these methods has been examined
by Ballantine and Chan (1972). They have shown that thse second
method has given an exaggerated value for the pssudogap (the dip
in n(E) at the Fermi level) in mercury, implying that this
method is only reliable where the solid state density of statss
is free electron like,

A third method, that of the Bloch density matrix, has
been used by Rousseau at al (1970) to obtain results for
beryllium, This method shows appreciable deviation from free
electron bshaviour, whilst the first two methods show very free
electron like behaviour, as may be seen in the diagrams, whaere
the functions associated with crystallinity are washed out and
there is only a weak indication of a band gap.

More recently, interest has focussed on the use of a



tight binding method# A discussion of this method and the
muffin tin potential which forms the basis of the Ziroan-Lloyd

formalism is given by Watabe (1977)#

1#4# Electron States in Disordered Systems -
Experimental

There are several different techniqgues which have been
used to try to gain information on the electronic density of
states at or below the Fermi level# Some of these are discussed
here#

1#4#1# The Knight S hift (k)

This is a nuclear magnetic resonance (N.M.R.) technique,
the shift (K) being the fractional change in the N.M.R. magnetic

when the nuclei form part of a metal, relative to the field for an isolated
fie Id \ This gives information on any departure.from . atom.
N(E,)

the free electron value and on any variation during melting#
Results to dateshow little effect on N(E) onmeltingexcept in
cadmium (Seymour and Styles 1964), gallium and bismuth (Knight et
al 1959)# This failure to observe a change in K on melting is
not in agreement with the free electron picture# However there
are masking effects due to electron-electron interactions, and
the observational accuracy is limited#

1#4#2# Positron Annihilation

This technique enables information on the momentum
distribution of the electron to be gained by measurements of
photon angular correlation from the annihilation of high energy
(several MeV) positrons in the material# Unfortunately the
interpretation of results is difficult as there is considerable

smearing of the angular correlation curve in liquid metals(West et al

1967) which considerably lim its the usefulness of the technique#
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l.4.3. Electron Transport Properties

A considerable amount of information on liquid metals
has been gained from. measurements of the electron transport
properties, i.e. Conductivity (p), Thermopower (Q) and Hall
coefficient (R), Using a semiclassical nearly-fres=—electron
approach, where the electrons are described in terms of the plane
wave scattering of weak pseudo-potentials, Ziman (1961) has obtained

the following expressions for conductivity and thermopower:

2ke
1 _ 3T£n 2 8
\/ =z oy S(k)|v(k)|k dk (1.7.)
o}
2
o= Kk 5 )sC2kplv(2kpll <kF(B|VI/sz)S> (1.8
3ekg cIvli’s> <vls>

where {Lis the atomic volume and kg is the Fermi wavevector.

This approach has been discussed fully in several articles
(see Faber 1972) and although doubts have been cast on its
validity, mainly due to its dependance on the Born approximation,
it has been quite successful to date, The values of P obtained
for the alkali metals are in good agreement with experiment, and in
the cass of divalent metals it has shown clearly why they have °
lower values, The theory has also been successful in relating
the temperature dependance of‘p to the temperature variation of
S(q) but was initially unsuccessful in accounting for the
experimental values for mercury, More recently the pseudopotential
has been modified by Evans (1969) to overcome this problem.

In the case of the Hall effect the n,f.e. theory gives

the result:
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R, = 1/nec (1.9.)
where

RH is the Hall coefficient and n is the number of carriers/cﬁi
This expression is in good agreement with the observed
results for most materials, It fails in the case of lead, but
this could be due to the strong scattering in this material,
However, more recently Edwards (1966) has cast doubt
on this n.f.s. explanation and has shown that the simple
transport properties are not gensitive to small variations in

the density of states,

l.4.4, Optical and Spectroscopic Methods

The results obtained from low energy studies (e.qe
Hodgson et al 1962) have provided some of the strongest evidence
for the acceptance of the n.f.8. approache.

Almost all the results obtained are consistent with the
classical Drude model which yields the expression for the

conductivity:
(W) = neT | 1,10 ‘
P /(W T) (t.10)

where T is the relaxation time., .

One of the most notable results is that for aluminium,
where the interband transitions are observed to disappear on
melting, again in keeping with the predictions of the n.f.s.
theory, The agreement is not good in the case of mercury, but
thers has been soms dispute over the properties of this metal,

Schultz (1957) obtained results that were in good
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agreement with the Drude model but later workers such as Hodgson

(1959) claimed to have measured values for Eaand &£, significantly

2
greater than those suggested by the theory.

l.4.5. Emission Spectrum Methods

With the development of ultra high vacuum apparatus
making it possible to obtain and maintain atomically clean
surfaces, the emission spectrum techniques such as ultraviolet
photoemission spectroscopy and X-ray photoslectron spectroscopy
have come into prominence, These techniques allow the density
of states away from the Fermi level to be probed, farly
results on liquids (Koyama 1968 and Stevenson 1968) have been
quite striking and the whole n.f.e. approach has besn cast into
doubt by the discovery that structure observed in the density of
states persists on melting. Although the interpretation of
- results is complicated by the effects of elactron—electrﬁn
scattering processes, this technique is one of the most wvaluable
tools for the investigation of electronic structure, Its
application to liquid mstals is fairly recent, and further work
is urgently needed to clarify the initial results., This

technique will be fully discussed in later chapters,

1.5 Qutline of Thesis

It will be clear from the preceding that there is very
little definite information on the density of states in liquid
metals, Despite the success of the Ziman model in explaining
electron transport data, and the work of Edwards, the failures
of the n.f.8, theory show that it cannot be considered to be

totally satisfactory, Whilst the technique of photoemission
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spectroscopy provides a means of directly probing the density of
states away from the Fermi level, the work to date has mostly
bsen on solids and gases, and there is very little data available
for liquids, Although thers ars considsrable experimental
difficulties, Figure 1,5, shows that the vapour pressures of
aluminium, indium, tin and lead are low enough to make thess
problems seluble, and that even mercury can be handled with the
use of a mercury diffusion pump, These metals provide a range
of types from the free elactroq like aluminium to lead with its
strong scattering and mercury with its possible pseudogap.

Thus a series of experiments on these metals should provide
valuable data on the validity of the n.f.e. approach for liquid

metals,
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CHAPTER 2:= THE PHOTOEMISSION PROCESS
2.1. Historical Backaground

The photoelectric effect has been known for some tims, the
basic equation'Formulated by Einstein in 1905 being:

E=hV-{g (2.1.)
where £ = energy of the emitted electron, hV = photon energy and
g = work function,

Figure 2,1, illustrates the basic process, The electron
states in the valence band are filled from the bottom of the band
to the Fermi lsvel, Since a metal is being considered there is
no forbidden gap above this level, and empty states are continuous
to the vacuum level and beyond, If a photon of enesrgy hV
impinges on the metal and excites an electron of ensrgy E, it
will raise the electron energy to £ + hV, If this increase
raises the electron above the vacuum level, it may then find its
way to the surface and be emitted, its energy outside the metal
now being E' = (E + hV) -(EF + #)e Since the initial energy E
may be anywhere in the valence band, E" may be
anywhere between (hV = g) and zera, The probability of an
elsctron being emitted with any particular enerqgy E' is dependant
on the number of electrons with energy E —= thus, if a large
number of photons is considered, the distribution of final energies
will be a reflection of the density of states, modified by some
function dependant on the internal scattering processses and the
escape probability at the surface, This is the basis of the
technique of photoelectron spectroscopy.

The first attempt at photoelectron spectroscopy was made

by Richardson and Compton (1912), Whilst they provided a useful
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illustration of the tschnique they also revealed its major
limitation = which is that, without an atomically clean surface,
the electrons are scattered so strongly at the metal-vacuum
interface that all information in the spectrum is completely
'washed-out', Thus it is only in the past two decades, when
the advent of ultra high vacuum (UsHeV.) apparatus has made the
preparation of atomically cleansurfacespossible; that the
technique has become viable,.

However, theoretical advances were made s Fowler (1931),
by the use of Fermi-Dirac statistics, succeeded in explaining
theoretically the shape of the i=V curve near threshold (i.e.
(hV= g) is very small).“ Assuming that (a) only electrons for
which E>(f + Ef) at right angles to the surface may escape, and
(b) that all electrons satisfying (a) have equal probabilities

-

of escape, he obtained the expression:

Y (hV-,d)2 - for a given temperature T
(E¢ +}2§ -hV)% (242.)

where Y = quantum yield, Thus, by plotting Y% vs hV, an
accurate value of g may be obtained. This is called a Fowler

plot and is a very ussful techniqus.

2426 Present Theories
The current theoriss of photoemission fall into two main

groups, using either a general formalism or a model of the process,

2201, Formalistic Theories

In these thearies the gensration, travel, scattering and

transmission of the photoelectron are treated as a single process
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by means of first principle quantum mechanics.,. This has besn
done by several workers (e.ge. Mahan (1970), Schaich and Ashcroft
(1970), Caroli et al (1973)), using a variety of approaches,
Mahan has performed calculations using a scattering formalism
and Schaich and Ashcroft have considered the quadratic response
of the system to an gpplied electromagnetic field, These
theories include the effects of inelastic electron=slectron
scattering but make no allowance for the effect of electron=ion
interaction, which in the case of a liquid metal may well be an
important effect, Whilst all these theories are satisfactory
from a theoretical point of view, they are highly complicated
and, in order to give an effective salution for a real case, it
is necessary to make assumptions and simplifications that are
not satisfactory,

Norris and Williams (1976) have reported calculations
for aluminium based on the theory of Schaich and Ashcroft,
Starting from the 'golden rule' expression for ths time-averaged
- photocurrent outside the metal as a summation over a continum

of the forme=

. 2Te ihe ~
<J(r)> = Tz n(Elem| -DNe Ay >[’5(Emmw-s},) (2.3.)

m,u
where<m |is an initial one-electron state of the unperturbed
system with occupation n(Em) and |u > is a final state which has an
outgoing plane wave component at infinity in the vacuum, It is
also a decaying excited state in the presence of a boundary which
accounts for transmission and scatteringe A = A€ is the vector
potential, By then making suitable assumptians in the precseding

equation, namely that é is parallel to a near perfect surfacs,
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and by factorising out transmission and scattering effects, they

obtained the following expression for the snergy distribution:=

N(E,MW) = C{EEi)Iﬂ ravak >[ B(E; + D W -E)B(Es -E) }T(E) (2.44)
i f
i, £ being initial and final states of the perturbed system and
T(E) being the probability of escape without scattering, This
may'be simplified further by assuming that, in a disordered
system such as a liquid, the matrix elements which impose
consarvation of the momentum vector may be considered to be
constant, |

This reduces the above esquation tot-—

N(EnW) :CP(E-'h(JJ)F(E)T(E) (245.)

This does rely on gross simplification but gives a basis
for the interpretation of photoemission spéctra. Using equation
2.2+ and ignoring final state scattering, Norris and Williams
obtained EDC's for aluminium of the right genmeral shape but lacking
the structure that is observed experimentally,

2¢2e20 Model Theories

The earliest effective model theory, and still the most
useful, is that of Berglund and Spicer (1964), modelling the
photoemission process as a series of 3 semi=classical steps as
follows (see Figure 2¢2,)t=

1, The photon is incident upon a metal surfacs, It
penetrates the surface (assuming the reflectivity is zero), is
absarbed and gensrates a 'hot! or excited electron,

2. The electron travels towards the surface of the

material, possibly undergoing some scattering process as it
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does so,

Je The electron reaches the surface and eécapes.

Step (1) allows the possibility of two types of optical
transitions for the excitation of the electron,

a) Direct transitions: In a crystalline structure,

—

the crystal momentum must be conserved. This means that in a
band structure the transitions must be vertical, implying to

the photoslectron spectroscopist that the structure he observes

in the density of states should vary both in strength and position

relative to the Fermi edge as a function of the photon energy,

due to the coupling of the initial and final states by matrix

alements.

b) Non direct tramsitions: In this case it is

assumed, by presuming some unspecified many body interactions, that
crystal momentum need not be conserved, This means that thers

is little effesct from the matrix slements, which are usually
assumed to be constant, and hance that the structure observed
should be constant both in position and strength relative to

the Fermi edgs,

Later workers have used both types of transitions in
discussing results for different metals (see for example Eastman
(1969), Shaw and Smith (1969)) howsver, as will be seen later,
the results obtained in this study are consistent with the non-
direct approach and this is considered in more detail in Chapter 3,

The model contains several assumptions which are listed
here (see also Eastman (1972)):

1) That the matrix elements ars constant.,

2) That the emission of electrons is purely a bulk process.



16.

3) That the distribution of the directions of the excited
electrons is isotropice.

4) That only inelastic electron-electron scattering is
considered.

S) That the probability of an electron-electron event
may be defined in terms of a mean free path 13’

6) That the inelastic scattering is isotropic.

7) That when the electron reachss the surface, its
escape probability is assumed to be unity if its momentum normal
to the surface is grsater than some excited value, and zero if it
is less,

These are a fairly drastic set of approximations and it
is obvious that some of them are not well justified. However,
this model has enjoyed a fair degree of success and, in view of the
difficulties inherent in the formalistic theories, it will be
adopted as the basis for the interpretation of the results
obtained in this work, The model does need to be extended, since
in a liquid metal the electron-ion scattering length is very short,
which means that it is no longer possible to view the transmission
of the electron only in terms ﬁf inelastic electron-slactron
scattering. Other scattering processes must also be taken into

account,

2,3, Scattering Processes

There are three major scattering processes which need to
be considered for a liquid metal, These are electron-electron,
electron=-phonon (or electron-ion) and electron-plasmon interaction.

In a metal, electron-electron interaction represents the

ma jor source of energy loss for an excited elsctran, The excited
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electron interacts with an electron in the valence band,
transferring energy to ite. This process (Figure 2.3.) involving
the loss of energy E from the excited electron = ignoring k
conservation = may be shown (Krolikowski 1969) to have a

probability of occurence P of the form:=

0

P cc/Nv(Eb) N(E,-E)dE, (2.6.)
E
N(E) being the density of states at energy E, and Ea’ Eb being

the energies of primary and secondary electrons.

If this probability P is averaged over many events it
can be shown (Stuart and Wooten 1964) that the average energy
loss of the excited electron in one electron-electron collision
is one=~half of its energy in excess of the Fermi ensrgy. It may
thus be sssn that in the case of say, excitation by 10 eV'photons
of a metal with a 4 eV work function energy, that the probability
of the electron surviving more than two collisions and retaining
sufficient energy to excape is small, Therefore the probability
of electron=electron intsraction is a limiting factor in the
quantum yield of the material,

This probability of an electron-electron collision may
be expressed in terms of a mean free path or scattering length,
which is a function of the energy of the excited electron, A
fairly simple treatment of the scattering (Krolikowski 1968)

gives an energy dependance of the form E-s/2

s and if this is
compared with more complex predictions (Quinn 1962) or with
experimental data, (ses Figure 2.4.) it may be seen to be a

reasonable fit, Values of the mean free path in liquid metals

are of the order of a few tens of angstroms at 10 eV above the
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Fermi level, rising to several hundreds of angstroms at louwer
snergies so that, in the example above, the mean free path will
typically vary in the range 10 -« 100 R. The escape of electrons
that have undergone a singls collision results in a large peak
in the energy distribution spectrum at low energies and in the
case of a dirty surface this peak is considerably enhanced,
often to the extent of completely blurring out all details in
the higher energy part of the spectrum, This possibly arises
because the mean free path at the surface is greatly reduced,
causing an increased number of collisions, whilst the nearness
of the surface still allows a high probability of escape for the
electron after collision, It is thus vital to obtain as clean
a surface as possible,

The second major scattering process is that of electron-
phonon interaction, In this, an excited electron interacts with
the lattice in the material and either gains or loses a small
amount of energy (of the order of 0.05 eV), As in the previous
process, the probability of an event may be expressed in terms of
a mean free path (lp), but this is not significantly ensrgy
dependant over the energy range used in this study., In the
case of a semiconductar with a tightly organised lattice, this
mean free path may be very long = of the order of several hundred
angstroms = but in a disordered system such as liquid metal it
can be as low as a few angstroms (Cusack 1963),

Since the energy exchange in this interaction is quite
small, and may equally well be a loss or a gain, the effect should
be not to produce a low energy peak, but rather to blur
the structure of the energy distribution spectrum, the amount of

blurring increasing as the mean free path decreases, The effect
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on the quantum yield is not clear, and this is discussed in more
detail in Chapter 3.

The third major process is that of electrone=plasmon
interaction. In this process the electron causes a plasma
oscillation = a longitudinal vibration of the conduction elsctron
gas = losing enargy in the process. The plasmon has a definite
lifetime and a fixed frequency which may be measured by observing
electron energy loss spectra (Powell 1968). There are two types
of plasmon = surface and bulk = with different frequencies, the
surface effect involving motion of the conduction electrons to
a depth of 100 ﬂ. The decay of the plasmon causes a peak in
the quantum yield at the characteristic frequency, and this has
been observed in photosmission experiments on Al (Endriz and
Spicer 1974),

There is one other process which may affect the
photoslectron spectrum and the yield. This is the generation
of an Auger electron. The excitation of a photoslectron leaves
a 'hole', either in a core state or in the valence band, and an
electron from a higher state may then combine with this *hole!
releasing energy for the excitation of another electron to above
the Fermi energy (see Figure 2.5.)e¢ In the case of ultraviolst
photoemission, the probability of genaration of an electron with
sufficient energy to escape is fairly small and, as may be seen
from the results in Chapter 3, the contribution to the electron
energy spectrum is not significant,

In Chapter 3 it will be shown how these processes may
be modelled, and their effects on the final EDC and yield

determined,
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CHAPTER 3t= COMPUTER SIMULATION OF THE
PHOTOEMISSION PROCESS

3.1, Introduction

As stated in 2,2., although the complexity of formalistic
theories of photoemission tend to preclude their application to
resal systems, the 3=step model of Berglund and Spicer has en joyed
some success in the interpretation of photosmission results and
this has been used as the basis of analytical simulations (notably
by Kfolikouski 1969) and for Monte Carlo type analyses (notably
Stuart and Wooten 1964 and Leckey 1972),. However, these analyses
have been for solids and,when considering the transport of the
excited elsctrons to the surface, have only taken account of inelastic
electron=~electron scattering mechanisms, In a solid with a well
defined crystal structure this is probably adequate, since ths
scattering length for an electron-ion interaction is very much
larger than thét for an electron-electron svent, but in the case
of a liquid the electron—ion scattering length can be very short
(see Cusack 1963), and the effect of this mechanism on the
resulting photoelectron spectra and yisld is not obvious, There
are of course other effects, such as the possibility of electron=
plasmon interaction and the Auger generation of photoelactfons'
which may also influence the final spectra,'and whose importance
is again not obvious,

In the absence of a satisfactory analytical expression
for the electron=ion scattering of electrons in a liquid metal,
and the relative importance of the various mechanisms being
unknown, it was decided to attempt a Monte Carlo simulation

rather than an analytical one,
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In this chapter the structure of the Monte Carlo
programme is considered in dstail, The results obtained for
a free electron like metal are compared with those of the
Krolikowski analytical apprbach, and the programme limitations
are discussed, The effect of variation of the paramsters is
also discussed,

362 The Monte Carlo Proqramme

The basis of a Monte Carlo simulation is that the fate
of each individual photon and electron is followed = each decision
about their fate being made by a random number generator, where
the random number distribution has been suitably biased to take
account of the relative probabilities of various svents, As will
be fairly obvious, this technique usss a lot of computer time
since a very large number of photoﬁs and electrons must be
followed to reducs the statistical uncertainty involved to an
acceptable lavel, However, the technique does possess the
virtues of great flexibility, since it is only necessary to be
able to assign a probability to an event to be able to take
account of it,

In order to keep the required computer time down, it was
decided to make some simplifying assumptions in addition to those
normally made in the 3=step model (see 2.2.).

1, Any slectron whose enérgy fell below that necessary
for escape over ths surface Barrier was considered to have no
chance of escape and was ignored from that point,

2. So that it was unAecassary to consider tertiary
electrons (i.e., secondaries created by secondaries), the

programme was confined to a maximum photon energy of 10.2 eV,
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Stuart and Wooten (loc.cit.) have shown that an electron loses,
on average, half of its energy in excess of the Fermi edge in
each collision, So, as the work functions being considered

are between 4 and 4,5 eV, it may be seen that this results in

a very small probability of a tertiary electron being generated.
After sach slectron-electron interaction, the electron with the
higher final energy was considered to be the primary (the
electrons being indistinguishable).

3« Since no evidence of direct transitions was
observed in the spectra obtained from the liquid metals being
studied, it was assumed that all transitions were non=direct.

4, Since none of the metals being considered are known to
have a bulk plasmon in the energy range being considered,the
effects of electron—-plasmon interaction were neglected.

A full flow chart of the programme is shown in Figure

el Let us now consider the steps in detail :=

3.2.1. The Photon Entry

Only absorbed photons are considered, and the incidence
of the photons onto the surface is assumed to be normal.
Allowance for reflection at the surface, and for réfractiﬁn in
the case of non=normal incidence, is trivial and it was not
fPelt necessary to include this in the original programme,
Non normal incidence will, of course, result in the generation
of excited electrons closer to the metal surface = hence it should

cause a significant change in the yield,

Je2e2e The Photon Walk

If a photon Plux intensity 10«1» and frequency (W
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penstrates the surface of a metal of an absorption coefficient
o¢ (W), then the resultant intensity at a point a distance x

from the surface may be expressed in the form:i-

I(x,W) = I (W)e ™™ (3.1.)

If sach photon absorbed then results in an excited
alectron, the number of excited electrons generated betusen x
and x + dx will be of the formse

X

G(x) A oce (3.2.)

i.e. the probability of a photon creating an electron at a given
depth will vary according to the exponential of the depth.
Thus if 8, is a random number from a normalised distribution

of random numbers, and x is selected according to the relationship:

X = -ocln(a1) (3030)

then if the values of x selected are considered for a large
number of photons, the resulting distribution will be as in (3.2).
AR record of x is kept in the programme so that, at the
end, the initial value of x for all the photoelectrons which
escaped may be averaged to give a value for the effective probe

depth at the photon energy under consideration,

362430 Generation of the Photoslectrons

The photon which has penetrated a depth x into the
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material is now absorbed by an electron of energy E, Two things
are immediately apparent - firstly, £ must be such that

E +1 >Ef (or the exclusion principle will be violated)s
secondly, that the probability of selscting a given E must vary
according to the number of electrons with that energy (L.0.
biased to higher values of the density of states NV(E)).

It has been shown by Krolikowski (loc.cit.) that, for
constant matrix elements and non-direct transitions, the
fractional number of slectrons excited from the valence band to
a conduction band state of energy E, G(E), may be expressed

in the form:=-

N.(E)N(E -hW) Ee+h )
G(E) = ¢ v f (3-40)

N(E) N(E -hW)dE
E¢

Now, for a fixed () this may be reduced tot=

G(E) oc N(EINJE -hw) (3.5.)

Therefore, in order to work out the relative probabilities of
various transitions we must first work out this expression,
Unfortunately, this distribution cannot be described by some
simple relation so, instead of considering it analytically, it

is necessary to treat the distribution as a histogram of energy
interval AE, If the histogram is then integrated and normalised,
using a Simpsons rule integration, and a normalised random number

a2 is selected, the probability of it falling between



25,

NC(E)NV(E =hWw) and NC(E +AE)NV(E +AE = n() will be proportional

to the area of that segment of the histogram i.e.

N(E)NJE -hW)AE (346.)

since AE is a constant, this will achieve the desired effect of
biasing the energy selection towards higher values of the density
of statses. However, in practice this results in a problem since
the computer must then make a search to detsrmine between which
points on the normalised histogram a, lies, which is very time
consuming. It is thus necsssary to take steps to remove ths
need for this search, This was done by taking a one=dimensional
array X of 10,000 'slots', Each element of this array was
assigned a value of E, the number of elements with any particular
value of E being proportional to the probabilityiof selection of
that £ (i.e. NC(E)NV(E ~ h) see Figure 3.2.)e Thus in
selecting a,, the value of E assigned to X[int.(az) x 10,000]

was chosen as the slsctron energy, achieving the necessary bias
without the need for a search.

In practice, the selection was of courss limited.to those
values of E allowed by the exclusion principle, This technique
results in some quantization of the energy selection but, sincs

AE =0,1 eV, this was not significant, A record was kept in
the programme of the values of £ selected, and this was printed
out at the snd to check the procedurs,

The initial energy E having been selected, the excited
energy £4 is thus E + h(), If E4 ¢ E. + g, the electron is

considered to be unable to escape and a new photon is then
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considered,

If the initial selection energy E is low enough, thers
is a possibility of the generation of an Auger electron, This

will be considersd in 3.2.,6.

302440 The Electron Walk

The energy of the excited electron having been decided,
it is then necessary to decide how far the electron will travel
and in what direction, Since we are dealing with a liquid
metal, it is not unreasonable ﬁo assume that the material is
isotropic and there is an equal probability of the electron
travelling in any given direction, In this case the direction
of travel may be defined simply in terms of one angle 8, the
angle to the normal to the surface,. This assumption is not a
limitation of the programme, as it would be simple to programme
a bias into the distribution (es for the electron energies) if
we were dealing with a crystal. However, if the value of

is selected according to the expression:-
cos(8) = 2(az-1) (3e70)

where a; = normalised random number
as derived by Stuart and Wooten (loc.cit.), it may be seen that
this will yield an isotropic distribution,

The determination of the distance 'walked' is rather
more difficult, We are concerned with two scattering processes,

each with its own mean free path, of which one (le) is energy

dependant, However, for any given le and lp, it is possible
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to define a total mean free path (lt) in terms of the

expressions=
) 2 - 2, (3.8.)

As in the case of the photon walk, the probability of
the electron iravelling a distance 1 before a collision will
vary exponentially, and thus the 'walk' length may be selected
according to an expression similar to (2) to give the correct

distribution, i.e.

1 = -ltln(a4) (3.9.)

where a4 = normalised random number.s

For the purpose of this study it was decided to use the

expression for le derived by Krolikowski (locecit.), i.s.

/€ (3.10)

1(E) =L,
ZEf- /2(E EV)

d(E) /d(AE)NV(E AE)N(ES+ AE)

E¢ (E¢ '

whers Lo is a normalisation constant fixing the value of le at
a particular final energy E?
For a free electron material this may be approximated

to the formi=

1.(E) = LE/2 (3.11,)
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and this was used in the programms, Again, this is not a basic
limitation in the simulation = by definition of a suitable
one=dimensional array for le’ any biasing could be achieved.
This form for le was simply used as a convenient starting point,
The length and difection of the slectron walk having
been determined by the above means, it now remains to decide
whether the walk will bring the electron to the surface. Since
the initial depth of generation (x) is known, the new distance

from the surface will now beit=

X = x, -lcos® (3.12.)

1

If this is now negative (i.s. the electron has reached the
surface), the energy of the electron normal to the surface is

then calculated to see if the electron can escape, 1.8

EcosO »¢ (3.13.)

If this is so, then the fact is recorded in the fate counters
along with the electron snergy outside the material and its
angls of escape. If not, then the electron is considered to

have been reflected (i.e. x becomes =x).

362456 The Collision Process

If the electron does not reach the surface, or is
reflected, the type of scattering event it undergoes must be
decided. This may be done simply in terms of the mean free
path, since the probability of it undergoing an electron=glectron

esvent may be expressed in the forms=

P o0 1t/1 (3.14,)
e
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see Stuart and Wooten (locecite).
Thus by choosing a normalised random number agy correct biasing

will be given by the conditions:

if ag > lt/ls the event is electron-electron
if a; < lt/la the svent is electron-ion
3e245a Elsctron-ion Events

The process is considered quite simply in terms of the
electron either gaining or losing (with equal probability) a
quantum of energy Ep. Ep is considered for the purpose of the
simulation to be = 0.04 eV, but for Ep ¢< 0,1 a8V the programme
was not sensitive to the exact value, The sign of the energy

exchangs was determined by a normalised random number ag by the

conditions?
ag > 0.5 Ep positive
ag <« 0.5 Ep negative
3.2.5b Elsctron-electron Events

This process is rather more complicated. The probability
of an electron of energy El interacting with an electron of energy

E2 with an associated energy exchange of AE may be expressed in

the form:
o)
P O ]NC(E1-AE) N(E, » AE) dAE | (3.15.)_
En"Eg

(Since the electrons are indistinguishable, an energy exchange
of AE > (E1 - E2) /2 need not be considered),

To take full account of this in deciding the value of
€ would be very difficult, since it would be necessary to work

out the product U(E) = N(E - AE) N(E+ AE)
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for all possible values of E1 which would require an impossible
amount of storage space in the computer, However if NC(E) is
considered to have a simple form, such as a free electron
variation, it may be shown that the form of U(E) does not vary
significantly over a large rangs of E, Thus if U(E) is worked
out for the maximum value and put into an array (as for NV(E)
NC(E + hW)),AE may be selected from this without introducing too
much error, E, is then selected for the initial probability

2

array, limiting the choices ta‘E1 - E2 > Ef - E to take account
of the exclusion principle.

Thus E2 and AE have been determined taking account of
the necessary factors in the probability expression but in a
form that is fairly simple to pregramme, The final energises
will be El-AE and EZ2 +AE, the higher snerqy always bsing
considered to be that of the.;rimary.

After the scattering event, the secondary is followed
for one further walk to see if it eécapes. If it does not,rit

is then neglected. The primary is followed until its energy

is too small to allow it to escapse,

Je2460 The Auger Process

When an electron 1s excited from below the Fermi level
it leaves‘a hole with which an electron higher in the band may
recombine with the release of some energy E°, This snergy may
then excite another electron to above the Fermi energy (see
Figure 2.5.). The eﬁergy of the electron which recombines with
the hole may be selected using the previously set up probability
array - disregarding those energies which are below the energy of

the hole, i.e. the random number selection is limited to those
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states permitted by energy considerations. This determines the
enerqy available for excitation of the second electron (if this
is less than §, the energy is too small to need to be considered).
Its energy may bs selected from the same probability matrix,
having regard for the exclusion principle, The Auger electron
is then treated in the same manner as for a secondary electron
i.os is followed for one walk, examined for boundary conditions

and then disregarded if it does not escape,

3e2e70 The Fate Counters

There are three sets of counters for the escaped
electrons = one for primaries, one for secondaries and ons for
Auger electrons, For the purposes of these counters a primary
is considered as an elaectron that escapes without undergoing an
electron-electron collision. These are basically a series of
slots to which the electron is allocated according to its energy
and angls of escape,

When all the photons have been considered, thsse counters
may be intérrogated to obtain the yield and an EDC (or separate

yields and EDC's for the individual angular sections).

Je3e Use of the Programme

As stated earlier, several of the necessary factors for
the programme will be known e.ge. work function, photon energy,
Fermi energy and attenuation depth. The electron-ion interaction
energy is not known exactly but experiment shows that it is a
non-critical factor, The major unknowns will be le’ 1p and.

the form of the density of states, Values for le’ 1p could be
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estimated using a short version of the programme which did not
contain the fate counters, but only a totaliser for the yislds
of primary, secondary and Auger electrons, This allowed several
values of 19, lp to be tried, since less photons are needed to
give a reasonably accurate yield compared with the number
required for an EDC (about 25,000 photons was found to be
adequate on a basis of reproducibility). Experiment showed
that the yield is not critically dependant on the density of
states, assuming it is basically free slectron like. Thus
19, 1p may be modified to match the programme yisld to the
axperimental yiseld, and the density of states may then be
modified in the full programme to match the predicted EDC to

the experimental one,

3.4, Results
Jedele Free Electron Yield

As mentioned earliar, this programme and that of
Krolikowski are based on the same 3-step model, It thus follows
that, since the major difference in the two programmes is the
inclusion of electron=phonon scattering, for 1p = 00 the two
should give identical results, Accordingly, both prograﬁmes'
were run for a free electron density of states over a range of
photon energies, the results of which are shown in Figure 3.3,

It may be seen that the agreemsnt is highly encouraging, The
values of oC and 1e are fairly typical for a free-slectron-like

material,

3ede2e Effects of Electron=phonon Interaction

The programme was run using a free electron density of
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states for a range of values of 19 and lp to determine the effect
of slectron-~ion interaction, Figure 3.4, shows how the escape
depth (i.s. the average depth of generation of those photoelectrons
that escape) varies with 1p for a variety of values of la' It
may be seen that it is very strongly dependant upon both parameters,
though less dependant on lp and only becoming seriously affected
by this when it is appreciably less than le' It does however
vary almost linearly with le'

Figure 3.,5. shows the variation of the primary yield
with 1p for a range of values le’ It is immediately apparent
that the yield is not strongly dependant on 1p but varies almost
linearly with le' A low value of 1p when la is large can
howaver cause an increase in ths yield. On a simplistic basis
this may well be considered to be dus to the low lp causing an
increased probability of scattering the electron towards the
surface whilst the high lB reduces the probability of a collision
that might result in a significant energy loss.

It is thus apparent that the major effect of a low lp
is on the escape depth rather than the yield, and this indicates
that the Krolikowski programme should give adequate results

even for a liquid metal,

3e4e3e Prediction of EDC's

As pointed out in 3.,1., the major limitation of a
Monte Carlo process is that, in order to reduce the statistical
uncertainty in a result, a large number of events must be
considered, with a consequently leng computing time,. Figure

3.6, shows a predicted EDC (for a free electron density of states)
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from the Monts Carlo programme compared with the equivalent
Krolikowski €DC, It may be seen that, whilst the general
agreement in shape is good, there is a large amount of scatter
in the points obtained using the Monte Carlo approach. This
could be reduced by increasing the number of photons considered,
but it was found that in order to reduce the scatter to an
acceptable deqree it was necessary to consider of the order of
10,000,000 photons, resulting in the use of an impracticable

amount of computer time,

3¢5 Interpretation of Results

Whilst this programme was under development, work was
alsc undertaken by Dre J, Bethel and Dr. S. Holloway of the
University of Leicester Physics Dept. to modify the Krolikowski
programme to include the effects of both Augsr and electron=plasmon
processes, These modifications were successful and, in view of
the results given in 3,4.2. regarding the effects of variation
of lp and the excessive computer time needsd to generate EDC's,
it was decided this programme would be adequats for the
interpretation of the results obtained im this work,

The programme was used in the following manner to obfain
an optical density of states for each material, Using an
arbitary density of states as a starting point (usually obtained
from the 21,2 eV EDC with the background subtracted), the
scattering lsngth le was altered on an iterative basis to obtain
a match between the predicted yield and the experimental yield
at 7,7 sV,

The predicted EDC was then examined and the initial
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density of states modified (again on an iterative basis) until
there was good agreement betwsen pradicted and experimental EDC's
at 7.7 and 10,2 eV, Figure 3,7 shows the flow chart for this
process,. Figure 3.8 shouws the resulting EDC's for liquid
indium at 10,2 eV. Tl is the initial density of states from

the 21,2 eV EDC, T2 is the first modification made, as described
above, and T3 is the final optical density of states,

In all cases considered it was found to be unnscessary
to take into account the possibility of there being structure
in the density of states above the Fermi energy. A free
electron density of states was used in all cases and was found
to be perfectly adequate (this is not true for other metals =
Wotherspoon (1978) found that for bismuth, using the same
technique, the existence of structure in this region had to be
considered),

So far there has been no consideration of experimental
broadening effects, After the final optical density of states
had been arrived at, this was deconvoluted assuming the broadening
to take the form of a Lorentzian distribution (i.e. a delta

function would be reproduced as a curve described by the equation

AX
(x) = a 2 (30169)
s ATE[(X-xO) +(8%/5) )

where x is the halfewidth and X5 is the position of the centre
of the curve), The deconvolution was done on an iterative
basis i,s. 2 trial density of states was convoluted compared with

the final optical density of states and then modified until



Fig.3.7-Flow chart for_the calculation of an optical
density of states
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agreement between the two was reached,

Strictly speaking this deconvolution should have besn
used on the fimal EDC to obtain the optical density of states,
However it was found that applying the process to the optical
density of states already obtained gave an adequate result and,
since this was far less time consuming, this technique was
adopted,

The optical densities of states obtained are given in
the chapters on the different materials, Also shown are thse
predicted EDC's bassed on the optical density of states, In
these both the total EDC (as a sum of both the primary (Yp) and
background (Yb) yields) and the contribution due to the background
emission (i.e. secondary yield and Auger yield etc.) are
indicated,

Typical results for indium give the following yields:i-

hV = 7.7 e\’
Primary yield = 0,0034 electrons/abs, photon
Secondary ™ = 0,0005 electrons/abs, photeon
Auger ® = 0,0001 electrons/abs. photon
hV = 10,2 eV

Primary yield = 0,0047 electrons/abs, photon

Secondary " = 0,0015 electrons/abs, photon

Auger " = 0,0002 electrons/abs. photon
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CHAPTER 4 := THE EXPERIMENTAL APPARATUS

In this chapter, the apparatus used in this study, the
expsrimental technique, and the possible sources of error ars
discusseds There are, of course, considesrable difficulties
involved in the experiment, Extreme surface cleanliness is
required, making it necessary both to prepare and keep the
surface in ultra high vacuum, and the photocurrents involved
are very small, so that highly sensitive electronics are needed
for their detection,

The apparatus required for a photoemission sxperiment
may be considered in three main sections, Firstly a source of
photons capable of covering the necessary energy range, secondly
a vacuum system capable of allowing the preparation and maintenance
of an atomically clean surface, and thirdly an electronic system
to detect and analyss the photoelectron spectra, Figure 4,1,
shows the basic layout of such a system. The apparatus was,
of course, under continuous development during the course of the
study and it is the final version, with which the major part of
the work was done, which is described here., Any modifications
required for a particular material are described in the chapter

relating to that matsrial,

4,1, The Optical System

Two different photon sourcss were used for this work,
covering the snergy range 3 = 21 eVe Since the largest of the
valence bands is that of aluminium at 11,1 eV, this means that
the whole of the valence bands of all materials used could be

studied, and the core states of mercury could also be investigated.
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4elel. Photon Energies ¢12 eV

The range of photon snergies from 3 = 12 eV was covered
by use of an Hinterrsgger hydrogen discharge lamp, which gives
saveral strong spectral lines between 11,2 8V and 7.6 eV and a
continuous spectra below 6 eV, A typical lamp output spectrum
is shown in Figure 4,2, Individual photon energies wers
salected by coupling the lamp to a 1 metre diffraction grating
monochromator (Hilger and Watts type 760), This uses a Bausch
and Lomb 3-section 600 line/mm. diffraction grating blazed at
1so00 R with a dispersion of 16,0 ﬂ/mm. at the exit slit, The
grating could be rotated either by hand or automatically by
means of a variable speed motor, The lamp was modified following
an investigation into the possibility of increasing the output
by inclusion of a hseated filament in the discharge as described by
Eastman (1972). Unfortunately this technique was found to be
unreliable in operation and damaging to the grating, but it was
discovered however that the use of a water—cooled stainless
steel cathode (instead of the standard air-cooled aluminium one)
resulted in a far more stable lamp output, and the lamp required
cleaning much less often,

Typically the lamp output over the range 7 = 10 eV was
stable to <5% over a period of ssveral days (including a complete
shutdown of the system overnight), and was stable to <2% over a
period of 24 hours, The lamp was differentially pumped through
a l cme length of 1,5 mm, bore pyrex capilliary connecting it to
the monochromator, which replaced the normal entry slits, This
enabled the lamp to be run at a pressure of 0,4 torr whilst

maintaining the monochromator at 7 x 10"5 torr. Typical
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operating current and voltage were 400 mA, 800V DC. An attempt
was made to pump the lamp separately using a LiF window between
the lamp and the entry slit, so that the lamp could be run at
highsr pressure, but the static charge caused by the ionizing
radiation attracted oil vapour to the window causing a rapid
deqradation of its transmission.

The monochromator was mounted horizontally and was
pumped by a 4" oil diffusion pump using a freezer baffle and
Convalex 10 o0il to minimise vapour contamination of the grating,
Since the system was horizontally mounted, a 2-mirror system was
used to bring the photons normally onto the liquid surfacse.
These mirrors were fixed in an evacuated brass tube using
ad justable mountings to allow the focussing of the light onto
the liquid surface. The tube was coupled to the exit slits of
the monochromatar and to the window flange on the chamber, The
mirrors were front silvered aluminium, coated with Mng and had
a reflectivity of »80% at 1216 R. The tube also contained a
quartz filter which could be inserted in the bsam path to remove
second order effects when working at low photon energies,
Instead of coupling the tube to the chamber it could be coupled
teo a fitting which mounted a sodium salicyclate phosphor in
front of a photomultiplier tube (EMI 6256B8) enabling a relative
measure of the lamp output to be obtained, The fitting also
allowed the LiF window from the chamber to be placed in the beam

path so that its transmission could be measured.

41,26 Photon Energies 312 eV

This range of energies was covered by a noble gas
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discharqge lamp utilising either helium or neon, This gave
photons at the resonance eﬁergy of the gas = either 16.8 eV

(Ne I) for neon or 21.2 eV (He I) for helium, Higher ensrgy
discharge linas exist for both gasss but due to their low
intensity they were not used in this study. The construction
of the lamp is sssentially the same as that used by Broden,
Hagstrom and Norris (1973) with the exception of an 'in=line!
Hinterregger=type anode-cathode arrangement. It was connected
to the chamber by besing directly mounted onto the top flange
above the electron analyser, rsplacing the lithium fluoride
window and optical system used for low energy work, The lamp
was differentially pumped directly below the dischargs by a
rotary pump, and between the two narrow=bore light pipes by a
diffusion pump, This dual pumping system enabled a pressure
of<10-g torr to be maintained in the chamber whilst there was a
prassure of 8 torr in the discharge capilliary, Typical opsrating
current and voltage were 100 mA, 800V DC.

The gas used in the lamp was of commercial grade and
was purified by passing through filters of activated charcoal
cooled by liquid nitrogen, The gas extracted from the lamp,
immediately below the discharge, by the rotary pump could be
recirculated by passing through an activated alumina trap and
then again through the charcocal traps to remove any traces of
oil,

An estimate of the contribution of hydrogem contamination
to the lamp's spectral output could be gained by insertion of a
LiF filtar (cut-off_at 12,6 eV) between two of the capilliary

sections,
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The Vacuum System

Experiments involving the measurement of low energy

( <200 @V) electrons ejected from conductors, whether ultra-—

violet photoelectron spectroscopy

diffraction (L.E.E.D.) or Auger

(U.P.S.), low energy electron

electron spectroscopy (A.E.S5.),

tend to be very surface sensitive due to the low electron mean

free paths in the contamination layer,

Thus it is essential that

the surface be prepared and maintained free of contamination,

However, a clean surface in air at atmospheric pressurs will be

covered in a monolayer of oxide in ll'_l-6

sticking coefficient is assumed),
of this type takes minutes at the
that the expsriments be performed
torr) and, dus to the high vapour
spescial technique must be devised

4,2.1.

seconds (if a unity
and a practicable experiment

very least, This requires

in UHV (i.e. pressures < 107°

pressure of liquid metals, a

to prepare a clean surface,

The Experimental Chamber

The preparation and measurement were carried out in a

single stainless steel chamber in

the form of a cylinder 6" in

diameter and 15" long (ses Figures 4.3, and 4.4,), at one end of

which was fitted a 5" diameter observation window and at the qther

the main analyser flangs,

On top of the chamber were mounted

two ports, to one of which was fitted the sample preparation

flange, the other being fitted with a LiF window and connected to

the light tube.

On the side of the chamber were mounted an

ion gauge, a linear motion drive holding a small stainless steel

bucket to catch waste material from the pourer, and a flange

supporting a gold evaporation assembly to provide a standard
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for yield measurements, The latter consisted of a small stainless
steel plate mounted on a magnetic drive which snabled it to be
moved from underneath the screened evaporation filament to

directly below the aperture in the grid screening where the sample
was normally placed, All flanges were sealed with Conf‘lat‘B knife
edge seals and OFHC copper gaskets,

4,2,24 The Pumping System

At the commencement of this study, it was expectsd that
there would be difficulties in pumping the chamber due to ths
large vapour transport anticipated with liquid metals, For this
reason a pumping system consisting of a water cooled Titanium
sublimation pump (T.S.P.), and a 3=-stage mercury diffusion pump
(Edwards UHUM2A) was chosens, This was backed by a 2" mercury
diffusion pump and a rotary pump (Edwards EDSO). The top of
the main pump was fitted with a liquid nitrogen trap and a
thermoelectrically cooled chevron baffle, 0il backstreaming
was prevented by two molecular sieve filters connected above the
rotary pump, A base pressure of (3 x 10-10 torr could bs
achieved after a 12 hour bake at 250°C. (The baking temperature
being limited by the AgCl seal on the LiF window), The residual
partial pressurse of mercury after bakeout, as measured by mass

12

spectrometer, was = 2 x 10"~ torr. The principal contaminants

remaining in the system were H, 0, N, and CO,

2 2
In practice, except in the case of mercury, vapour

transport -was found not to be a problem, and later an ion pump

(Ferranti 2201/sec) = TSP combination was successfully used instead.

The pumping system and chamber were mounted on a trolley

to enable baksout to be carried out away from the optical system,
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442e30 The -Crucible Flange

The extreme surface cleanliness required in a photoemission
experiment raises several problems, Owing to the eass of
evaporation of liquid metals, it is not always possible to use
heat cleaning, as this could result in loss of the sample,

Simply melting cleaned solid indium has been tried (Koyama 1968),

but it has proved virtually impossible to remove oxide from the
surface., Argon ion bombardment has also been tried (Stevenson 1968)
but this has been unsuccessful = possibly because the surface is
mobile and non flat. |

The method decided upon was that of pouring from a
crucible. This has been used before (Stevenson 166.cit.), but in
the present case had two important additions. Firstly the entire
crucible was mounted within the vacuum chamber, enabling the
material to be outgassed in a good vacuum at a temperature well
above the working temperature without evaporation in the working
areé, and secondly the crucible had a re-sntrant tube to allow
pouring from the centre of the melt which was free of oxide
film or heavy contaminants, The success of this technique may
be seen from the results given later, this bsing the only monitor
of surface cleanliness,

The construction of the crucible is shown in Figure 4,5,
Crucibles of three materials were used = stainless steel, quartz
and alumina, Those of steel and quartz were heated by slectron
bombardment from a thoriated tungsten filament (the quartz having
been covered in an outer sheath of ssveral layers of 0,002"
stainless steel), With +2000V applied to the crucible, and an

emission current of 40 mA, temperatures in the region of 700°C
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were achieved. The alumina crucibles were heated (up to 900°C)
by a tungsten filament wound round the outside. These alumina
crucibles lacked a re-entrant tube, due to manufacturing
difficultiss, and heavy contaminants weare removed by allowing
several drops of metal to fall into the waste trap before pouring
the samplse. All crucibles were sealed by alumina rods which wers
carefully ground in to achieve a good seal, UWith alumina and
quartz crucibles, care was needed when hsating to avoid thermal

shock to the materials,

42,4, The Photoelsctron Analyser.

The electron analyser itself was a retarding field
instrument, It had 3 electrodes = the specimen table and an
aluminium hemispherical collector 4" in diameter inside which was
mounted a hemispherical grid of stainless steel mesh (0.001%
diameter wire, >90% transmission), three inches in diameter, A
flat plate of 0,005" stainless steel coversd the bottom of the
hemisphers, Holes 1" in diameter in the centre of the collector
and the bottom plate allowed for the passage of photons and
photo-selectrons, To even out the work function of the inside of the
collector, it was coated in a layer of fine carbon, This was-
achieved by spraying a suspension of graphite in alcohol over
the surface with an artists' air-brush, giving a very even
greyish appearance to the inside, A retarding field was applied
between scresn and collector, and a fixed potential between
screen and specimen, The whole assembly was mounted upon a
stainless steel yoke affixed to a stainless steel plate which was
secured to the main flange by four #" diameter steel rods, this

mounting allowing the centralisation of the light aperture under
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the LiF window, Whilst other forms of electron analyser are
known to give better resolution, a retarding field type was
chosen since it could be used even when there was considerable
evaporation and condensation from the heated sample.

The specimen table (Figure 4.6.) consisted of a 1"
matal or alumina dish, It was recessed on the underside to
accept a tungsten wire heating filament which was held in place
by a flat stainless steel plate and insulated with alumina
washers, The whole was supported on a 3/16" diametsr alumina
rod in a 1" cube of stainless stesel, slectrical connsctions
being passed through ths cube in alumina sheaths, A scrsen of
0,005" stainless steel surrounded the specimen assembly and was
mountad on the cube with insulating washers, The cube was
supported on the rods affixed to the flange by means of a yokse
and could be moved by means of a magnetic drive, The screening
around the specimen, whilst normally connected to the grid when
in use, had a separate connection to a feedthrough on the flange
so that shorting of the screen to the specimen did not necessarily

terminate the experiment,

4,3, The Datection System

The circuit used, shown in Figure 4.,7., was a modified
form of that used by Eden (1970), A balancing capacitor in
parallel with the photo-diode was not used as this was found to
be unnecessary, the grid scteen reducing the out-of=phase AC
pick=up sufficiently for it to bs suppressed by the phase
sensitive detector,

As may be seen from Figure 4,7., the specimen potential
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was varied by a ramp gensrator modulated at 15 = 20 Hz, the
frequency being chosen to minimise the effects of 'beating' in

the electronics. Typical modulation voltage was 0.4V p=p.
Photoelectrons travelled first to the screen, which was maintained
at a fixed potential with respect to the specimen and then across
the retard potential to the collector, The current resulting
was then amplified by means of a Keithley 427 current amplifier.
High frequency noise and D.C, bias were eliminated by means of

the amplifier's variable rise time anﬁ D.Ce offset facilities
(typically 1010V/A amplification, 30 m3 rise time).

The signal was then analysed by a phase sensitive
detector (PSD) (Brookdeal 401A) and fed directly into the Y
amplifier of a chart recordsr. Since the X signal for ths
recorder was taken from the ramp generator, and the photoslectron
signal was differentiated in the PSD, a direct plot of the
photoelectron energy distribution could be obtained. By using
a slow ramp voltage (typically 40 secs/volt) and a long time
constant on the PSD (typically 3 secs), a very low noise trace
could be obtaineds Noise level is indicated in Figure 4.8,

For measurements of the yield, the collector and grid
were connected together and biased to +25¥, The current amplifier
was connected between the specimen and sarth and the output fed
directly to the XY plotter, giving a measurement of the total
photoelectron current from the specimen, The maximum rise time
(300 ms) was used to eliminate noise, and extrams care was taken
with the earthing and screening, Zero calibration was by
interruption of the light source and, with care, currents of

«ag™13 amps could be measured,
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4.4, Experimental Procedure

Setting up. Bafore assembly the flanges and chamber
were thoroughly cleaned with a degreasing agent, Alumina and
quartz parts were cleaned by heating in an air oven to 90000,
molybdenum parts by heating in vacuo to 1500°¢C using a radio
frequency induction heater, Small stainless steel parts were
cleaned by electropolishinge.

The crucible was filled with material that had besn
scraped clean of oxide and then cut into small piecss, After
assembly of the system this material was then melted under
vacuum, ths crucible flange removed and the process repeated
until the crucible was filled.

After lsak testing, the chamber was baked at 250°C for
periods of up to 24 hours and towards ths end of this baks, the
specimen table and crucible heaters were switched on for initial
outgassing, Final outgassing of both was done at near their
maximum attainable temperatures when the chamber was cold, The
cleanliness of the specimen table may be judged from Figure 4,8
which shows EDC's taken from a molybdenum specimen table after
outgassing, Finally the electronics and optical system wers
connected to the chamber,

The table was then cooled to below, and the crucible to
Just above, ths melting point of the material, A few drops of
matsrial were poured into the trap in the system to clean the
pouring tube of the crucible, and the spscimen table was then
moved into position below the crucible and filled, The material
having been allowed to freeze (to minimise the danger of spillage

with possible shorting of connections), the table was moved back
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into position below the analyser,

A series of EDC's were then taken for both the solid and
liquid material for the energy range of the lamp in use, The
other factor of interest was, of course, the yield of the material
and this was measured for both solid and liquid before the EDC's
were taken, as a clean surface was vital for this measurement.

The wavelength setting of the monochromator was scanned
automatically across the full energy range of the lamp (the quartz
filter being used below 6 eV to_remove second order effects) and
a plot of photocurrent against wavelangth obtained on the chart
recorder, Following this, the lamp was calibrated using the
gold evaporator, The cleanliness of the qold surface was
chaecked by taking an EDC and comparing it with published data
(Nilsson, Norris and Wallden 1971), Since the work function of
the materials in this study is less than that of gold (5.6 eV),
lamp calibration bslow 5,6 eV was achieved by measuring the
lamp output using the salicyclate phosphor and photomultiplier,
corracting this for the LiF window by measuring its transmission
at the end of the experiment, By fitting this to the knouwn
output above S.6 eV, the result could be used as a sub-standarq

below 5.6 sV,

4,5, Analysis and Treatment of Results

4,5.1, The Yield and Work Function

The yield of a material may be specified either as
electrons/absorbed photon or slectrons/incident photon, Using
a gold standard to calibrate the lamp, the yield/incident photon
could be calculated from the data already available, The yield/

absorbed photon Ym was obtained using published reflsctivity data
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to evaluate the expression:

C oy ORI (4.1.)
m- 9x(1-Rn_?x_I— where s

9

R = reflectivity, I = photocurrent, m= material, g = gold
The yield having been calculated, the work function was

then calculated from a Fowler plot of Y%against photon energy.

Yg and Rg were taken from Krolikowski's work (see Figurs 4.9.),

Rm from suitable published data where available,

4,542, Normalisation of EDC's

The yield of the matefial having been determined, the
EDC's were normalised by digitizing the spectra, then using a
Simpson's rule integration to determine the area encompassed by
the EDC and hence the total photocurrent reprssented. The
spectra could then bs multiplied by the appropriate factor to

-
achieve normalisation,

4,6, System Resolution

The resolution of the system was determined empirically
from the width of the Fermi edge on the EDC's (typically 0.4 eV
from 10% - 90%), this width appearing to be independant of specimen
temperaturs, There are several factors which may contribute to

this broadsning.

4,6.1, Optical Broadening

The monochromator does not, of course, provide a truly
monoenergetic source of photons, though the value for dispersion
quoted by the manufacturers is quite small (16 8/mm). Since the
lamp is being operated in a windowless, slitless mode through a

capilliary of # = 1,5 mm., and the exit slit must be wide open at
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1.5 mm, to give an adequate signal/noise ratio, the monochromator
is operating under the worst possible conditions, However the
calculated value for the dispersion is still quite small

( =0.2 8V at 10,2 eV in the worst case) and this is borne out by
sxamination of the variation of Fermi edge width with exit slit

width which appears to be negligible,

4,642, Modulation Broadening

This arises from thse necessity of having a modulated
ramp voltage so that phase sensitive detection may be used to
obtain a good signal-to-noise ratio, Since the magnitude of
the modulation is known, an estimate may be made of the broadening
due to this source, and Figure 4,10 shows a computer simulation
of the effects of the modulation upon variocus features such as
the Fermi edge. This simulation indicates that the value of
the broadening expected for the modulation normally used (0.4V p-p)
is approximately 0.4 eV and hence implies that this is the
predominant broadening mechanism present in the system, The
variation of the edge width observed with modulation voltage
appears to bear this out, The problem has been dealt with in
some detail by Houston and Park (1972) but since the present
work uses only a simple sine wave modulation, a simplified

numerical approach appears to give adequate results.

4,6,3, Field Distortion

If the specimen to be dealt with was a point source at
the centre of a perfectly spherical collector there would, of
course, be no broadening from this source, In practice, however,

the specimen is in the form of a flat dish 1" across and the
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light spot is of a finite size (= 2mm., x 1lmm.), The exact

effect of this is rather hard to determine but has been covered

in some detail by Di Stefano and Pierce (1970) who showed that the
use of a fine screen between the specimen and collector could
result in a considerable improvement in the system resoclution

(of the order of 0.1 eV for electrons with kinetic energies of
several volts), There were some variations in system gesomsetry
made during the course of the work (notably in the vertical
position of the specimen table), and these éppeared to have

little effect on the final resolution,

4,644, Magnetic Distortion

The presence of a magnetic field near the analyssr
can cause distortion of the electron trajectories between
specimen and collsctor, Some care was taken to avoid this
effact, particularly in the case of the ionvpumped system, by
the use of screeninge. No magnetic distortion could be
observed on bringing a small horseshoe magnet near the system =
so this appears to have been eliminated as a significant

source of broadening,

4,6,5, Work Function Distortion

Variation of the work function of the collector or the
specimen surfasce may also result in distortion of the EDC's,
However Di Stephano and Pierce (loc.cit.) showed that this is
only a problem when large crystallites (>10LL) are present, and
the technique adopted of coating the collector surface with
colloidal graphite appeared to be successful in eliminating errors

from this source. In the case of the specimen itself there is the
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problem of fringing fields from areas of the emitter with a
different work function. However the use of a large specimen
should reduce this effect, and an angular analysis of the
photoemitted electrons given by the computer programme of

Chapter 3 indicates a strong bias towards emission normal to the
surface which is the direction of minimum distortion of the field,
which would also tend to reduce the effect. The use of an
emitter screen (see Figure 4.6.) connected to the specimen acts

as a guard ring and further reduces the distortion of the field.
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CHAPTER 5:= INDIUM AND ALUMINIUM
Sels Introduction

Indium and aluminium have long besn regarded as highly
free electron like in the liquid state and as such were fairly
obvious starting points for this worke Both metals are in
Group ITTA (Al: 3323p; Ins 5325p). The structure of aluminium
is Pace centered cubic (P.c.c.) in the solid phase and hard
sphers like in the liquide Solid indium is basically fe.cecCe
with some small tetragonal distortion, In liquid indium the
structure factor S(gq) is very similar to the result expected
on the basis of a hard sphere assembly, except for a small
asymmetry in the first peak (Ocken and Wagner 1966) consistent
with distortions found in the solid phase,

As mentioned in Chapter 1, transport properties and
other measurements for both these materials are consistent with
the free electrod picture, There is little previous spectroscopic
work in the liquid state = liquid aluminium has bsen examined by
soft X-ray spectroscopy by Caterall and Trotter (1963) and
Fabian (1972),and although some features were apparent, little
difference was observed between solid and liquid, Liquid
indium has been examined by UPS by both Koyama (1968) and
Stevanson (1968), However both sets of results showed large
scattered electron peaks and hence there still exists some doubt
as to the UPS spectra of indiume. In the solid, evaporated
films of both materials have been studied, aluminium by Wooten
et al (1966), indium by Koyama (loc.cit.), and both by Pollak .
(1972) using XPS.

In this chapter, results are presented for indium and



5&.

aluminium in both solid and liquid states, They will be analysed
in terms of the 3=step approach using both Monte Carlo and

analytical approaches as detailed in Chapter 3,

524 Indium
5e2ele Experimental

Indium was chosen as the initial subject for investigation
as it presented the fewest problems from an expsrimental point of
view, Indium is a ductile metal ef low toxicity with a melting
point of 154°C, It is not highly reactive in the liquid state
and may be containaed with ease in austenitic stainless steel
(Liquid Metals Handbook 1955), The only problem arises from .
its low surface tension which, whilst making it>easy to pour,
does mean that care must be taken over the seal of the crucible
and in moving the specimen table,

The optical properties of indium in ths U=V are fairly
well documented, having bsen measured both by Wilson and Rice
(1966) and Koyama (loc.cit.)s Also of note is a very careful
measurement by Van Laar and Scheer (1965) of the photoyield of
evaporated indium films near to the threshold, There has also
been considerable theoretical work on indium, and densities of’
states have been published by Koyama and Spicer (1971), Ashcroft
and Lawrence (1969), Shaw and Smith (1969), and Chan and
Ballentine (1972). |

The results given here are from a series of four
experiments, and some preliminary results have already been
published (Norris et al 1973), An effect noted in the later

work on this metal, and also during work on lead, is that the
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rate of freezing of the liquid can affect the structure observed
in the solid, Contrary to normal expectation, rapid freezing

of the melt (i.e. heater suddenly turned off) was found to give
much more distinct structure than slow freezing (i.e. heater
power slowly reduced). This effect is believed to be due to

the presencs, observed in some specimens, of a light skin on

the surface of the specimen which broke up in the centre on
melting (probably dus to convection effects). Although tracking
of the light spot over the specimen revealed no difference in
solid EDC's due directly to its presence it may, by acting as

a source of condensation nuclei during slow freezing whan it

was allowed time to reform, have prevented the formation of large

single crystals,

54242, Yield of Indium
Figure 5.l. shows the yield of indium for the liquid and
both the rapiﬁly and slowly frozen solid, The overlay is the
results of Koyama for liquid, frozen liquid and crystal specimens,
The reflection data used was from Wilson and Rice (loc.cit) for
the liquid and from Koyama (loce.cit.) for the solide The two
sets of results are in good qualitative agreement; the diéferénce
in magnitude probably being due to the difference in surface
cleanliness, The similarity betwesen the behaviour of the
rapidly frozen solid in this work and the crystal specimen in
Koyama's work (relative to the liquid in both cases) gives
support to the idea that the rapidly frozen solid consists of
large single crystals, The major features of the yield are
peaks at 6.9 eV, 8.9 sV and 10,7 eV with corresponding dips

at 5.8 eV and 7.9 eV, The lower two peaks correspond with
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peaks observed in the XPS work of Pollak and will be discussed
in more detéil later, Also in indium there is a free electron
surface plasmon which occurs at 8,7 eV (Koyama and Spicer loCeCite)e
Figure 5.2. shows a yield prediction for indium using
the Monts Carlo technique of Chapter 3. Assuming an lp of 173,
a comparison of this with the measured yield at photon energies
of 10,2 and 7.7 eV indicates a value for le of approximately
148 at Be5 8V above the Fermi level. The comparatively low
variation of yield with 1p indicates why this change in yield
between solid and liquid is small, However the value for 1e
differs considerably from that of 2008 obtained by Koyama to
fit bis yiseld at high photon energies.
Fowler plots (see Figure 5.3.) give a value for the
work function of 3,94 * ,07 eV in the liquid state and 4,06 £ ,1 eV
for the solid, These vaiues agree well with those of other
workers for the solid (Koyama 4,13 * ,05 eV, Stevenson 4,07 eV,
Van Laar and Scheer 4,08 * ,01 eV) and with Stevenson's value
for the liquid of 3,96 eV, It does not agres with the value of

4,15 eV obtained by Koyama for the liquid,

5¢2¢30 Liquid Indium EDC's

Figure S5.4. shows EDC's for liquid indium at low photon
energiss taken at approximately 50°C above the melting point.
The measurements were repeated on two other specimens without
significant change. Clear features may be discerned = notably
a sharp peak at the Fermi edge, a psak at =1.7 eV and a dip at
=2+6 8V, These features are constant in both strength and
position with changing photon ensrgy, In addition a weak

feature at =3,6 eV may just be discerned, These results differ
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slightly from those reported earlier (Norris et al loc.cite.) in
that a weak dip at =1.,3 eV is not now seen. This change is
believed to be due to the temperature in the initial work being
too close to the melting point, resulting in the existence of
small regions of solid indium formed around impurities at the
surface.

Figure 5.,5. shows a comparison between the present work
and that of Koyama and Spicer. These agree well in the position
of the main minimum at =2.6 e V, In the present work, the
comparative absence of a scattered peak at low energies and the
appearance of structure is believed to be due to the improved
resolution and surface preparation tgchnique used. The
admittance of air to the system was seen to cause a general
degradation of the EDC's and a sharp increase in the scaﬁtered
peak = gseen in Figure 5,4, at low snergy extreme, An attempt
was made to see if a temperature variation could be observed
in the EDC's,but no variation was apparent up to = 4UD?C,and
attempts to raise the temperature above this point resulted in

evaporation of indium onto the LiF window,

5¢2.4. Solid Indium EDC's

Figures 5.6. and 5,7, show EDC;s for solid indium both
in the rapidly and slowly frozen states, The two minor features
observed in both are identical in position but vary considerably
in strength. They are firstly, a peak varying in position from
-l.1 to -0,9 eV being notably stronger at the higher photon
energies and secondly, a psak varying in position from =1,8 to
~l.5 eV with increasing photon energy, being strongest at the

intarmediate energies. The main minimum is at =2.4 eV at all
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photon energies, In the rapidly frozen sblid thers is also a
strong feature at =3,1 eV, This feature is seen in a weaker
form at =3,6 eV in the slowly frozen solid, and a weak dip at
=4,4 eV is just discernable., Figure 5.8, shows a typical
frozen indium surface,

The experimental EDC's were compared with theoretical
EDC's from calculations by Koyama and Spicer (1971). These
calculations were based on the 3=step modsl, assuming direct
transitions and adopting the method given by Koyama and Smith
(1970) for aluminium, Due to the tetragonal distortion of the
feCeCe structure in indium the calculation is rather more complex,
involving the division of sach 1/16th symmetry segment of the
Brillouin zone in unequal parts and solving the appropriate
4=0PY equation for sach, The use of unequal segments (done to
reduce computing time) results in some mismatch in the energy
bands, but this was found not to be significant when the final
result was calculated,

In each sector Koyama and Spicer solved an equation of

the form:
T,(K)-E(K) Vin Vi V200
Vigg  TK)-E{K) Voo2 Virr | (5.1.)
0O =
V111 V002 T3(E)‘E|(-}:) V11‘|
where - L2 . - 2
T1(k): K T2(k):(k—K”1)
- - 2 - - -y
T3(R) = (K -Ryqy) T(R) = (R-Rygo)
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Ei(i) are the eigen values for the snergy bands, Vk are the
Fourier coefficients of the potential arising from the ¥ th,
lattice wave vector.

Figure 5.9. shows the comparison of calculated and
experimental EDC's, It may be seen that the agreement in the
position of structure close to the Fermi edge, particularly in
the peak at =1.8 eV, is good, UWhilst the agreement between
the strengths of the features is less good, it should be remembered
that the analysis takes no account of matrix slements or of the
possibility that the escape probability may vary with the

different crystal faces.

52656 High Energy EDC's

Figure 5,10, shows high enerqgy EDC's for both solid and
liquid indium, There is a large scattered background which
makes comparison with the low energy spectrum difficult.

Howsver, there appears to be good cerrespondence in the structurs,
particularly near the Fermi edge in the feature at =2,6 eV

which shows clearly in both solid and liquid, A dip is also
observed at =3,6 eV in both solid and liquid, corresponding to
the weak feature observed in the low energy EDC's, Closer to
the Fermi edge in the liquid EDC it is possible to discern the
feature at =1,7 eV observed before, and in the solid the fsatures
are observed at =1,0 eV and =1,8 eV corresponding to those seen
at low energies, The solid appears to be in the rapidly frozen
form, Moving towards the low energy end of the EDC, a break

in slope may be obsarved at =8,6 eV, This value corresponds
well with the value calculated by Kittel (1968) for the bottom

of ths free elsctron band, The hump lower in energy centered at
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approximately =11 8V corresponds in position with a bulk plasmon
observed by Pollak (loc.cit) at 11,7 eV and, at the extrsme low
energy end of the EDC, the strong peak at =17,1 eV is in good
agreement.with the position of the 4d peak (also observed by

Pollak)e

S5¢2¢60 Optical Density of States

The high energy end of the liquid EDC, with the background
subtracted, was used as a basis for calculating an optical density
of states, Figure 5,11 shous the density of states thus obtained
compared with the XPS spectrum obtained by Pollak from an
evaporated film of indium. It may be seen that there is broad
agreement in the presence of a feature at =3.,6 eV, although the
other featurs observed by Pollak at =4,2 eV is not seen. This
trial density of states was used in the modified Krolikowski
programme (as detailed in Chapter 3) to obtain a final optical
density of states. The scattering length used in the programme
was selected to give agreement between calculated and experimental
yields at 7.7 eV, The final density of states thus obtained is
shown in Figure 5,12 compared with a free slectron curvse, It
can be seen that there is considerable disparity between the tuwo,
Figure 5,13 shows the comparison of simulated EDC's using these
two densities of states with the experimental curves at 10,2 and
77 eV, The value for the absorption coefficient was taken from
Lemmonier et al (1969), The value of 1, used uas 148,  This
is considerably shorterp than the value of la = 508 used by
Koyama (loc.cit.) to fit the yield at low photon energies,
However, the yield obtained in this work is considerably louwer,
probably due to the increased surface cleanliness, and the

present result is in good agreement with the work of Brundle (1974),
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In Figure 5,12 the final optical density of states is compared
with the density of states obtainad by Koyama for the solid,.
This is shown since the densities of states published for the
liquid (Shaw and Smith 1969 and Chan and Ballentine 1971) are
essentially featureless. It may be seen that there is good
agreement in the position of the main maximum at = 4 eV and in
the main minimum at = =3 eV, The agreement is less good
closer to the Fermi edge. The densities of states for thse
solid obtained by Shaw and Smith (loc.cit.) and Ashcroft and
Lawrence (1968) are in less good agreement = Shaw and Smith
placing the main maximum at = =3 eV and Ashcroft and Lawrence

placing it at = =5 aV,

502474 Discussion

There are several features of note in these results,
Firstly, although the structure observed in the liquid shows
behaviour characteristic of non-direct transitions, whilst that
in the solid is charactaristic of direct transitions (particularly
in the rapidly‘frozen form), the broad density of states features
remain unchanged. This implies strongly that aspects of the solid
state band structure persist on melting = notably the peak at'
= =4 gV with an associated dip at =2,6 eV, These may be
related to the large band gap at the L face of the Brillouin
zone. Secondly, tha fact that the broad density of states
features remain unchanged over a large range of energies (including
the XPS results of Pollak ) indicates that the effect of matrix
elements is not significant since these would show an energy

dependance,
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The good agreement between the theoretical EDC's
calculated using a 3=step model with non-direct transitions, and

the experimental EDC's is highly encouraging.

5¢30 Aluminium
5636l Experimental

Aluminium is an archetypal free electron metal and, as
such, has naturally attracted a lot of interest both from a
theoretical and practical viewpoint,. Experimentally it was the
most difficult to handle of the materials ussd,. Liquid
aluminium is very corrosive (Liquid Metals Handbook 1955),
necessitating the use of an alumina crucible and specimen table,
and,due to the relatively high expansion coefficient of solid
aluminium, considerabls problems were encountsred with cracking
of these crucibles. The high surface tension of the liquid
also made it very difficult to pour. Further, the high specimen
heater currents needed to maintain the aluminium in a liquid
state resulted in a high background noise level, Howsver, since
the oxide of aluminium is denser than the metal itself, even a
fairly badly contaminated solid surfacse could be rscovered by
remelting, |

The results given here are from two experiments, and
some preliminary results have already been published (Norris

et al 1974),

503624 Yield of Aluminium

Figure 5,14 shows the yield of aluminium obtained in
the present work, This is given in electrons/incident photon
rather than electrons/gbsorbed photon for the purposes of

comparison with the results of other workers, Ous to problems
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mentioned earlier with the high specimen heater current required,
only isolated values of the yield of the liquid are given as
the high background noise level made more detailed measurement
impossible, However, the isolated results obtained agree wsll
with the results for the solid, There is a known surfacs
plasmon in aluminium at 10.4 eV, and the variation of the
strength of this with surface roughness has been examined in
some detail by Endriz and Spicer(1974), They examined a series
of evaporated aluminium films of varying surfacs roughness over
the range X = 8 -~ 28R where X = the rms height variation of the
surfacs, On the basis of these results they calculated the
yield for a perfectly smooth aluminium surface, Their results
for X = 8% and X = 28R are shown on diagram 5.13, with the
calculated yield, It may be seen that their prediction of
the yield for X = of is in good agreement with the observed
yield in this work at 'low: photon energies, implying that the
liquid surface is very smooth,

Fabser (1972 P,91) has derived an expression for the
estimation of the roughness of a free liquid surface of the

forms=- , ~ f being the surface tension
)
— kT 4TC f
. X = (E g‘) = —B_og (—— (5.2.)
4TC f dga.

where g = the displacement due to a given ripple mode for a

close packed surface, a = 1,09 ("/d) 2/3, m = atomic mass, d:=
density. Filling in the appropriate values for aluminium, this
gives a value for X of 2,088 which is in good agreement with

the observed result for photon energies below 9,5 eV, Above
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this energy the yield begins to rise sharply. The reason for
this is not obvious since the lower energy result indicates that
the plasmon effect should be small, Homever/it is possible
that, since the high surface tension of aluminium resulted in

a sharply curved surface (d 2044 cm,), that this effect is due
to non normal incidence of the light on the specimen, This
would result in ths geperation of photo-electrons closser to the
surface than in the case of normal incidence, giving a higher
yield, particularly at higher photon snergies,

More surprising is thse coincidence betwesn the yields for
solid and liquid. This suggests strongly that the solid surface
retains many of the phyéipal characteristics of the liquid =
a suggeétion that is borns out by the observation that the frozen
surface was very liquid=like in appearance and remained non=
oxidised for a considerable period of time after removal from the
vacuum system, Figure 5.15 shows a typical frozen aluminium
surface, Figurs 5,16 shows a Fowler plot for solid aluminium,
This gives a value for the yield of 4,022 0,04 eV, which differs

somewhat from the results of other workers (Riviere 1969),

5¢3¢30 Liquid Aluminium EDC's

Figure 5,17 shows EDC's for liquid aluminium taken at
low photon energies at approximately 50°C above the melting
point, The major feature seen is a peak at =2,5 eV with a
corresponding dip at =3,7 eV, Howsver, there is also a very
weak feature visible in the form of a psak at =1 eV, Thess
features do not appear to vary with photon energy, although

the peak at «1 8V is so weak that it is impossible to be sure



) Location of
This feature formed around

graphite electrode
surface scum at the sample
edge and moved inwards on
freezing

£19.5.15 Surface of frozen aluminium
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of this, so that the peaks may well reflect structure in the
density of states, Attempts to work at higher temperatures

were unsuccessful dus to limitations in the heater design,

5.3¢46 Solid Aluminium EDC's

Figure 5,18 shows EDC's for solid aluminium at low
photon energies, The major feature still occurs at =2,5 sV
with a dip at =3,7 eV, and this is in good agreement with a
feature observed both by Wooten et al (loc.cit,) and by Endriz
and Spicer (loc.cit.)e. However there are also two other features
in the form of very weak peaks at =1 eV and =1,5 eV which
become stronger with increasing photon energy, though they are

too weak for any changes in position to be discerned.

5365 High Ensrqy EDC's

Figure 5,19 shows a set of EDC's for liquid aluminium
obtained at 21,2 eV, Curve (c) is for freshly poured aluminium
and shows features at =2,5 gV, =6,5 eV and =11 eV, ths peak at _
~l,0 eV observed in the low ensrgy EDC's not being resolved,
Curves (a) and (b) show the same specimen after a period of
time, The peak at =6,5 eV has increased sharply in strength
showing clearly that this is due to contamination (aluminium
has a very strong affinity for oxygen), The features at =2,5
eV and =11 eV appear unaffected and may well be characteristic
of the pure material, The sharp edge at =10,2 eV interpretad
by Lindau et al (1971) as being due to a plasmon loss does not
appear, suggesting again that the. surface is very smooth,

Figure 5;20 shows the high energy parts of the EDC for

solid (b) and liquid (a) aluminium, These are very similar
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except for the appearance of a small feature at =4,9 sV in the
solid, They are compared with theoretical densities of states
for the liquid from Chan and Ballentine (c) and for the solid
from Ashcroft (d)e Although no structure is apparent in the
liquid density of states, it is noteworthy that the feature at
=2+5 8V observed in the liquid and solid EDC's corresponds

with a strong peak in the solid density of states,

5¢3e6e¢ Optical Density of States

A free electron density of states was used as the basis
for a repetition of the iterative process used for indium,

Figure 5,21 shows the final optical density of states compared
with a free electron density of states,

The theoretical curves are compared with the experimental
results in Figure 5,22 at 10.2 eV and 7.7 eV, It may be seen
that the use of a free electron density of states results in
a far greater scattered background than is observed experimentally,
The value of the yield obtained theoretically is not in agreement
with that measursd experimentally although the agreement of the
EDC's is structurally good, The theoretical yisld does howsver
agree with the extrapolated smooth surface yiseld of Endriz and
Spicer (loc.cite)s The values of abscrption coefficient used
were from Philipp et al (1964), The value of 19 required to
give agreement with the measured yield at 7.7.eV was 183.

This is much shorter than the value of le = 708 given by Wooten
et al (1966) and is in good agreement with the results of
Callcott and Arakawa (1975) for the solid, However, the smooth

surface in the present work appears to remove most of the plasmon
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effects that could cause error in the estimation of le,and this
may account for the above differsencs. In Figure 5,21 the final
optical density of states is compared with the calculated density
of states of Koyama and Smith (loc.cit.) for the solid, This
shows good agreement in the position of the main maximum around
=3 eV, but not in the structure closer to the Fermi edge. This
density of states is used for comparison in preference toc one

for the liquid since these are essentially featureless (e.g.

Chan and Ballentine 1971) as is the XPS result of Pollak (1972).

53476 Discussion

The results obtained for aluminium appsar to gsnerally
confirm the picture presented for indium,. The structure in the
liquid again shows behaviour more characteristic of non-direct
transitions, whilst that fn the solid is charactsristic of direct
transitions, The broad features are, however, unchanged from
solid to liquid and are also seen in the high energy spectra,
The XPS result is featureless, but this may well be dus to the
‘generally poorer resolution in this technique. The major
feature = the dip at =4 eV which corresponds with the onsest of
the second band = is weaker than the dip in indium, Thié is
consistent with the smaller band gapsin the band diagram of
aluminium and its generally more free electron like nature,
However, as may be seen in Figure 5,21, the optical density of

states still differs considerably from the free electron modsl.
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CHAPTER 6= LEAD AND TIN
6ele Introduction

Lead and tin are both quadrivalent materials of group
IVA., In the solid phase lead (6326p2) has a f.c.c. structure;
metallic (white) tin (5825p2) has a body centered tetragonal
structure, Both metals have been studied fairly extensively,
but lead is of particular interest to liquid metal theorsticians
as it has some anomalous propertiss. As stated in 1.4 .3.,
measursments of the Hall effect for liquid lead givs a result
considerably different from that predicted by n.f.e. theory.
Transport measurements also indicate a very low mean free path
( = 48). Over the past few ysars there has been considerable
work done on the band structure of lead. Early OPW calculations
by Anderson and Gold (1965) were followed by Loucks' (1965)
Relatavistic APW calculation, More recently, band structures
have been published by Breeze (1974) and McFeely et al. (1975),
where particular attention has besn paid to the splitting of the
6p band, attributed to crystal field effects by Breeze and to spin
orbit splitting by Ley et al. (1972), Previous spectroscopic
work on lead is confined to measurements of evaporated films by
Norris et al.(1972), but since the conclusion of this work,
further experiments have been done on the liquid by Wotherspoon
(1978), XPS measurements have been done on evaporated films.by
Pollak (1972) and Ley et al, (loc.cit.).

Solid tin has also been the subject of considsrable
study, several band structures having been published, the most
recent being those of Ament and de Vroomen (1975) and Craven

(1969),. However, spsctroscopic data is confined to the results
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of Pollak (1972), Hochst et al, (1976) and most recently Castelijns
et al, (1977), all on evaporated films, Stevenson (1968)
examined liquid tin but only at low photon energiss,

In this chapter UPS results are presented for tin and
lead in both solid and liquid phases, They are analysed
as before in terms of the 3-step model, and it will be shouwn
that this yields an optical density of states that differs

considerably from the frse electron picturse,

6.2, Lead
6e2e¢le Experimental

Lead was found to be a comparatively easy material for
this experiment, It has a low ﬁelting point (36608), is ductile
and is easy to pour, Lead is not highly reactive in the liquid,
enabling the use of molybdenum spscimen tables and quartz
crucibles, Soms trouble was experienced with quartz crucibles
breaking due to thermal shock, and in one later experiment an
alumina crucibles was used, The results presented hers are from

three separate experiments,

6-2.20 Yield

Figure 6.1. shows the quantum yield for lead in both tﬁe
solid and liquid stateg, The liquid yield has three major
features = sharp peaks at 5,9 and 7.9 eV, with a broad peak
centered at 9,5 eV, On freezing, the peak at 9,5 eVilargsly
disappears and the peak at 5,9 sV splits into two peaks = a
sharp one at 6.4 eV and a weaker feature at 5,5 eV, The
magnitude of the yield remains largely the same although it is

much higher than that observed by Norris et al (1972) and in the
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later work of Wotherspoon (locecit.). However, Wotherspoon did
observe similar behaviour on freezinge.

A Fowler plot (Figure 6.2.) gives a value for the work
function of 3,94 % ,03 eV for the solid and 3,99 * ,03 eV for
the liquid, This is in excellent agresment with the value of
3.95 sV obtained by Norris et al (1972). In the absence of
any suitable reflectivity data for liquid lsad, both solid
and liquid yields wers calculated using the results of Lemmonier

et al (1973) for evaporated films (Figure 6.2.).

6e2¢30 LigUid Lead
Figure 6.3, shows EDC's obtained for liquid lead for low

photon energies, Only one major feature is apparent -« the peak
at =2,6 eV which is very strong, These EDC's are very similar to
those obtained by Norris et al (1972) for an evaporatad film
except that the peak seen in that work, just below the Fermi edge,
does not appsar, The structurs seen appears to bes constant

both in position and strength, The position of the major

feature differs from that observed by Wotherspoon (loc.cit.) who

placed it at =1,9 eV in the liquid,

66244, Solid lead

There are two sets of EDC's for solid lead, As explained
in Chapter 5 the rate of freezing appears to affect the
crystallinity of the surface, which is very highly structured
(see Figure 6.4.) and, as may be seen from Figures 6.5. and 6.6,
the EDC's contain many features,

In the rapidly frozen solid the single major feature of

the liquid has split into three peaks, There is a major peak
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centered at =3 eV, which appears to be fairly constant in strength.
This is flanked by two minor peaks, both of which vary in strength,
one varying in position between =l1.8 and =2 eV, appearing at
maximum strength at 10.2 eV photon ensrgy, and ons at =4,1 eV
appearing to increase in strength with photon energy. There is

a suggestion that the major peak at =3 eV may be a doublet, as it
appears to be flat topped at higher photon energises, but this is
not resolved fully,

In the slowly frozen solid the same structure is apparent
but in a greatly weakened form, The separate peaks are only
properly resolved at high photon energiss, so that at lower
energies the merging of the peaks at =«3,0 eV and =1,8 eV give the
appearance of a single peak centered at =2,6 eV as in the liquid,
The slowly frozen solid thus appears to be an intermediate step
in structurse between the rapidly frozen solid and the liquid =
this is supported by the observation that the evaporated film

results of Norris et al (1972) are very liquid like.

6e2e54 High Enerqy EDBC's

Figures 6.,7. and 6.8, show EDC's for solid and liquid
lsad at 16,8 and 21,2 eV compared with those of Wotherspoon |
(locecits)e At these energies the separate peaks seen at low
energy in the solid are not resolved, and both liquid and solid
have a single feature at =2,6 eV, The solid and liquid differ
quite strongly away from the Fermi edge, only one feature being
observed in the liquid = a peak at =7.,5 eV, In the solid twe
features were observed = peaks at =5.5 and =11 eV, thers being a
dip at =7.,5 eV, The results of Wotherspoon do not confirm

these fsatures in the solid, although this may be due to freezing
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the liquid in a different form, However, both his results for
the liquid and those of Norris et al (1972) for an evaporated

film agree on the existence of a peak at =7,5 sV,

6e2.60 Optical Density of States

The 21,2 eV EDC for liquid lead was used, with the
background subtracted, as the starting point for an analysis, as
detailed previously, In Figure 6.9 it is compared with the XPS
result of Pollak (loc.cite.) which is in good agreement regarding
the peak at =2,6 8V,

Figure 6,10 shows the optical density of states obtained
from the analysis, This can be seen to differ considerably from
the free electron picture. Figure 6,11 shows the EDC's obtained
from this density of states compared with the experimental results,
Although the agreement of the yield at high energy is poor, it
may be seen that the agreement of both the structural strength
and position are good, The values for the absorption coefficient
were taken from Lemonnier et al (1973), The value of 1_ obtained
from the analysis was SOR. This is higher than the value of 108
obtained by Wotherspoon (loc.cit.) but is not inconsistent with

the work of Brundle (1974).

6e2e70 Discussion

As in the case of the previous two metals, the liquid
specimen shows bshaviour characteristic of non-direct transitions,
whilst the solid behaviour is characteristic of direct transitions,
Again, as previously, the structure observed appears to be
invariant over a wide energy range indicating that the effects of

matrix elements are small,
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The band structure for lead shows clearly separated p
and s bands and although the photon energies are too low in
this experiment for the s band to be clearly defined, due to
the large scattered psak on the high energy EDC's, the p band
is fully covered and the features seen in the optical density
of states may be identified with features in this band,

Figure 6410 shows the final optical density of states compared
with the band structurs of McFeely et al (loc.cit.) for the
spin orbit split situation, The dip in the 0DOS at =3,8 eV
may be seen to correspond well with the bottom of the p band,
whilst ths broad peak cesntered at =2,2 eV corresponds with the
ma jor peak in the band, The peak at the Fermi edge may
be associated with the minor peak in the p band. The onset of
the s band is masked by the effects of scattersed slectrons,

The relative heights of the peaks at =2,2 eV and at the Fermi
edge agree with the results of Ley st al (loce.cit.) for XPS, who
interprst the well defined dip between them (associated with a
dip in the p band at =1 eV) as being indicative of the effects
of spin orbit splitting, since theory indicates that this dip

would not be well resolved in a non spin orbit split case.

6.3, TIN
6e3ele Experimental

Tin was also an easy metal to handle experimentally,
It has a low melting point (252°C) and may be contained in the
same way as lead, The results given here are from three
separate experiments, some of which have been reported earlier

(Norris et al 1972),
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63626 Yield of Tin

Figure 6,12 shows the quantum yield of solid and liquid
tin, There are several peaks, the major one being at 6.2 sV
and notably stronger in the solid than in the liquid, There
is a common peak at 7.7 eV, In the solid there is a peak at
9 eV followed by a dip at 9.4 eV and another peak at 1l eV,

In the liquid the first peak is broader and occurs at 9.5 sV
with the dip at 10,3 eV,

At lower snergies, solid and liquid yields are
identicals, A Fowler plot (Figure 6,13) gives a work function
of 4,27 % ,02 eV, This is in reasonable agrsement with the
value of Goetz (1929) (4.21 eV) but does not agree with the
value obtained by Stevenson (1968) of 4,05 eV, In the absence
of data on the reflectivity of liquid tin, both solid and liquid
yields were arrived at using the data of Lemmonier et al (1967)

for an evaporated film (Figure 6.13).

603030 Liguid Tin
Figure 6.14 shows the EDC's for liquid tin at low

enerqgye. As previously rsported there are two main features,
Howsver, later work with improved resolution and signal to noiée
ratio indicates a slightly different position of thess features =
peaks occurring at =1,2 eV and =2,6 eV instead of =1,0 and 2.4

as given earlier, There is also a suggestion in an EDC, taken
at a higher energy (11,2 eV) than used previously, that the

peak at =2,6 may be an unresolved doublet since, at this snergy,
the peak is very broad and shows signs of splitting. The
structure in the EDC's is consistent in position and strength

for all photon energies used,
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6e3e4e Solid Tin

Figure 6,15 shows a series of EDC's for repidly frozen
tin, with this material, attempts to produce a slowly frozen
surface resulted in a very large slow electron peak indicative
of contamination of the surface. There did not appear to be
much small scale surface structurs in the samples as ssen in
lead (see Figure 6.16), but only large scale deformations,

This is borne out by the fact that the feature at =4,1 eV
observed by Castelijns et al (1977) on a roughened film, and
associated by them with surface states, is not observed,

The EDC's for solid tin appear fairly similar to those
for the liquid, There ars two major features which are both
considerably stronger than in the liquid, One 1is located at
=1,1 eV at low photon energiss and moving to =l1l.,5 at higher
energies, the strength of the peak also varying. The other
feature occurs at =3,2 eV in the 10,2 eV EDC, moving towards
the Fermi edge and becoming weaker as the photon snergy is
reduced, The behaviour of this second peak is in agreement
with the observations of Castelijns et al (loc.cite.) = howsever,
they did not observe any movement of the peak closer to the
Fermi edge, and this may be associated with the bulk nature of

the sampls,

6e3e5¢ High Energy EDC's

As mentioned in 6.3.4., problems were encountered with
contamination of the surface on freezing the tin, This problem
was sncountered sven more strongly with the high snergy sample,
and useful EDC's could not be obtained for the solid, Also,

neon was not available at the time of this experiment so that
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EDC's could only be taken at 21,2 eV, Figure 6,17 shows an

EDC for liquid tin at 21.2 eV, This differs considerably from
that originally reported, but the original published results ars
now bslieved to have been in error aue to problems with the
detection system, The EDC shows the feature at =2,6 eV sesn
in the low ensrgy spectra, and thers is also a broad peak

centered at =8 eV,

6e3e:6¢ Optical Density of States

The 21,2 eV EDC was used, with the background subtra;ted,
as the starting point for the analysis, and Figure 6.18 shows
this compared with Pollak's XPS result, The agreement near
the Fermi edge is good, although the structure seen by Pollak
at -6 eV is not apparent, Figure 6,19 shows the final optical
density of states obtained and, a@s with previous matesrials, this
differs considerably from the free electron picture., Figure
6420 shows the predicted EDC's compared with the experimental
results, The agreement of the structurs is good, although
again the yiseld is not in agreement at the higher energises,

The values used for the absorption coefficient were
taken from Lemmonier et al (1967). The value of le gained from
the analysis was 508, This is rather high and suggests that there

may be some other factor affecting the yisld in this case,

66367 Discussion
As in the previous cases the structure seen in the
liquid EDC's is constant in position and strength over a wide

range of photon energies, suggesting that the effects of matrix
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elements are not important, Unfortunately the photon energies
used are not great enough for the 5s band of tin to be fully
examined, although the peak at =7 eV in the 21,2 eV result
caorresponds well with the onset of this band. The main dip
observed in the optical density of states corresponds well with
the bottom of the p band at =4,5 eV,

There is no density of statas available for liquid
tin, However, Van Attekum (1978) has produced a density of
states for the solid, A smoothed version of this is shown
in Figure 6.19, There is strong structure in this density of
states, particularly in the presence of a peak at =5,3 sV,
Although this agrees well with the position of the lower
maximum in the ODGS this may be fortuitous as there are effects
due to scattered electrons, However, the agreement in the
structure in the p band close to the Fermi edge, particulafly

in the presence of a strong peak at «1,5 eV, is good,
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CHAPTER 7:= ﬂERCURY AND MERCURY ALLOY§
Tele Introduction

Mercury (632) is a divalent metal of Group IIA and has
a melting point of -3900. It is rhombohedral in the solid
phase, The electronic structure of mercury has bsen of
considerable interest for some time; since it was found that its
electronic properties, notably the resistivity and thermopow;r,
differ considerably from those of other mstals, In order to
explain this, Mott (1966) suggested the existence of a strong
dip in the density of states near to the Fermi edge (a 'pssudogap').
However later work by Evans et al (1969) and Evans (1970),
succeeded in explaining the metal's properties in terms of a
new pseudopotential, without recoursse tﬁ the idea of a pseudogap,.
Still mors recsnt calculations by Chan and Ballentine’(197l)
and Ichikawa (1972) have given a density of states with a much
weaker dip near the Fermi lsvel than that originally proposed
by Mott,

Since photoslectron spectroscopy may provide some svidsnce
as to ths nature of the density of states, mercury is a
particularly attractive subject for this study. Mercury is an
easy metal to alloy so that, bssides the possibility of directly
perceiving the dip near the Fermi edge, it may also be possible
to observe the effects of alloying on this dip. The predictions
of Mott indicate that if ;ercury is alloysed with indium, the dip
should be gradually filled in as the concentratien of indium is
increased, Ify, however, it is alloyed with an alkali metal
such as sodium, it should be possible to observe the opposite

effect,
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Finally, mercury also has a 5d band close enough to the
fermi sdge to be seen at the highsr photon energies, and the

effact of alloying on this may be examined,

7e2¢ Mercury
Te2ele Experimental

Experimentally, mercury presents a problem not encountered
with- the other materials in this work, Since the vapour pressurs
at room temperature is = 2 x 10-4 Torr, a mercury diffusion pump
must be used. It alse means that the sample cannot be baked in
the chamber since it would then evaporate totally, The techniqus
adopted for the experiment was as follous, The chamber was
_assembled with a clean molybdenum table and quartz crucible,
but with no mercury in the crucibls, The system was baked and
pumped down to < 10-10 torr and the table outgasseds The system
was then brought up to atmospheric pressure by the admission of
dry nitrogen, the crucible filled as quickly as possible and the
system pumped down again = a pressure of = 10"6 torr being
attainable due to the small surface area of mercury exposed,

After a further outgas of the speﬁimen table, the mercury was

then poured, A system for distillation of the mercury into the
chamber was tried but this was not éatisfactory as it took too

long and the sample was usually contaminated by the end of the
process, Specimen loss due to evaporatioﬁ did not prove to be a
problem, approximately half of the specimen being lost in 24 hours,
The use of a mercury pump had the additional advantage that, by
violent movements of the table; the old specimen could be shaken
off and a fresh sample poured, allowing more than one sample to

be examined on each run without affecting the pumping system,

Obviously, since there is such a high pressure of mercury
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in the chamber, it is not possible to deposit a clean gold film
during the experiment. It was therefore necessary to conduct
a separats experiment, using the sodium salicyclats phosphor
mentioned in Chapter 4 as an intermediate standard, to measure
the yield, Unfortunately the results given here do not
represent a complete picture as the failure of the mercury pump,
mentioned in Chapter 4, caused the experimental programme to

be curtailed. The ambient vacuum during the experiment as
measured by mass spectrometer was =2 x 10-5 torr of m8rcury

with ttaces of N2, H,.0, 02 and 002 totalling 4 x 10-9 torr,

2
In this chapter UPS results are presented for liquid
mercury and three mercury alloys (HQSO-ITSO' H??S-ITZS’ H?QE-N?OA)'

These are analysed in terms of the 3=-step model, and it is shown

that they are consistent with the Mott pseudogap concept,

7e2e26 Yield of Mercury

Figure 7,1, shows the quantum yield of mercury. It
may be seen that this is characterised by several strong paaks =
at 6,7 eV, 8.8 eV, 9,9 sV and 1l eV, These peaks are constant
in position but not in strength, a repeat of the yield measurement
one hour after the initial measurement (which was taken just after
pouring) showing a considerable change. If this result is
comparaed with the electron impact spectrum of mercury vapour
(Skerbele et al 1969) or excitation potential values (Moore 1949)
it will be seen that there is extremely good correspondence in
the position of the psaks both with peaks in the electron impact
spectrum and with known excitation potentials, namely 6 P, 7 P,
9 P and 6p 3P. Since the lowest ionization potential for

mercury vapour is 13,4 eV, there cbviously cannot be photoemission
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taking place from the vapour above the surface, It seems
likely, however, that the mercury atoms just above the surface
are being sxcited into a metastable state. These then de=-excite,
and this results in the formation of photoelectrons in the bulk
closer to the surface than would normally accur, with a
consequently increased escape possibility (see Figure 7.2.).
This is borne out by the following experimental observations,
Firstly, the EDC's did not display the time dependence seen in
the yield and secondly, contamination of the sample caused the
structure to 'wash out' as expected from previous experiments
on other metals, whilst emission from the vapour should not be
gensitive to this,

The change in strencth of the peaks may well be due to
a change in the amount of vapour present above the specimaen, -
possibly caussed by the rate of evaporation resaching equilibrium
with the rate of pumping, fMild contamination did not appsar to
particularly affect the system pressure = probably tbe high loss
rate of evaporation inhibits the formation of a surface -'skin',

The reflection data used for calculation of the yield
was from Wilson and Rice (1966),

Te2e3e Ligquid Mercury

Figures 7.3. shows EDC's for liquid mercury at room
temperature, It may be seen that there is a strong feature at
=2.3 eV, and a strong negative slope to the Fermi edge, This
strong negative slope is in direct contrast to the predictions
of Chan and Ballentine (loce.cit.), Ichikawa (loc.cit,) and Evans
(locecit.) which indicate a density of states sharply rising
towards the Fermi edge, The position agrees well with the

density of states of Kuroha et al (1977),



Photons from
discharge lamp

QAtom.s In vapour
0 4 absorb photons and
I become excited to a
metastable state
|

Mercury

Atoms then
A de-excite

Specimen table

Fig.7.2-Enhancement of mercury_yield



o

E 8c roo3 » = gdo oo~ VY x

w

N

MERCURY
10.2eV
9.1 eV
8.5eV
7.7eV
6 ) 3 2

Energy of initial state (eV)

Fig.7.3-Low energy EDCs from

liguid Mercury



82,

The feature at =2,3 eV is constant in strength and
position, This is close in energy to the point where the first
conduction band touches the Brillouin zone face in solid mercury
as calculated by Dishman and Rayne (13968) at =2.4 eV and Keeton
and Louck8(1966) at =2,7 eV,and may well be due to persistence
of some aspects of the solid state band structure on melting,

In particular it suggests that the structure in the EDC close
to EF is due to a region qf low density of states associated
with the overlap of the first and second conduction bands.

Figure 7.4 shows an EDC for mercury at hV= 6 eV in
comparison with one obtained by Cotti et al (1973). It is
possible to discern a slight nsgative slope approaching the

Fermi edge, but the feature seen by Cotti et al (loc.cit.) at

=1 aV is not resolved,

7e2e40e Solid Mercury

An attempt was made to obtain EDC's from solid mercury
using the 'cold table' system of Figure 7.5. However, whilst it
proved possibls to fresze mercury in this way, it was found that
the high vapour pressure of mercury present in the system
resulted in the condensation of mercury droplets onto the
electrical contacts, shorting them out, This could possibly be
avoided by using the distillation system shown in Figure 7.6.
instead of the crucible systems By pouring from the capilliary
syphon system onto an alrsady cold table, the evaporation of
mercury into the system may be kept to a minimum, Additional
benefits would be both the ability to bake the system with the
mercury present in the still and also to thoroughly outgas the

mercury by distillation,
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7.2.5- Hiqh Energy £EDC's

Figure 7.7 shows EDC's for liquid mercury at 16,8 and
21,2 eV, The two strong d band peaks, due to transitions from
the occupied spin orbit split 5d5/2

=7+6 8V and =9,8 eV are clearly defined, This observed spin

and 5d3/2 core levels, at

orbit splitting of 2,2 eV compares with the value of 2,3 eV as
deduced from the band structure of Keeton and Loucks (loce.cit,.)
and with the value of 1,87 eV obtained from atomic term tables
(Moors 1958),

The small feature at =2,3 eV is again seen, as is the
negative slope to the Fermi edge. There is also a featurs at
=5,5 a8V in the 21,2 eV EDC which is almost certainly due to
transitions from the upper d levels incited by the satellite ‘3
line in the gas discharge at 23,1 eV, There is a similar
feature at —4,5 eV in the 16,8 eV EDC due to the [31line in neon
at 19,7 eV,

. Mott has sungested that the ratio of the density of
states at the Fermi level to the free electron valus (the g
factor) is = 0.7, This agrees well with the ratio of the height
of the =2,3 eV featurs to the height of the edge in the 21,2 eV
EDC (0.66) where the effects of the 'escape profila' and the
secondary background are low,

Figure 7.8 shows the effect of air contamination on
METCUTY, This results in thé formation of features at =1,9
and =3 eV and, as the contamination becomss very heavy, the d
band peaks move away from the Fermi edge (exposure is given in
Figure 7.8 in Langmuirs), This shows that the structure
observed at =2,3 eV is not due to contamination or to contributions

from the vapour,
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Te2ebe Optical Density of States

In view of the effects due to the satellite lines in
the high energy EDC's, the 10,2 eV EDC was used as a starting
point for the analysise. Using the procedure detailed earlier
a final optical density of states was obtained which is shouwn
in Figure 7.9. coﬁpared with a free electron density of states,
The strong negative slope to the fermi edge and the strong
feature at =2.3 sV ars immediately apparent. The values used
for the absorption coefficient wers taken from the optical data
of Wilson and Rice (loc.cite)e The analysis yislded a value
of 1e of 108, Figure 7.10. shows the calculated EOC's compared
with the experimental results. The structural agreement is
good, but the agreement of the yislds is fairly poor, However,
this may be due to the contribution from the large scattered

peak,

Te2e76 Discussion

As with the metals previously examined, the structurse
observed in the density of states is constant both in position
and strength relative to the Fermi edge, indicating that the
effects due to matrix elements are small, The most noticeabls
feature in the optical density of states is the strong negative
slope below the Fermi edge which Mott (loc.cit.) attributes to
the overlap of the first and second conduction bands, Whilst
several workers have calculated densities of states for mercury,
and that of Kuroha et a2l (loc.cit.) agrees well in the position
of the feature at =2,3 eV, all indicate that tha slope bslow
the Fermi edge is positive, Figure 7,10, shows the comparison

between the Kuroha density of states and the final optical
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density of states, The results obtained in this work show
better agrsement with the original work of Mott than with that of

later workerse.

Te30 Mercury Alloys

Te3ele Experimental

Experimentally, mercury alloys presented no more
problems than pure mercurye. The only alterations to the
technique consisted of filtering the alloys through glass wool
to remove oxide film and, in the case of mercury=-sodium alloy,
preparation under argon as the alloying is highly exothermic,
Due to the evaporation of mercury during the course of the
experiment therse is some change in the composition of the alloy,
but experiments on the rate of loss of pure mercury indicate
this should be less than 5% for Hggg=Ingg and 23% for Hgpe=1n ¢

over a period of 3=4 hours, which is long enough for the

experiment,

Te3e2e Yield of Mercury = Indium Alloys

Figure 7.1l shows the yield of two mercury-indium alloys
(taken shortly after pouring) compared with those of purs mercury
and purs liquid indium, Reflectivity data is taken here from
Siskind et al (1972), the values for 25at.% indium being
extrapolated from their results for 20 and 30at.% indium,

As expected, the peaks due to ths mercury vapour appear
in both yields though it is noticeable that there is a change in
the structure between 9 and 10.5 eV, strongest in the 50%
indium yield, consistent with the presence of a corresponding

peak in the yield of pure indium, No other changes are
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observed, except an overall increase in the yield, which is
probably due to the higher reactivity of the indium resulting
in a more oxidised surface, Figure 7.12 shows a Fowler plot

for Hg,.~In This gives a value of 4,39 * 0,03 eV for the
[ ]

025°
work function, Since the value obtaiped for liquid indium Qas
3.94 eV and the work function of pure mercury is generally
taken as 4,5 eV (Riviere 1968) this result is not unreasonable.
Unfortunately similar data for Hg and H?SO-ITSD is not

available,

Te3e3e Low Enerqy EDC's « Mercury=Indium

Figures 7,13 and 7.14 show low energy EDC's from two
Hg ;_In alloyse. In both alloys the slope approaching the
Fermi edge is now positive = slightly so in the 25% alloy, more
strongly so in theASD% alloy - and this is consistent with the
filling of states near to the edge as predicted by Mott (loc.cit).
The featurs seen in pure mercury at =2,3 eV is not now observed
in either alloy, Although the scattered peak in the 50% alloy
is very large and could 'wash out! this feature, the scattered
peak in the 25% alloy ié not excessive, and this suggests that
the peak is either greatly weakened or has been shifted in
energy away from the Fermi edge.

Although the bulk composition of the alloy is knouwn,
there remains the question of whether there may be surface
enrichment, A theory of this effect has bsen presented by
Williams and Nason (1974) based on a pairwise bonding or quasi-
chemical approach for solid binary alloys, Results for liquid
Ag=Cu alloy (Norris et al 1976) have shown reasonable agreement

with this, but it is not clear if in this present case, where
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there is a considerable loss of material from the surface and
the technique is probing deeper than the surface layer, the
theory is applicable, A rough estimate of the alloy
concentration, based on the relative slope approaching the Fermi
edge for the different alloys and components, gives a result in

good agreement with the known bulk concentration,

Te3e4e High Enerqy EDC's

Figure 7.15 shows EDC's for H?SO-IQSU alloy at 21,2 and
16,8 eV, It may be seen that the structure near the Fermi edge
is consistent with the low energy EDC's and that a weak featurs
is now observed at about =2.6 eV (although, as with the weak
features in aluminium, precise location is difficult), This
again is consistent with the predictions of Mott (loc.cit.).

The d=band peaks are again observed, but shifted both
in position and in width, Figure 7.16 summarises the binding
energies relative to the Fermi level and the corrected widths

for Hg and Hgso-lnso.
L L]

TeJe5e Mercury=Sodium Alloy

As stated earlier, mercury-sodium alloy is difficult
to prepare, due ﬁo the very high reactivity of the sodium,
Because of this the surface oxidises readily and this results
in a large scattered peak in the EDC's, Due to this problem
it was possible to obtain a useable EDC at only one photon
energy = 7.7 eV where ths lamp output is greatest.

Figure 7,17 shows the EDC thus obtained for Hggs-NeO4

alloy, It may be seen that there is a strong negative slope

to the Fermi edge and that the featurs at =2,3 eV has broadened
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and is now centered at = =1,3 eV, This again is in accord
with the predictions of Mott (loc.cit.), who suggested that on
alloying with an alkali metal the minimum in N(E) would be
deepened and there would be a shift of the Fermi limit towards

higher energies.

Te3eb0 Discussion

Figure 7.18 shows the effect of alloying on the slope
to the Fermi edge for purs mercury and three mercury alloys at
low photon energies, The altefation of this slope and the
movement of the feature which occurs at =2,3 eV in pure mercury
is consistent with the supposition by Mott of the existence of
a pseudogap in mercury, and with his predictions of the effects
of alloyinge

In the high energy EDC's the d~band peaks aobserved in
pure mercury are observed to alter both in position and in
widthe This difference in width reflects the greater d-d
overlap for the upper state, On alloying, the overlap of the
d=wave functions is reduced and the lines narrow. The alteration
of the peaks may be explained in fairly simplistic terms. The
binding energies reflect changes in the environment of the atoms
and there will be local Fermi leval differencee.
Since mercury is more electronegative than indium, electrons will
be attracted to the mercury from the upper part of the indium
valence band, causing a shift in the position of the band

structurs.
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CHAPTER B8:= SUMMARY AND CONCLUSIONS
8.1, Summary of Yields and Werk Function

In Table B.1 ths work function of the elements studied
are summarised and compared with ths results of other workers,
It may be seen that there is very little change observed between
the solid and liquid phases, and the change that is observed
lies well within the 3imits of error of the measurement, This
is not unexpected considering that very little change is observed
in the EDC's on melting. Except in the case of aluminium, the
values obtained are in good agreement with those of earlier
workers, the differences observed again being well withir the
limits of experimental error, The value for lead is also in
good agreement with the theoretical predictions of Lang and
Kohn (1971), which give a value of between 3,80 and 3,95 eV
depending on the crystal face, The discrepancy in the case of
aluminium is not surprising since the strong oxygen affinity
of this metal makes clean surfaces very difficult to prepare
and early values of the work function differ considerably.

Also, the value quoted here from Riviere (1969) was obtained
using a contact potential difference method which frequently
gives values that are not in accord with photoslectron measursments,

A systematic movement of the value of the work function
with valence is observed, the work function increasing with
increasing valence, e.g. the vaiua of 4,02 eV for aluminium lies
between that of 3,66 eV ForAmagnesium and 5,4 eV for silicon,

In group 5 the progression, ignoring the transition elements,

ist=
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Rb Sr In Sn Sb
2,09 2,74 3.94 4,27 4,56

and in group 6=

Cs Ba Tl Pb Bi
1,96 2.48 3.84 3.54 4,25

The other values here are taken from Wotherspoon (1978), Riviers
(locecit.)and the CRC Handbook (1973), . This variation of the
work function is not inconsistent with the concept that the
nucleus is imperfectly screened by the electrons, There is also
a general reduction in work function moving from group 45 =6,
Table 8,2, shows a summary of the quantum yields,at .
7.7 and 10,2 eV, of the materials studied. It may be seen that,
as in the case of the work function, there is very little
difference between the solid and liquid. Again this is not
inconsistent with the comparatively small changes seen in the
EDC's on melting,. It has been shown in Chapter 3 that the
effect 6? the change, on melting, of the elsctron-phonon mean
free path on the yield should be comparatively small and this
is borne out by these results. It is worth noting however
that thers appears to be a correlation between the change in
yield on melting and the degres of change in the structure
observed in the EDC's, although this is obviously difficult to
quantify, The largest change of yield is observed in the
melting of rapidly frozen indium, the smallest in the melting
of aluminium, This is not inconsistent with the solid showing
the most structured EDC's being the most crystalline in nature,
and thus Having a longer electron=phonon mean free path than

solid frozen into a mors amorphous state,
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Be2e Summary of Optical Density of States,

Figures 8.3, 8.4, and 8,5 summarises the optical density
of states of the materials in this work and compares them with
the results of Wotherspoon (1978) for Ga, Tl and Bi., What
is immediately noticeable is that none of the 000S's are free
slectran like, In all cases clear, distinct and consistent
structure is seen in the 0DOS's, If the 0D0S's are compared
with theorstical densities of states for both the liquid and
solid it may bs seen that the predicted structure in the liquid
is always far weaker than thatvactually obsaerved, whilst the
agreement between the predicted solid densities of states and
the 0DOS's is good, This is consistent with the idea that some
type of band=~likes structure is retained even after melting has
taken place,.

Figure 8,3 shows the variation of the optical density
of states with valence through the elements Hg, Tl1, Pb and Bi,
Movement of the main minimum (shown in the diagrams by | )
away from the Fermi level is apparent as the valence incrsases,
If the 0ODOS is compared with the solid state band structure,
it may be seen that the position of this minimum is consistent
with the bottom of the 6p band, This behaviour may be inter;
preted in terms of the 6s band moving lower in energy with a
simultaneous filling of the 6p band, If the 0DOS for lead is
compared with the theoretical predictions of McFeeley et al (1977)

it may be seen that the relative heights of the 0DOS at the
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Fermi edge and at the main maximum at =2,6 eV are consistant
with McFeely's predictions of the effects of spin orbit splitting,
In the DdDS for In and Sn it may be seen that again
there is a movement of the position of the main minimum with
increasing valence,consistent with the changs in position of the
5p band, although here the 5s and 5p bands overlap to some axtent.
The fact that the density of states does not go to zero betuween
the bands may indicate either a modification of the structure due
to melting or simply be an effect of the convolution of the
valence and conduction bands thét has not been eliminated by the
method of derivation of the 0DOS,
Figure B.4 shows the 0D0S for the trivalent elements
Al, Ga, In, T1, i.,e. moving from 352 3pl te 632 6pl. As would
be expected, there are strong similarities in the 0DOS notably
in the position of the main minimum at = - 3 eV, the bottom
of the p band, This dip becomes mors dominant with increasing
z, This is consistent with band structure calculations which
indicate a marked overlap of the s and p bands in Al, which
lessens with increasing z until, in T1l, the bands are completely
separatse. This is consistent with the screening of the nucleus
being less compleste as the atom becomes heavier, resulting in
the s electrons being pulled away from the p band. Also as z
incrsasses the agreement of the 0D0S with the weak scattering

calculations becomes poorer,

Be3e Effects of Matrix Elements,

In the preceeding chapters, in order to simplify the
interpretation of results using the 3-step process, the assumption

has been made that matrix elements are constant in the disordered
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liquid system, In an orderad system the conservation of the
momentum vector Kk results in the variation of both the position
and the strength df the structure observed in ths EDC's as a
function of photon ehergy. If however K is not conserved and
the assumption of constant matrix elements is justified,it would
be expected that the structure observed in the EDC's would remain
constant over a wide energy range., The results in this study
only cover a fairly narrow enmergy range (i.e. 4 = 21,2 eV) but
it may be seen that, for the liquid, the structure does remain
constant in both strength and pﬁsition. Unfortunately this is
not really a wide enough energy range to state definitely that
the assumption is justified and there is a distinct lack of
high energy (XPS) results for liquid metals, (although Baer and
Myers (1977) have now published the results of XPS measuremsnts
on liquid Bi), However the XPS results that have been used
for comparison in this study arelfor evaporated films and it may
be seen, by comparison of the low energy EDC's obtained in this
work with low energy EDC's for evaporated films (Norris et al
1974 and Wooten et al 1966) that thess films show EDC's more
characteristic of the liquid than of the bulk solid, This
implies that ths films are highly disordered (even if they are
not in a reproducible state of disorder).

Comparison of the XPS results for solid with the low
energy liquid results (see Figures 5,11, 5.9 and 6,19) show
good agreement between the two both in the position and strength
of structure within 7 eV of the Fermi edge. This strongly
impliss that the contribution to the EDC's from the density of

states has remained unchangsd over this snergy ranne and hence
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indicates that any effects from matrix elements are quite small,
Thus the assumption of constant matrix elements in this work does
appear to be reasonably well justified,

Williams and Norris (1975) have attempted to show
whether short range order is of importance to the optical matrix
elements by calculating, within the n.f.e. formalism, the
photoelectron spectra for a liquid using the quadratic response
formalism of Schaich and Ashcroft and avoiding most of the
simplifying approximations made in the 3-step process, Their
result, using this theory, shows reasonable agrsement with
experiment in predicting the overall triangular shape of the
EDC despite the neglect of electron=electron scattering,

However the structure observed experimentally is not reproduced
at all, This implies that the weak scattering model is simply
not adequate to describe the electronic structure of simple
metals,

8ede The M,F,E, Theory

As may be seen from the results obtained in Chapters
5, 6 and 7,the optical densities of states of the materials
examined show considerable variation from the fres electron
picture although earlier measurements of optical and transport
properties (except in the cases of lead, thallium, bismuth and
mercury) were in good agreement with this theory.

Wotherspoon (1978) has examined this discrepancy
betwesn the optical and UPS measurements for lead and bismuth
and offers a possible explanation, Most of the optical

measursments made have been at low energy and have involved
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determination of €2, the imaginary part of the dielectric
control, The results for Ezare then normally considered in

terms of a Drude contribution described by the expression

ne?T
mEy (1 + W3T2)

D
€2 = (841,)

and an interband contribution due to the optical excitation
of an electron from the filled valence band to a conduction
stata, In the absence of strong peaks in the 82 results,
that may be associated with interband transitions, the results
are usually fitted to the Drude expression by adjusting the
value of n/m to find an effective carrier density,. However
Smith (1967) has suggested that the fact that this adjustment
is necessary is itself indicative of a deviation from a free
electron situation,

Wetherspoon has used an optical density of states
similar to the one given in this work for lead to calculate 82
for liquid lead, From the expressionsie=

E¢+hW
e? Q [ Ny(E) NL(E -hW)dE (8.2.)

E¢

for the interband contribution to €2based on a non direct
transition model, he obtained good agreement with experimental
results at low photon energy. This implies stfongly that the
lack of interband transitions seen in low energy optical work
cannot bs taken as an indication of a free slectron situation
and some high energy optical measurements are necessary to

settle this point,
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Although the results of transport measuremsnts have
been taken as evidence for the n.,f.e. model, results for heavy
polyvalent metals such as lead show considerable discrspancies,
particularly in the value of the Hall coefficient,which indicates
that the weak scattering formalism simply is not adequate in
these cases., With the other metals Al, In and Sn, although
the results for these fit the nearly free =lectron picture
reasonably well, it has been shown by Edwards (1962) that the
transport propertiss are not a sensitive indication of
variations in the density of stétes and this agreement cannot
be regarded as a necessary indication of a featureless parabolic
density of states curve.

8e5. Further Werk

Whilst good results wsre obtained for In, Al, Sn, Pb
and Hg, the failure of the mercury diffusion pump meant that a
full investigation of the mercury alloys could not be carried
out, The results obtained before the failure indicate that there
is a need for a complete study of the mercury alloys if the
'nseudonap' controversy is teo be resolved,

The apparatus itself has obvious rnom for improvement
both in the analyser and the light sourcs, As stated in Chapter
4, the retarding field type of analyser was chosen because it was
anticipated that there would be considerable trouble with
evaporation of the sample and consequent condensation in the
analyser, VHDmever this did not occur and, since a higher
resolution would be most desirable, another type of analyser,

such as a cylindrical mirror analyser (C.N.A.), could be adopted =
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certainly a higher signal/noise ratio could be obtained using
counting electronics rather than the system used in this study.
The ability to cover a wider photon energy range would also be
most desirable, The comparatively narrow range used in this
study heant that the affects of matrix elements had to be
astimated from salid XPS results, There is a considerable need
for high resolution XPS measurements of the liquid phase if a
true comparison is to be obtained,

Finally there are further interesting matarials that
may be examined. Very little work has been done to date on
liquid alloys and in particular there is little data en the
liquid semiconductors, Ga-Sc, Tl=Te, Mg-Bi and Li-Bi, (see
Enderby 1872). These alloys have very high vapour prsssures
( = 10—3 torr) but,with the use of specialised pumping systems
using diffusion or high speed turbo-molecular pumps,the work
should not be impoussible, However because of the problems of
surface enrichment, it would be necessary to add an Auger spectrometer
to the system to obtain a measure of the surface composition,
Again a C,M.A. spectrometer should be used as high sensitivity
is necessary for this work,

Bebe Conclusions

This work, taken in conjunction with the later work
of Wotherspoon (1978), represents the first systematic photoemission
study of liquid metals under ultra clean conditions, Whilst
other workers have examined isolated elements, it is only by
means of a systematic study, enabling comparison of the elements
in a series, that major overall effects can be discerned and

generalisations made,
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The wnrk function, quantum yield and low energy
photoelectron spectra have been measured for Al, In, Sn and
Pb in the liquid and solid states and for mercury and some
mercury alloys, Comparison of the solid phase data with
previous work and examinatiqn of the low energy scattered
peak in the photoelectron spectra have shouwn that the liquid
surfaces obtained were virtually free of contamination, The
results obtained indicate that there is very little changs in
the yield of Al, In, Sn or Pb on melting and this has been
shoun to be not inconsistent with the redﬁction of the slectron
phonon mean free path on meltinge The optical densities of
states which have been derived for these four metals are
inconsistent with the Ziman weak scattering formalism and agree
better with the solid state band structure, indicating that
slements of this structurs may well persist on melting. No
evidence for k conservation or for non-constant matrix elements
was observed in the liquid state. In the case of mercury and
its alloys, it has been shown that their behaviour is consistent
with the original Mott pradiction of a 'pseudogap' and does

not accord well with later theoretical work,
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APPENDIX I: The Monte Carlo programme

This version of the programme is in Algol for the
Nottingham University 1906 computsr, A later version

in Fortran will be found in Wotherspoon (1978).



Program symbols

All units of energy are in 0.leV measured with respect

to the bottom of the valence band. The lengths are in Angstrom

units.

El Valence band width.

E2 Photon energy.

E3 Workfunction.

E4 Energy at any given time.

E5 Energy given up at an electron—-ion collision.

E6 Energy of secondary after the scattering event.

E9 Energy at which 1e is defined.

El0 Energy given up filling the valence hole in the Auger
process.

Ell Energy of Auger process which is generated.

L1 Length of primary electron walk.

L2 Mean free path of thé photoelectron at the particular
final state energy.

L3 Electron—ion mean free path.

L4 Length of secondary walk.

L5 1e corrected for the final state energy.

L6 Absorption coefficient.

8 LehgthuéfIAﬁger.walk;' )

Tl Angle of travel, with respect to the surface normal, for
-the primary.

T2 Angle of travel, with respect to the surface normal, for

the secondary.



T3 Angle of travel, with respect to the surface normal, for
the, Auger.
X1 Instantaneous distance of electron from the surface.
C3 Sum of generation depths of electrons which have escaped.
Ul
Variables used in the Simpson's Rule calculation.
U2
H1l The separation of energy points in the density of states.
Y1, Y2, Y3, Y4 Primary yield in four angular sectionms.
Y5, Y6, Y7, Y8 Secondary yield in four angular sections.

Y9, Y10, Y11, Y12 Auger yield in four angular sectionms.

N1

N2

Dl

Total number of photons.
Number of slots into which the density of states is split.
Density of states below the Fermi level.

Density of states above the Fermi level.
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APPENDIX IIj The modified Krolikowski programme



Program symbols

All units of energy are 0.leV and the lengths are in

Angstroms.

N1 Workfunction.

N2 Photon energy.

A Absorption coefficient.

IH Valence band width.

NVAL Number of valence electrons.

v Valence density of states.

c Conduction band density of states.

X Electron-hole pair inelastic mean free path.

PL Plasmon loss mean free path.

TL Total inelastic mean free path.

T Semi-classical threshold function.

POl The internal energy distribution of photoexcited electroms.
TF2 The effective threshold function.

SEE Distribution function of secondary electroms.

D External energy distribution of secondéry electrons,
HL Hole scattering length.

SHE The hole distribution functiom.

GD Plasmon loss distribution function.

DPLAS The external energy distribution of plasmon loss electroms.
PS The external energy distribution of primary electrons.
TER(I) The tertiary distribution functionm.

TER(N) The external tertiary enefgy distribution functiomn.



SUM
SUM
StM
SUM
SUM
SUM
c2

P02

10
11

12

The
The
The
The

The

The

The

primary yield.

secondary yield.

Auger yield.

plasmon loss yield.

tertiary yield.

total yield.

total external energy distribution function.

total external scattered energy distribution functionm.



8100 PROGRAM LUi.Ef (JTMPAT, I“PUTt OUTPUT ,TAPEl =INPUT ,TAPC2 =0'JT PUT

0110 1 »TAPK3SJTH) AT ,JTMOUT , TAPCM=JTMOUT)

0120 OUEMS: ON V (220 ), C (220),PS (220 ), SEE (220) ,HL (220)
0130 1 £0(220) ,X (220 ),T(220) ,TF2 (220 ) ,P01 (220) ,C2(220)
0ILO 2 tOHOLr (220) ,DAUG (220) tPL (220) ,TL (220) ,OPLAS (220)

0150 3 *TEP. (220 ) ,P02(220)

0160 CALL DA'KRAY (120 )

0170 C

0160 CCCCCCCCCC INPUT DATA ON THE ELECTRONIC STRUCTURE CCCCCCCCCCCCCCCC
0190 cC

0200 N6=86

0210 NRITE (2,232)

0220 REAO (1,*)N1, N3,A,IH
0230 HRITE (2,709)

0240 REAOC1, *) NVAL
0250 WRITE (4,723) N3.A
8260 N4=N3

8270 IF(IH.GT.N3) N4=IH
0280 N4=N4*5

0290 IF( N4.LT.N8) N4=N8
0300 C

0310 CcCcccccccC norMALIZE THE DENSITY OF STATES CCCCCCCCCCCCccccccceccce
0320 C

8330 SUM=0.

0360 DO 10 J=1,N3

0350 REAO (3,600) V(J)
0360 10 3UM=5UM+V (J) *0. 1
0370 no 11 J=1,N3

0380 11 V (J)=V (J) /SUM*NVAL
0390 C

0600 CCCCCCCCCC FIT FREE ELECTRON DENSITY OF STATES ABOVE FERMI ENERGY
0410 C

0420 I5=N3*1

0430 DO 20 J=N5,N>*

0440 20 v(J)=0

0450 10 30 J=1,N4

0460 ->AN3=FLOAT ( J*-N1) /N3
0470 30 C(J)=V (1) ¢IJN?T (PAN3)
0460 C

0490 CCCCCCCCCC CALCULATE THE INELASTIC E-E SCATTERING LENGTH CCCCCCCCC
0500 G

0510 1M=M4 »1
0520 00 bob J=3,MM



0630
0540
0550
0560
0570
0580
0590
0600
0610
0620
0630
0640
0650
0660
0670
0680
0690
0700
0710
0720
0730
0740
0750
0760
0770
0780
0790
0800
0810
0820
0830
08 40
0850
0860
0870
0880
0890
0900
0910
09 20
0930
0940

C

555
777

666

D2=0

<=J-2

DO 777 1=1,<

OSJM=0

IN=(J-I)/2

DO 555 L2=1,MN
0S'JM=.0 !¢ (C(L2) *C (J-I-L2) *V (I) ) ¢OSUM
02=02»0SUM
PPN3=J>N3

X (J) = (SQRT (PPN3) /02)
CONTINUE

CCCCCCCCCC NORMALIZE THE E-E SCATTERING LENGTH AT 8.6 EV. CCCCCCCC

c

Cc

60

WRITE (2,401)

REAOd, *) N9

P5=X (N8)

DO 60 J=3,MM

ENORM=N9/ (P5%100000000)
X (J) =X (J) *FNORM

CCCCCCCCCC CALCULATE THE PLASMON SCATTERING LENGTH

c

C

641
645

WRITE (2,643)

REAOd, *) NP

WP=NP*0.1

NA=NP»1

EF= (N3-1)*0.1

IF(NA.GT.N4) GO TO 645

00 641 I=NA,N4

E=(N3>I-1)*0.1

DENOM=ALOG ( (SORT (WP+EF) -SQRT (EF) ) / (SORT (E) -SQRT (E-WP) ))
PL(I)=1.0562/WP*E/DENOM*1.E-8
TL(I)=1./d./PL(I) +1./X(I))
CONTINUE

f1L1M=NP

IF(NP.GT.Nu) NLIM=N4

JO 642 1=3, NL1'l

TL(I)=X(I)

642 CONTINUE

CCCCCCCCCC CALCULATE THE SEHICLASSICAL THRESH4OLD FUNCTION CCCCCCC



0950 C

0960 00 40 J=U,N4

0970 TF2 (J)SFLDAT(Ni ¢NT)/FL DAT(J+N3)

0980 40 T (J)= (1-SOP.T( TF2( j) ))/2

0990 G

1000 CCCCCCCCCC CcALCULATE THE NORMALIZED ENERGY HICTkK IDUTION OF
1010 C EXCITED ELECTRONS cccceecececcecececccceccce
1020 C

1030 SUM=0.

1040 DO 800 J=1,IH

1050 SUM=SUM»C (J) *V(IH-J+1) *0.1

1060 800 CONTINUE

1070 DO 900 J=1,IH

1080 POHJ) =C(J)»V (IH-J4-D/SUM

1090 900 CONTINUE

1100 C

1110 CCCCCCCCCC CALCULATE THE EFFECTIVE THRESHHOLO FUNCTION CCCCCCCcCcCCC
1120 C

1130 IY=N1+1

1140 DO 700 J=IY, N4

1150 AL=A*TL (J)

1160 PX=(1.+AL)/(1.+AL-2.*AL*T(J))

1170 TF2 (J)=T (J) ¢ (1.-ALOG (PX) / (2.*ALAT (J>))
1180 700 CONTINUE

1190 C

1200 CCCCCCCCCC CALCULATE. THE SECONDARY ELECTRON DISTRIBUTION CCCCCCCCC
1210 C

1220 IHH=IH-1

1230 DO 150 I=N1,IH

1240 1 (I)=0.

1250 150 CONTINUE

1260 JO 151 IQ=H1l,IH

1270 J'H1=0,

1280 NI11=ID-1

1290 JO ID2 1A=1,NI1

1300 Ul=n-1A

1310 su 12=0.

1320 10 IL 3 N=1,NN

1330 JU 12=SU-PfV(N Jvi-N) *C (N)»0. 1
1350 AS(1: )=SUN2": (IA)
tas0 JumMi-sT 11 ges( 1A ) 1. 1

1370 It? CONTINUE



1380 10 134 14=1,.-1ll

1390 SFE (1) =2.*PS CA) /3U 11
1400 154 CONTINUE

1410 JO 155 IA=IQ,m

1420 SEE (1a)=0.

1430 155 CONTINUE

1440 m =IQ+l

1450 DO 15b J=3,ID

1460 AL=A*TL (ID

1470 RL=X (J) /TL (10)

1480 32=RL* (AL 01 (1.+1./RL) )
1490 31=ALOG (1 .+AL) /AL

1500 C2(J)=(B1+J2) /2.

1510 156 CONTINUE

1520 DO 157 J=I10,IHH

1530 c2(J)=0.

1540 157 CONTINUE

1550 XX=C (IQ) *V (IH-IO+1) /SUN
1560 00 158 I=N1,IHH

1570 D(I)=](I)+3EE(I)*XX*C2(I)*0.1
1580 158 CONTINUE

1590 151 CONTINUE

1600 C

1610 CCCCCCCCCC CALCULATE THE SCATTERING LENGTH FOR HOLES CCCCCCCCCcCC
1620 C

1630 00 838 IHOLE=2,N3

1640 ) SUM=0.

1650 IMJOI=IHOLE-I

1660 00 837 IFIN=1 jIH'DOl

1670 IMUD2=(IHOL£-;FIN+1l) /2

1660 ASUN=n.

1690 DO 636 IiNT=1,1M002

17 00 ASUM=ASUN +0.1*V CINT) (IHOLE-I FIN+1-IINT)
1710 836 CONTINUE

1720 DSUMsaSUN+0O.1*C (IFIN) *a SUM

1730 837 CONTINUE

1740 HL (IHO1lE) =S )RT (FLUAT (N3+1] -I HOLE)) ¢FNCkM/SSUN
1750 OHDLE (IH'JLE) =HSUK

1760 830 CONTINUE

1770 C

1780 CCCCCCCCCC CALCULATE THE OISTRIHUTION OF AiJGER ELCTRONS CCCCCCCC
1790 C



1800 1MOD3=IH

1810 IF(IH.GT,N3) HOU3=N3

18?20 00 935 IFIN=IY,IHH '

1830 IMOn=IFINfl

1840 XELEC=TL (IFIN)

1850 SUM=0.

1860 IF(IM0OO.GT.IM303) GO TO 1001

1670 00 937 IHOLE=HO0O0 ,IM003

1880 SHE=0.0

1890 IM002= (iHOLE-IFlrdl) /2

1900 XHOL£=HL (IHOLE)

1910 00 936 IINT=1,IM002

1920 SHE =SHE*(0 .1*V (I1fJT) *V (IHOLE-IFI N+1-IINT)
1930 936 CONTINUE

1940 SHE=SHE*C (IFIN) /DHOLE (I HOLE)

1950 C2H=0.5* ( ALOG (1.~A*XHOLE) /A/XHOLE~ALOG ( I * 4EMXHOLE/XEL EC)
1960 1 “XELEC/XHOLE)

1970 SUH=SUM40.1*SHE*C2H*P01 (IH-IHOLE+1)

1980 937 CONTINUE

1990 1001 CONTINUE

2000 SUi =SUN»TF2 (IFIN)
2010 OAUG (IFIN)=SUH
2020 935 CONTINUE

2030 OAUG (IH)=0.

2040 C

2050 CcCcCcccccCcC CALCULATE PLASMON LOSS TERM CCCCCCCCCcCcCC
2060 C

2070 JO 671 I=IY,IH

2080 SUM=0.0

2090 IF(NA.GT.IH) GO TO 673

2100 JO 672 INP=NA,IH

2110 EXPON= (INP-I-NP)»*2*0.01
2120 IF(EXPON.GT.50.) EXPON=50.
2130 GO=EXP (-EXPON) /I.77245

2140 ALP=A*PL (IIP)

2150 RAT=DL (INo)/TL (I)

2160 C2P=0.:'( ALJG (1 .£fAL°) /\L° +ALOG( 1. «HERAT) /RAT|
2170 SU,1=3UM+0 .1*C2P~00* POl IJsP)
2180 672 CONTINUE

2190 673 CONTINUE

2200 JPLA3II)=SUM»TF2(I)

2210 671 CONTINUE
2220 G



2230 CCCCCCCCCC CALCULATE THE TERTIARY ELECTRON DISTRIBUTION CCCCCCCCC
2240 C

2250 00 814 I=IY,IH

2260 P02 (I)=0(I)+IOPLAS(I)+#4OAUG(I))/TF2(I)
2270 814 CONTINUE

2280 IHH=IH-1

2290 00 450 I=IY,IH

2300 TER(I)=0.

2310 450 CONTINUE

2.320 00 475 IQ=IY,Iri

2330 SUM1=0.

2340 NIO=IQ-1

2350 00 200 IA=1,NIO

2360 NNalQ-IA

2370 SUM2=0.

2380 00 100 N=1,NN

2390 SU.M2=SUM2>V (NNH-1-NI *C (N)*0.1
24 00 100 CONTINUE

2410 PS (IA)=SUM2*C(IA)

2420 SUH1*SUM1>PS (IA)*0.1
2430 200 CONTINUE

2440 00 300 IA=1,NIQ

2450 SEE (1A)=2.*PS (IA) /SUH1
2460 300 CONTINUE

2470 no 303 IA=IQ,IHH

2480 SEE (IA)=0.

2490 303 CONTINUE

2500 I01=I0»1

2510 00 950 J=3,IQ

2520 AL=A*TL (IQ)

2530 RL=X(J) /TL(IQ)

2540 B2=RL* ( ALOGd. f 1./RL) )
2550 B1=ALOG (1.+AD/AL

2560 C2(J)=(01»92) /2.

2570 950 CONTINUE

25*0 NO 102 J=m, 1HH

2590 U2 (J)=0.

2603 302 vONTINUF

2610 00 *¢0 I=1Y ,IJH

26 20 TEROsSTERCI) f3EC(I)*'’02(I0) eC2(I)*0.1

2c30 4f0O CONTINUE
2640 475 CONTINUE



2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2775
27 80
2790
2800
2810
2820
2830
2840
2850
2860
2870
2880
2890
2900
2910
2920
2930
2940
2950
2960
2970
2980
2990
3000
3010
3020
3030
3040
30 50
3060

Cc
C

CCCCCCCCCC CALCULATE THE ELECTRON DISTRIBUTIONS AND WRITE THEM CUC

Cc
WRITE(2,2000)
REAOd, ¢) IFLAG
IF(IFLAG.E).I) WRITE(2,867)
WRITE(4,067)
00 567 N=I1Y,IH
PS(N)=TF2(N)*P01(N)
C(N)=TF2(S)*0(N)
TER(N) =TER(N)*TF2 (M)
C2(N)=PS(N) fC(W)+OAUG(N)fOPLAS(N)+T ER(N)
P02(N)=C2(N)-PS(N)
IF(IFLAG.EQ.1)WRITE(2,815)N, PS(N) ,C(N), OAUG(N), UPLAS(N),
1 TER(N),C2(N)
HRITE(4,815) N,PS(N),C(N), OAUG(N), OPLAS(N), TER(N),C2(N)
567 CONTINUE
c ,
CCCcccccCC WRITE OUT THE SCATTERING LENGTHS CCcCccCC
c -
WRITE(2,2001)
REAOd, *) JFLAG
IF(JFLAG.EQ.lI) WRITE(2,384)
WRITE(4,384)
00 382 1=3,N4
J=1-1
<=-(1-2)
IF(J.GT.N3) HL(J)=0.

IF(JFLAG.EI.1)WRITE(2,383) 1,X(1),PL(l), TL(1),TF2(1),<,HL(J)

WRITE(4,383)1,X (1),PL(1),TL(1),TF2(1) ,X,HL(J)
382 CONTINUE -

Cc
Cc
CCCCCCCCCC CALCULATE THE YiEL OS AND WRITE THEM OUT OCCCCCCCcCcCcCcccCC
C
SUM7=0.
SUM 8=0.
SUM10=0.
3UM11=0.
SUM12=0.

00 566 N=IY,IH
SUM7=SUM/ f'*S (N) *0 .1



3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3275
3280
3290
3300
3310
3320
3310
3335
3336
3340
3350
3360
3370
3370
3390
3400
3..02
3405
3407
3410
3420

Cc

568

SUM8=SU"' (O£C (N)*0. 1

SUM10=SUM10+0.1*0OAUG (N)

SUrtll=SUH1H-0 .1*0PLA3 (N)

SUrt12=SUM12*0.1*TER (N)

CONTINUE

SUN 9=SUN7 *SUN8»SUN10»SUN11»SUM12

WRITE (4,868) IH,SUN7,SUM8,SUNIO,SUM11,SﬁM12,SUM9
WRITE (2,868) IH,SUM7,SUM8,SUMIO,SUM11,SUM12,SUN9

CCCCCCCCCC PLOTTING ROUTINES CCCCCCCCCccceceeeececeececceececcecececcececececcececccecce

(o]

901

WRITE (2,301)

REAOd, *) NNN

IF(NNN.NE.1) STOP
XPHOT=IH*0.1

XMAX=-N3*0.1

00 901 1=1,N4

T(I)=-(I-1)*0.1

X (I) = -XPHOT-T (I)

CONTINUE

CALL PAPER(1)

CALL PSPACE (0.1,0.95,0.1,0.8)
CALL MAP(XMAX,0.1,1.,1.)

CALL CURVEO(T,V,1,N3)

CALL SCALES

CALL PLACEC10,4)

caLL TYPECS(41HOPTICAL DENSITY OF STATES IN ELECTRONS/EV ,41)
CALL FRAMER

CALL PSPACE(0.1,0.95, 0.1,0. 8)
CALL CTRNAG(5)

CALL

C2(N1)=0.0

CALL PTPLOT(X,C2,N1,IH, 30)
canL PTPLOT (X,0PLAS,IY,IH,23)
carLL PTPLUT(X,0AUG, IY,IH, 11)
carLL PTPLOT (X ,TEP.,IY, IH,03)
CALL PTPLOT(X,PS,IY,IH, 26)
CALL REOPEN

caLL PTPLOT(X,P02,xY, IH,12)
caLL iLKPEN

caLL PTPLOT(X,C,:Y, TH,29)
carL. PTorLJT(X,C2,IY,IH, 30)



3425
3430
3440
3450
3460
3470
34 80
3490
3500
3510
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CALL

CALL

wALL

CALL

VALL
G
cccceaecececece
C

CTR44GI20)
SCALES
PLACE (10,4)

TYPCCS (36HEOCS IN ELECTRONS/ABSORBED
GRENO LY

FORMAT STATEMENTS ONLY BEYOND HERE CCCCCCCCCCCCccccccccce

232 FORMAT*IX,/,404 INPUT THE WORKFUNCTION, BANDWIDTH, /

2

FORMAT (1X//21H FOR PHOTON ENERGY

o OO W N R

25H ABSORPTION COEFFICIENT /

40H AND PHOTON ENERGY /)
,16/

21H PRIMARY YIELD , £12.4/

214 SECONDARY JIELD , E12.4/

214 AUGER YIELD , E12.4/

214 PLASMOrr LOSS YIELD ,E12.4/

214 TERTIARY YIELD ,E12.4/

214 TOTAL YIELD , E12.4)

1]

0 w n X

FORMAT (15 ,0F12. 4)

FO.RMAT* 15 ,5E12. 4) .
000 rc”iMAT (F10.5)
867 FOR MAT (IX//54 EV*10,2X,9H PRIMR1ES,3X,'%4 SECHORES, 3X,

1 jH AUGERS ,3X,94PLA3 LOSS,3X,9H TERTIARY,3X,9HTOTAL EDO/)
»01 FORMLT (1X//40M INPUT THE SCATTERING LENGTH AT 8.6 EV. /)

.30L FORMAT (IX//29H ENTER i FOR GRAPHICAL OUTPUT /)

723 FORMAKIHi ,50HCALCULATED ELECTRON DISTRIBUTIONS FOR BAND OF WIOT

1,144,15,74*%0.1 EV/30H ANDABSORPTIONCOEFFICIENT OF

l4

2F11.4,4H/'JU. //) ~
709 FORMAT (1x7/47H INPUT THE NUMBER OF VALENCE ELECTRONS PERATOM /)

2000
1

1X//V4H INPUT 1 FOR TABLE OF ELECTRON DISTRIBUTIONS [/
4AH 0 FOR YIELDS ONLY /)

643 FORMAT*1X//2rH INPUT THE PLASMON ENERGY 1))
38» FCUMAT (1X//tH EV*10,2X,9HELEC-HOLE,3X,94ELEC-PLAS,
1 3X,9H TOTAL ,3X,9HT4RESH FN,5X,LH EV*10,
1  ?X,9HHJLE-HOLE/)
.383 rOMMAT (I»,mCl12.4, I0,E12.4)
2001 FOMMAT (1X//sOH I «PUT 1 FOR TABLE OF SCATTERING LENGTHS

1/
STOP
EN)

12.15.si."CLP,

t'H 0 FOR YIELDS ONLY /)

22, 0.7:L KLNS.
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Photoemission Studies of some Liquid Simple Metals and Alloys

Donald Charles Rodway

Abstract

Measurements of the work function,quantum yield and low energy
(6.0eV< hv <21.2eV) photoelectron spectra are presented for the
simple metals In, Al, Pb, and Sn in the liquid and frozen solid
states, and for Hg and the mercury alloys %*-In.”, Hg"""In"", Hg"."Wa”"
in the liquid states only. The results obtained for the solid
simple metals are consistent with other published results. The
results for the liquid are very similar, to those for the solid and
are constant over a broad temperature range above the melting point.

A Monte Carlo simulation of the photoemission process, based on
the 3-step model of Berglund and Spicer, has been developed and used
to examine the effects of variation of the electron-phonon scattering
length on the quantum yield and the escape depth of the photoelectrons.

This programme has been used in conjunction with an analytical
programme, based on the work of Krolikowski, to derive optical density
of valence states functions and electron-electron scattering lengths
for the liquids.

In all cases the optical density of states functions show much
stronger structure than expected on the basis of a weak scattering
description of the liquid system and agree better with theoretical
predictions for the solid, indicating that some aspects of the solid
state band structure persist on melting. Wo evidence for conservation
of the momentum wvector k or for non-constant matrix elements is
observed.

In the case of mercury and the mercury alloys the results
obtained agree well with the ’'pseudogap' concept proposed by Mott.



