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Abstract

The structure of solutions of lithium in ammonia and methylamine has been studied
over the concentration range 2 to 22 MPM using two complementary techniques;
neutron and X-ray diffraction. It was found that, in spite of differences in the electrical
and physical properties, the structural changes induced by the introduction of lithium
metal into ammonia and methylamine are similar, and that both solutions are highly
structured over short- and intermediate- length scales. The latter finding is consistent
with Mott’s suggestion that the metal-nonmetal transition is dominated by electron-

electron interactions rather than disorder (Anderson-type).

The first detailed studies of the ion-solvent and solvent structure in lithium-
methylamine solutions by the method of isotopic labelling (™*Li/°Li and D/'H) in
neutron diffraction are reported. The results show that each Li" cation is strongly
solvated by about four solvent molecules, with the nearest-neighbour Li-N distance at
2.15(2) and 2.09(2) A for 18 and 14.5 MPM respectively. This confirms that the excess
electrons reside outside the first solvent shell of Li’, and electrical conduction is by
Brownian-like hopping of electrons between neighbouring localised sites formed by the
solvated cations and free solvent molecules. The solvent-solvent structure shows the

presence of relatively strong hydrogen-bonding in methylamine at 230 K:

approximately one hydrogen bond per molecule, 7, =1.0(3), at 7,,, =2.3(1) A. As the

concentration of metal is increased, hydrogen-bonding and the coordination number of
nearest neighbour are progressively perturbed. Qualitatively similar trends have also
been observed by X-ray diffraction studies of lithium-ammonia solutions. These trends
are consistent with the Bjerrum-type defect model of a polaronic cavity (Catterall and
Mott 1969), which suggests that the overall decrease in density is due to ejection of

solvent molecules from around excess electrons.
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Introduction

Solutions of alkali metals in ammonia were first prepared by Sir Humphrey Davy' in
1808 (Edwards, 1982). Since then, the resulting solutions have been at the centre of
intense experimental and theoretical interest primarily because they exhibit a fascinating
variety of properties, such as low density, high electrical conductivity, liquid-liquid
separation and metal-nonmetal transitions (Thompson 1976; Lepoutre 1984; Collogue
Weyl). In spite of this enduring interest, covering almost two centuries, a detailed
understanding of the microscopic nature of these solutions remains elusive. 'Fdr this
reason they are one of the most studied liquids in condensed matter physics and electro-

chemistry.

Knowledge of the structural arrangement of atoms and molecules in a material is
essential for a full understanding of its physical and electrical properties (Howell 1996;
Soper 1997; Bowron et al 1998). This is especially true in the case of metal-amine
solutions, as one would expect the microscopic and macroscopic properties to>resﬁ1t
from a subtle balance between intermolecular solvent-solvent (hydrogen-bonding),
solvent-ion and solvent-electron interactions. However, literature records only oﬁe set of
relevant diffraction experiments (Chieux and Bertagnolli 1984), and therefore there is a
pressing need for high-resolution structural measurements on metal-solutions. In this
thesis, I present the first extensive X-ray and neutron diffraction studies of solﬁtions of
lithium in ammonia and methylamine. In particular, considerable improvements in
diffractometer performance and data analysis techniques in recent years have made it
possible to apply the technique of isotopic labelling (H/D and ™'Li/°Li) in neutron
diffraction (Howell 1996; Soper 1997). Using this technique I have for the first time
established the local solvent-solvent and ion-solvent structure of the metal-amine

solutions.

XV



CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

CHAPTER 1

Properties of metal-solutions: Metal-Nonmetal
transition

1.1 Introduction

Ammonia and amines are polarizable liquids which are able to act as a solvent for a
variety of solids, including alkali metals. The physical properties of liquid ammonia and
methylamine are listed in table 1. The resulting solutions of alkali metals dissolved in
ammonia and amines are generally referred to as meral-solutions*. These solutions are
intense blue and salt-like in the dilute concentration regime, and bronze-gold and
metallic in the concentrated regime (Thompson 1976). The solvation of metals in these
solvents was first extensively studied by Kraus (1907, 1908, 1914, 1921). He showed
that the dissolution process resembles that of salt in water and metals dissociated into

solvated electrons (anions) and solvated metal cations i.e.

M & M} +ej. (1.1)

* Other solvents such as ethers are also known to dissolve metals to yield metal-solutions, but

these solutions will not be discussed here.



CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

Indeed, at infinite dilution, many of the properties of metal solutions have been
found to resemble those of aqueous solutions (Thompson 1976). The solvation process
is reversible and takes place without chemical reaction, but metal-solutions are
metastable and in the presence of impurities they may decompose to form the metal

amide and hydrogen i.e.

M{ + NH, =>M*(NH;)+%H2(g). (1.2)

Metal-solutions, especially alkali metal-ammonia and lithium-methylamine
solutions, have been extensively studied because they exhibit a fascinating variety of
physical and electrical properties (Lepoutre 1984). As a result, a vast number of
experimental data already exist in the literature (Thompson 1976; Colloque Weyl). The
aim of this chapter is therefore not to provide a comprehensive discussion of each of
these previous studies, but to give a basic overview and to discuss the data that are most
relevant to this work. Emphasis is placed on the similarities and differences between
metal-ammonia and metal-amine solutions. For a more detailed discussion the reader is

referred to the seminal book by Thompson (1976).

Ammonia, NH; Methylamine, CH;NH,

Dielectric constant, € 16.5 at 293K 9.4 at 293K
Dipole moment (Debye) 1.847 1.479
Boiling Point (K) 239 266
Melting Point (K) 195 179
Density (gem™) 0.68 at 240K 0.75 at 220K

Table 1.1 Physical properties of ammonia and methylamine (CRC 1994).
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The phase diagrams of Li-ammonia and Li-methylamine solutions are shown in
figure 1.1. Here, the concentration of the solutions is expressed in units of mole percent
metal (MPM), which is defined as (moles metal)/(moles metal+moles solvent)x100. In
simplified terms, the solutions can be classified into three regimes with significantly
different physical properties: I) dilute salt-like solutions, IT) two coexisting liquids, and
IIT) concentrated metallic solutions. In Region II, a metal-solution phase separates into
immiscible dilute and concentrated solutions, with the concentrated phase floating on
top of the dilute phase. This remarkable characteristic is one of the most studied
properties of metal-ammonia solutions, and it has been conceptually linked with the
Mott discontinuous metal-nonmetal transition (Thompson 1976; Mott 1990) — “The
immiscibility of concentrated and dilute solutions suggests that there is a discontinuity

in the number of charge carriers due to a long range fluctuation in density”.

Figure 1.1a
2401
Liquid Li(NH3)p
/}( Coexisting liquids
200[-
<
o
3
: i
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

solutions. This solute and solvent independent absorption characteristic indicates the
presence of common absorbing species in these systems, and has been suggested as one
of the main pieces of evidence for the existence of solvated electrons. Jortner (1959,
1973) successfully demonstrated that a simple model of an electron trapped in a cavity
of radius ~3 to 4 A (see figure 1.3) formed by four to six polarised solvent molecules
can be attributed to the broad absorption spectra. He proposed that the absorption is due
to the 1s—2s transition of an electron in a spherically symmetric potential well
produced by this cavity. In metal-amine solutions, with the exception of Li, there are
two additional absorption bands at higher energies that are dependent on the solute and
the solvent. These extra absorption bands in metal-amine solutions indicate that there
are metal dependent species that are not present in metal-ammonia solutions. Matalon,
Golden and Ottolenghi (1969) have characterised these bands and their results strongly
point to the existence of species of stoichiometry M’; a pair of electrons trapped at a

cation, in dilute metal-amine solutions.

As the concentration of metal is increased (>10° MPM), the interactions
between solvated ions become significant and ion-pairing takes place. This is
particularly evident in metal-amine solutions, where the anion-cation interactions are
considerably stronger than in metal-ammonia solutions. The most widely accepted
models for ion-pair species are associated metal-electron pair types (See figure 1.4),

which may be illustrated by the following equation

Mg +e; —> Mgeg. (1.3)

As the concentration of metal is further increased (10> — 10° MPM), various
experiments indicate spin-pairing takes place, leading to diamagnetic species
(Thompson 1976; Mott 1990). Although the formation of diamagnetic species has been
widely known for many years, the exact nature of diamagnetic species is still the subject

of intense dispute (Colloque Weyl; Edwards 1984). The problem is that so many
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

susceptibility tends to the calculated non-interacting free spin value (solid line).
However, above 10 MPM, the spin susceptibility begins to deviate from the free spin
value and it falls to about 20 per cent of the free value at 0.1 MPM. This drop in
susceptibility is indicative of spin-pairing taking place and suggests a transformation in
the nature of the species from paramagnetic to diamagnetic. In contrast to this, the spin
susceptibility of lithium-methylamine solutions (Stancy et a/ 1984, Nakayama et al
1984) shows only a slight deviation from the free spin values. Hence, the spin-pair
interactions in lithium-methylamine solutions are less pronounced than they are in

metal-ammonia solutions.

Electron spin resonance (ESR) and nuclear magnetic resonance (NMR)
techniques have been extensively used to study the nature of metal solutions. Both
techniques have attracted considerable attention because they permit the study of the
local environment of constituent ions in metal solutions. Indeed, the current
understanding on the local electronic structure and the dynamics of the constituent
species has been provided almost solely by the resonance experiments. For an

extensive review of the resonance and susceptibility studies refer to Edwards (1984).

[y

w ) - —— Hffpr

/ / /
S
A

i £ e

Ammonia Methylamine Ethylamine

Figure 1.6 The ESR spectra from solutions of alkali metals in ammonia, methylamine
and ethylamine (Edwards 1984).
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

The ESR spectra of ammonia, methylamine and ethylamine solutions are
illustrated in figure 1.6. Clearly, the characteristics of the ESR spectrum are strongly
dependent on both the solvent and the solute. The ESR spectra of metal-ammonia and
methylamine (except for Cs and Rb) solutions consists of a single line with a g-factor
close to that of the free electron value (2.0023). The line width is broader for heavier
metal-ammonia and metal-methylamine solutions, which reflects the increasing
importance of the electron-cation interactions. For Rb-methylamine, Cs-methylamine
and metal-ethylamine solutions the ESR spectra consist of multiple lines, showing that
the cation-electron interactions are sufficiently strong so that the relaxation time is long
enough (10 to 107s) to show resolved hyperfine coupling to the nucleus: For example,
the ESR spectrum of lithium-ethylamine solutions is attributed to hyperfine coupling to
Jfour equilivalent nitrogen nuclei. In these cases, more strongly interacting species, such

as M™ have been proposed as the possible source of the observed ESR spectrum.

In metal-solutions, the nuclear resonance line at the nitrogen, hydrogen and
metal nuclei shifts (Hughes 1963; O’Reilly 1964). This is known as a Knight shift,
which occurs as a result of a slight change in the magnetic field at the nucleus caused by
the hyperfine coupling between unpaired electrons and the nucleus. The nitrogen Knight
shift in metal-ammonia and lithium-methylamine solutions shows that the total unpaired
spin density at nitrogen nuclei is independent of concentration, hence independent of the
ion-pairing and spin-pairing processes. The application of nitrogen Knight shifts to the
study of the solvent structure around the solvated electron is discussed in Edwards
(1984). In this paper, six and twelve solvent molecules for the first and second solvation
shell of metal-ammonia solutions, and four solvent molecules for the first solvation
shell of lithium-methylamine solutions have been estimated. Knight shifts at the metal
nuclei of Li, Na, Rb and Cs of metal-ammonia solutions have been measured by
O’Reilly (1964). The data of very dilute solutions shows the absence of a shift and thus

supports the model of isolated species at infinite dilution. At higher concentrations,
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

excess electrons. For a given concentration the density is lowest for lithium solutions: in
actual fact a saturated lithium-ammonia solution is the lightest liquid known at room
temperature, 0.477 gcm'3 . The excess volume per mole*, AV, of metal solutions remains
approximately constant up to 1 MPM (100 cm’mol™) and then it increases slightly
above this concentration. Several researchers have assigned this expansion to the
formation of a cavity around a solvated electron and have estimated the cavity size
(Jortner 1959; Cohen and Thompson 1968; Catterall and Mott 1969). These studies
reveal a cavity of radius 3 to 4 A is required to account for the observed excess volume.
A schematic illustration of electron solvation in a vacancy defect in liquid ammonia
(Bjerrum-type defect) proposed by Mott and Catterall (1969) is shown in figure 1.8.
According to this model, the electron solvation in ammonia is accompanied by an

increase in volume of about three ammonia molecules per electron.

The viscosity and vapour pressure of metal solutions are less than those of the
pure solvent and they are a decreasing function of concentration and temperature. Once
more, these trends are the opposite to those observed for salt solutions. The viscosity of
metal-ammonia solutions varies with concentration in the following manner; at dilute
concentration, the fall is very slow, but at approximately 1 MPM it begins to fall more
rapidly. The rate of fall then decreases around 10 MPM, and approaches a lowest value
at the saturated concentration. For lithium-ammonia solutions, this value is
approximately ten times lower than that of a typical liquid metal. Similarly, the vapour
pressure of concentrated metal-ammonia solutions is extremely low and its lowest value
is at the saturated concentration. In the case of saturated lithium-ammonia solutions, this
value is as low as 393 Pa (Marshall 1962).

-V, +V.
*AV = -[V‘—(M—I{-—F—Z)], where Vs is the solution volume, V| is the volume of the solvent,

V, is the volume of the metal and M is the number of moles of metal.

-13-
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

A M-NM transition also occurs in the concentration range between 14 to 16

MPM in lithium-methylamine solutions (see figure 1.9). However, the electrical

conductivity of saturated lithium-methylamine solutions is about 400 Q'cm™, which is

about 40 times lower than that of saturated metal-ammonia solutions and it lies just

above Mott’s minimum for metallic states ~200 Q'cm™ (Thompson 1976). Moreover,

the colour of lithium-methylamine solutions does not change from blue to metallic-

bronze, even at saturation. These observations imply a much stronger localisation of

electrons in methylamine solutions than in metal-ammonia, and suggest that a metallic

state in lithium-methylamine solutions is of a strongly scattering type.

Other properties of concentrated metal solutions are briefly summarised below

iii)

The variation of the conductivity with concentration in the concentrated region
is approximately proportional to (metal content)’, and is essentially independent

of the cation.

The electrical conductivity is an increasing function of temperature (except for
caesium and very concentrated lithium solutions), and a decreasing function of
pressure at all concentrations. The relationship between o and 7, ¢ and P are
approximately linear and these trends are opposite to those observed for typical

liquid metals.

Hall effect measurements are rather limited, and data are only available for
metal-ammonia solutions with concentrations higher than 1 MPM (Kyser and
Thompson 1965; Nasby and Thompson 1968). The Hall coefficient, Ry, in this
concentration range is independent of temperature and tends to the calculated
free electron value for concentrations above 8 MPM. The Hall mobility,

Ua=Ryo, of lithium-ammonia solutions has been computed by Nasby and
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

Thompson (1968). They found that g is an increasing function of concentration

and it increases most rapidly in the region 3 — 5 MPM.

iv)  The thermoelectric power is a decreasing function of concentration, and it is
negative except for sodium-ammonia solutions of concentration higher than 14
MPM. The change in the sign of the thermoelectric power is somewhat
unexpected, as the positive sign is normally attributed to positive charge carriers.
The magnitude of the thermoelectric power for both sodium and potassium
ammonia solutions of concentrations above 8 MPM is approximately equal to

the value expected if the electrons are free.

v)  The Knight shifts of protons (for both methyl and amine group) and Li in
solutions of lithium in ammonia and methylamine increases with concentration.
The nuclear Li-spin relaxation rate obtained from the Knight shifts by the
Korringa relation (Korringa 1950) show a considerably larger enhancement in
lithium-methylamine than in lithium-ammonia solutions (Edwards et al 1980;
Nakamura et al 1984). This reflects fundamental differences in the electronic
state of two solutions and suggests excess electron localisation at Li' in

methylamine solutions (Nakamura et al 1984).

vi)  The optical property of metal-ammonia solutions begins to transform from blue
to a metallic bronze colour at about 2 MPM. Comparisons between the measured
optical constants and the Drude free electron theory (Drude 1900) show the that

optical transition becomes complete above 8 MPM.

It has been widely accepted that metal-ammonia solutions of concentration
higher than about 9 MPM can be interpreted in terms of a nearly free electron (NFE)
model that is comprised of solvated cations, free solvent molecules and delocalised

electrons. This model is in line with each one of the properties discussed above, with the
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

exception of the sign of the thermoelectric power and the trends of conductivity with
temperature and pressure. The Mott criterion for the metal-nonmetal transition: kgz/ ~ 1,
where / is the mean free path, is met above 5 MPM, and reaches a value of 30 at
saturation. The large mean free path is indicative of the conduction process being
propagation rather than hopping. This is further supported by the Hall coefficient
measurements, which show that the Hall effect is independent of temperature, thus
thermal hopping of the charge carriers is unlikely. Furthermore, according to the Hall
mobility data, the free electron density increases from 1x10?! cm™ at 4 MPM to 4x10?!

cm™ at saturation.

In contrast, the electrical properties of concentrated lithium-methylamine
solutions are in many ways more like that of liquid semiconductors. Indeed, Edwards
and Sienko (1980) have pointed out that electrical conduction in concentrated lithium-
methylamine solutions are best described in terms of Brownian-like hopping of weakly
interacting electrons. In this case, the mean free path becomes comparable with the
interatomic spacing and the NFE description is no longer appropriate. The observation
of antiferromagnetic ordering occurring in a solid Li(CH3NH;)4 (Stancy et al 1982;
Nakamura et al 1984) further supports the weakly interacting electrons description of

the concentrated lithium-methylamine solutions.

The solvation number and diameter of the solvated cation complexes in
concentrated metal-ammonia solutions have been estimated from the conductivity (self-
diffusion coefficients) and compressibility measurements. Garroway and Cotts (1973)
predicted that both sodium and lithium solvated ions are in association with four
ammonia molecules and this number is essentially independent of concentration. The
coordination number and diameter estimated by Thompson (1971, 1976) from the
compressibility data is shown in table 1.2. It should be noted that these values are
attained by the best-fit method of the measured data and should not be relied upon as

the true values. Nevertheless, these studies provide support for the model which regards
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

concentrated metal-ammonia solutions to be consisting of strongly solvated cations, free

solvent molecules and delocalised electrons.

Solute Coordination number Diameter of solvated ion

A)
Li 4 6.30
Na 4 6.45
K 6 7.33
Cs 8 8.04

Table 1.2 Cation solvation properties in metal-ammonia solutions obtained from

compressibility measurements (Thompson 1976).

The theoretical interpretation of the electrical properties of concentrated metal-
ammonia solutions in terms of the above model has been successfully carried out using
the Ziman theory (Ziman 1961, 1967). This theory describes the electrical properties of
simple liquid and amorphous metals by treating the conduction electrons as plane
waves. Then the resistivity arises from two mechanisms: i) scattering from the effective
potentials of atoms, and ii) weak coherent scattering from the constituent atoms. The
latter mechanism is simply related to the scattering factor 7(Q) and therefore, according
to this theory, the resistivity is a function of the structure factor of scattering centres and

the atomic potential factor.

Ashcroft and Russakoff (1970) have obtained a satisfactory expression for the
conductivity of concentrated metal-ammonia solutions by assuming that the sources of
electron scattering are solvated cations and the dipole moment of free ammonia

molecules. In this model, they have: i) used the cation-cation structure factor calculated
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

by Schroeder and Thompson (1968); ii) assumed that the scattering of electrons by
dipoles is independent of the structure and is only proportional to the number of free
ammonia molecules and iii) considered the angular dependent dipole potential function
as a source of the scattering potential. They concluded that the decrease in the number
of free ammonia molecules, i.e. unbound to cations, with concentration is a key reason

for the increase in the conductivity in the metallic region.

Thompson and Schroeder (Thompson 1976) have also successfully modelled the
concentrated metal solutions, but instead of using the dipole potential, they used a
repulsive pseudopotential as in the case of simple metals. The reason for this was
because they believed that the Coulomb repulsion of electrons from the filled orbitals
would be significantly stronger than the dipole potential. Thus, the repulsive potential
would be the one needing to be considered. The pseudopotential factors which are
equilivalent to the form factors for the ammonia and solvated cation were established
empirically by treating 20 MPM lithium-ammonia solution as a single component

liquid: Li(NH3)s". According to the analysis of Thompson-Schroeder:

i) The increase in conductivity with concentration is due to a decrease in the
number of free ammonia molecules and the increasing local order of solutions.
They pointed out that if the solvation structure around the cation varies with
concentration and/or temperature, it could have a slight but significant effect on

the electrical properties.

ii) The observed temperature dependence of the conductivity, do/dT, can be
reproduced if the pseudopotential is represented by a temperature dependent
constant. The Thompson-Schroeder model requires a weakening of the repulsion

potential with temperature for do/dT to be positive.
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

iii)  The thermoelectric power is extremely sensitive to the choice of pseudopotential
and no reliable agreement between the observed and calculated values was
reached with this model. They underlined this problem to the over-simplification

of the potential used.

One of the properties that does not show a marked change in the transition region is
the density of the solution. The density data shows that the large increase in the volume
with increasing concentration continues to saturation. At first sight, this observation is
somewhat surprising because in the dilute regions the excess volume has been attributed
to the formation of polaronic cavities. Thompson and Cohen (1968) explained these
increases by supposing that cavities are still forming in the metallic region, but with
large overlaps of the electronic wavefunctions between the electrons in the cavities. In
this picture, the conduction then arises from excess electrons moving through a random

network of overlapping polaronic cavities.

1.4 Structure of metal-solutions: Simulations

Although metal-solutions have been studied extensively using a variety of experimental
techniques (Thompson 1976; Colloque Weyl), the focus of most studies has been on the
macroscopic nature of the solutions, and very little is known about the microscopic
structure of metal-solutions. Indeed, the literature records only one experiment which
studied directly the microscopic structure of lithium-ammonia solutions (Chieux and
Bertagnolli 1984).

In contrast, over the past decade or so a considerable amount of effort has been
devoted to modelling the electronic and solvation structures of metal-solutions using a

wide range of classical and quantum simulation techniques (Impey 1987; Hannongbua
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et al 1988; Deng et al 1992, 1993, 1994; Kerdcharoren et al 1996; Rizzo and Jorgensen
1999). The cation-solvation structural results obtained from various simulations of
metal solutions are tabulated in table 1.3. Although the details of these results are
clearly different, the basic results are qualitatively similar, i.e. cations are strongly
solvated by solvent molecules due to the strong electrostatic interactions between the
cation and the dipoles on solvent molecules. The nature of excess electrons in liquid
ammonia has been studied recently using Car-Parrinello quantum simulation techniques
(Deng et al 1992, 1993, 1994). These studies have shown that in dilute metal ammonia
solutions, excess electrons can exist as either polarons or bipolarons (spin paired
species), with the polarons and bipolarons having a spherical shape of about 3.0 A and a

peanut-shape of about 6.5 A respectively.

Method fmax(A)  tmn(A) @  Temp (K)
Hot Spot (ab initio) [1] 2.15 3.20 4.0 235
Hot Spot (semi-empirical) [1] 242 3.14 6.0 235
MD (pair potential) [1] 2.15 2.60 6 235
MD (pair potential) [2] 2.20 2.53 6 235
MD (Li*-H,0 potential) [3] 2.05 2.35 4 247
Monte Carlo (pair and 3-body potential) [2] 225 3.05 4.4 277
Monte Carlo (classical) [4] 2.05 4 260
Monte Carlo (Quantum path integral) [4] 2.05(5) 2-3 260

Table 1.3 Solvation properties obtained from various simulations of Li ion in liquid
ammonia, where 7,4 is the first maximum Li-NH; distance, 7y, is the first minimum Li-
NHj; distance and 1 is the first shell Li-NH;3 coordination number. [1] - Kerdcharoen et
al (1996), [2] — Hannongbua et a/ (1992), [3] — Impey et al (1987) and [4] — Marchi et
al (1990).
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1.5 Metal-nonmetal transition

In the previous sections we have seen that metal-solutions undergo a M-NM transition.
This section briefly discusses the mechanisms that have been proposed for the M-NM
transition in metal ammonia solutions (Mott 1975) and other disordered systems, such
as fluid mercury, metal oxides and doped semiconductors. For a detailed discussion of
metal-nonmetal transitions the reader is referred to the excellent book by Sir Nevill
Mott (Mott 1990). It should be noted that establishing a theoretical concept for M-NM
transition is a complicated subject and it remains one of the most outstanding problems
in condensed matter science (Mott 1982; Edwards and Rao 1985; Edwards et al 1995,
1998; Logan and Nozieres 1998).

The classification of materials into insulators and conductors is simply done by
their value of electrical conductivity i.e. materials with o in excess of 10°> Qlem™ are
classified as conductors and materials with o less than 10' Q'cm™ are classified as
insulators. This implies that the valence electrons of conductors are free (delocalised)
and the mean free path of electrons in a conductor is long compared to its interatomic
spacing. In contrast, the valence electrons of insulators are localised and their
wavefunctions are not spatially extended. Clearly therefore, a M-NM transition must be
accompanied by a major change in the electronic and physical properties of the system
and the mechanism(s) responsible for this transition must somehow free (delocalise) the

excess electrons on the transition from insulator to metal.

1.5.1 Mott transition: Screening

In 1949, Mott proposed the critical condition, now commonly known as the Mott
criterion, for a metal-nonmetal transition to occur in doped semiconductors which was
later extended to other systems, including metal-ammonia solutions. The Mott criterion

is expressed as:
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nfa, 2025 (1.4)

where n. is the critical density of charge carriers, a, = h %n xg? I the effective

atomic length of the localised centre, m* is the effective mass and € is the dielectric
constant of the medium. This relatively simple condition is valid over a wide range of
densities, n, and has been shown to provide accurate predictions for metal-nonmetal
transitions to take place in a large number of systems, including metal-ammonia
solutions (for metal-ammonia solutions, the Mott criterion is met above ~4 MPM
(Edwards and Sienko 1982)). In a simplified view, the Mott model considers the
competitions between the Coulomb interactions among the excess electrons and
localised centres and the screening of these interactions: At a low electron
concentration, the Coulomb potentials are sufficiently strong that the excess electrons
are localised at positive centres and thereby the system is insulating. As the
concentration of excess electrons is increased, the Coulomb (binding) potentials are
increasingly perturbed due to the screening effect, and eventually the electrons are
released and the system becomes metallic. Mott argued that this type of mechanism
would give rise to a first-order transition in which the number of charge carriers would
jump from zero to a finite value. Furthermore, he postulated that as a consequence of
the discontinuity in the electron density, a kink in the free energy curve and a phase

separation should be observed at and near this type of M-NM transitions (Mott 1990)

1.5.2 Herzfeld model: Polarization

The Herzfeld mechanism (Herzfeld 1927; Edwards et al 1998) considers the effect of
the local field created by surrounding atoms (molecules) on an arbitrary atom.
According to this model, an insulator consists of atoms with the polarizability oy and
the polarizability of such a system can be expressed in terms of the Claussius-Mossotti
relationship (Edwards and Sienko 1982):
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(n’-1) _R

(n’+1) V (1)

where 7 is the index of reflection (the high frequency dielectric constant), R is the molar
reflectivity (4/3nNay) and V is the molar volume. Herzfeld pointed out that as the
number density increases the ratio (R/V) will increase and when (R/V) = 1 the dielectric
constant will diverge to infinity (dielectric catastrophe), (n-1) = (n+1) (Herzfeld 1927).
At this point excess electrons are totally released (ionised) by the local fields created by
surrounding atoms and a M-NM transition takes place. This type of M-NM transition is
continuous since the dielectric constant diverges linearly as the density approaches the

critical value.

The Herzfeld model relates the electronic state of systems with the

experimentally accessible properties R/V and this simple criterion (the system is
metallic for %21 and nonmetallic for % <1) has been successfully applied by

Edwards and Sienko (Edwards and Sienko 1982) to classify the periodic elements into
metals and insulators. Furthermore, Hensel and Edwards (1996) have recently used the
Herzfeld model to obtain excellent estimates for the density at which metallization

occurs for fluid hydrogen and expanded alkali metals.

1.5.3 Percolation theory

In our discussion so far we have implicitly assumed the structure and composition of
metal-ammonia solutions, except in the miscibility region, to be homogeneous on a
microscopic scale. However, this assumption has not been verified experimentally and
metal-ammonia solutions may exhibit compositional and structural inhomogeneities of
the order of tens or hundreds of &ngstroms. Cohen and Jortner (1973, 1974) were the
first to consider such a view and they proposed that solutions in the M-NM transition

range consist of an inhomogeneous mixture of metallic (~9 MPM) and nonmetallic (~2

25-



CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

MPM) states. Their model assumed each region to have a microscopic size of about
50A and that an increase in metal concentration would increase the proportion of the
metallic region, but without a change in their composition. A large size of each region
makes tunnelling of electrons through a nonmetallic region improbable and thus the
electronic properties of the system depend entirely on whether and how many electrons
can percolate through metallic regions. Thus, a transformation from nonmetallic to
metallic states occurs at the percolation threshold where the first network of metallic
paths across the system is established. The detailed studies of Cohen and Jortner found
this critical point to be about 4 MPM in metal-ammonia solutions (Cohen and Jortner

1975, 1976). This type of M-NM transition is continuous.

Experimental studies into microscopic composition fluctuations in metal-
ammonia solutions are rather scarce. The small angle scattering data of sodium and
lithium ammonia solutions acquired by Chieux and Damay (Chieux 1974, 1975; Chieux
and Damay 1978, 1980) show no evidence of large fluctuations in the solutions.
However, other more indirect heat capacity studies (Steinberg et al 1980) suggest there
are sufficient fluctuations in these solutions for the percolation model to be applicable.

Clearly, further studies are required.

1.5.4 Anderson disorder localisation

In 1958, Anderson showed that when a 1-D lattice of random potential wells exceeds a
certain critical randomness, the electrons at every site become spatially localised and
not extended (see figure 1.10). This concept was in contradiction to the then general
belief that no significant change occurs in the electronic states with increasing disorder
and suggested that a system may transform from metallic to insulator with increasing
disorder (N.B: Although Anderson in his paper considered only electronically random
systems, it has been shown that structural disorder can also cause the electronic states
to become spatially localised). This type of M-NM ftransition is continuous and is

known as the disorder Anderson transition.
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CHAPTER 1. PROPERTIES OF METAL SOLUTIONS

The critical randomness required for al/l the states in a 3-D disordered system to
be localised is difficult to calculate exactly. Indeed there are some controversies about
whether the Anderson mechanism can fully localise all the states in real 3-D disordered
systems (Edwards and Rao 1985; Mott 1990). Mott pointed out, however, that even if
the Anderson criterion is not fully met, states near the band edges or in the pseudogap
can be localised while other states remain extended (see figure 1.11). This is because the
band edges and pseudogap arise from the overlap of wavefunctions at different sites and
thus are most strongly affected by the disorder (Mott and Davis 1971). Mott referred to
the boundary that separates the regions of localised and delocalised states as the
Mobility Edge. In this picture, the position of Fermi energy with respect to the mobility
edge will determine the electronic state of the system (at 7= 0) i.e. if the Fermi energy
is in the region of localised states the system is an insulator and if the Fermi energy is in
the extended states it is metallic. Thus, if the Fermi energy can be made to cross the
mobility edge, for example by the effect of increasing pressure, a M-NM transition can

occur. This type of M-NM transition is obviously discontinuous.
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CHAPTER 2

Diffraction Theory

2.1 Definitions

2.1.1 Scattering cross-sections and scattering vectors

A schematic representation of a typical scattering experiment is shown in figure 2.1. A
collimated beam of particles of known flux @ is incident on a target that contains a large
number of scattering centres. The scattering of the particles is a random process, and
occurs as a result of interactions between the incident particles and the scattering centres
(Squires 1996).

An individual scattering event can be represented by the scattering vector

diagram as shown in figure 2.2, thus the momentum transfer vector (scattering vector),
0,is
hQ = hic, — bk, . @2.1)

If the scattering event is elastic then

=== 2.2)
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CHAPTER.2. DIFFRACTION THEORY

and

0 =2k,sinf = ijllsinﬁ 2.3)

0

where A is the wavelength of the incident beam and 28 is the scattering angle.

The results of experimental measurements are normally expressed in terms of a
quantity known as a scattering cross-section. The definitions of the cross-section and its

differentials are given below (Squires 1996).

The cross-section, or effective area, of scattering is the ratio of the number of scattering
events per unit time to the flux of the incident particles. Thus, the total scattering cross-

section, which represents the total probability of the scattering, is given by

_ total number of particles scattered per second

O-total - @ . (2 .4)

The incident particles can, in general, scatter at any angle with respect to the incident
trajectory. If we consider a finite element of solid angle dQ in the direction 26, the
probability of the incident particles scattering into the solid angle is given by the

differential cross-section

do _ number of paticles scattered into an element of solid angle per second
dQ D x dQ '

2.5)

If the energy of the particles which scattered into the solid angle is also analysed, then
the corresponding cross-section is the partial differential cross-section. The partial

differential cross-section is defined by
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number of particles scattered into an element of solid angle with
do® _ energy between E and E + dE

(2.6)
dQdE D xdQx dE
These cross-sections are related by the equations
do do?
= = dE 2.7
dQ J: dQdE @7
T do
O total = b Edﬂ (28)

and the measured intensity (counts per unit solid angle per second) can be expressed as

2
IdEdQ=IO[diQ% Q. 2.9)

2.1.2 Radial distribution and partial pair distribution functions

The real-space structural information of an isotropic amorphous material acquired by a
diffraction experiment is most commonly expressed by a function known as the Radial
Distribution Function (RDF), J(r) (Guinier 1994). The RDF is defined as

J(r)=4nr’p(r), 2.10)

where J(r)dr gives the average number of atoms found in a spherical shell of inner

radius » and thickness dr centred from an arbitrary atom (see figure 2.3), and p(r) is the
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CHAPTER.2. DIFFRACTION THEORY

case, there are six partial pair distribution functions, gx(7), 8yy(¥), 827), &x/(¥)s &xAT)
and gy,(r), of which the first three are self-contribution terms. A single diffraction
measurement yields the weighted sum of all these terms. These functions provide the
entire spherical-average pair correlations of the system, from which detailed intra-
molecular and inter-molecular structures of the system, i.e. bond lengths, bond angles

and coordination number of neighbouring molecules, can be obtained.

We shall see in the following sections that the RDF and partial pair distribution
functions can be obtained from an experimental function known as the structure factor
by Fourier analysis, hence showing that structural information of amorphous material

can be obtained directly from diffraction experiments.

2.2 Basic scattering theory

Consider an idealised scattering event, emanating from a single fixed scattering centre.
If the range of the interaction potential between the incident beam and the scattering
centre is assumed to be much shorter than the wavelength of the incident beam i.e. the
potential is zero except in the vicinity of the scatterer, the incident and scattered beams

can be represented by solutions of the free Schrédinger equation (Squires 1996).

The wavefunction of the incident beam can be represented as

v, (7) = explik,z). (2.12)

This function represents an infinite plane wave moving in positive z-direction. After the
scattering, the particles radiate spherically from the scattering centre and thus the

wavefunction of the scattered beam can be expressed as
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exp(tk r)

v, (7)= f(20)——=2~ (2.13)

where r is the radial distance from the scattering centre (¥>>the range of the potential)

and the f20) is the scattering amplitude.
The total wavefunction for large » can therefore be written asymptotically as

exp(tk r)

w(F) — exp(ik,z)+ f(20)———2= (2.14)

The corresponding flux or current density of the incident and scattered waves can be

evaluated using a standard expression (Schiff 3™ edition)

j=2—fn—{ Ty -yVy'}. 2.15)

So that for the incident plane wave, the flux is
s (me )
Ji =p(—‘)=pv,, (2.16)
m

where p is the number density and v, is the velocity of the incident particles in the z-

direction.

The flux for the scattered wave is

2
72=p( 2 L 0(r). 2.17)
m} r
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The flux of elastically scattered particles passing through an element of area dA
perpendicular to the radial unit vector at a large distance from the scattering centre is

given by

dj,(20)= p(%) f29)[" xdQ (2.18)

where dd = %2 and |k;| =[k,|
r

Substituting equations 2.16 and 2.18 into equation 2.5 gives the fundamental relation
between the experimental quantity do/dQ2 and the scattering length

‘;—g=|f(26)|2. (2.19)

Now consider the scattering of particles from a target containing N scattering
centres. If we assume that the scattering centres are massive relative to the incident
particles, that the scattering potential is independent of time and that the scattering is
elastic, then the integral equation of the wavefunction may be expressed as (Hansen and
McDonald 1990)

m | exp(ik| 7 - 71)

VFEYWFEY T, 2.20
red e AT (2.20)

w(r) = exp(ik.7) — >

where 7' is the position vector of the scattering centres and V' (7') is the scattering

potential at 7'. The integral term in this equation represents the interference between

scattered waves radiating from different scattering centres in the target.
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As r’ is limited to the range of the potential, if » is much larger than the range of the
potential i.e. | 7 |>>|7'| , then

77| ={F-7)2 Yt =r-77 and k'=k?
so that

exp(ikl F—7 |) ~ exp(ikr)x exp(—ik'7").
Therefore, for a large »

. i e
w(r) = exp(ik 7) —y;—Z“pT@) [exp(ik' 7 W EW@E)dr,  (221)

This equation must satisfy the boundary condition of equation 2.14 as » — oo, thus an

integral expression of the scattering amplitude is

m
2mh?

7(20)=- _[exp(-i/?.?')V(F')W(F')d3r' . (2.22)

Since the integral is definite, the variable 7’ can be interchanged with »

m

f(20)=-27m2

[exp(=ik' 7V Py (F)d’r . (2.23)

If the scattering potential is assumed to be much weaker than the energy of the incident
particles, the wavefunction y(7) in the integral can be replaced withy (¥) ~ exp(il?.?).

This approximation of the wavefunction is known as the first Born approximation and is

based on the first order perturbation theory. Inserting this approximation gives

m

e [exp(-ik'F)V (7) exp(ik F)d*r (2.24)

f(28)=-
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m
27h?

£ 20)=——— [exp(~iQFV (F)d’r . (2.25)

Equation 2.25 shows that the scattering amplitude is proportional to the Fourier
transform of the scattering potential with respect to the momentum transfer Q. In order
to evaluate the integral term, and hence the scattering amplitude, a potential function
must be inserted into this equation. As the range of the scattering potential is assumed to

be short, V(¥)may be expressed in terms of a sum of Fermi pseudopotentials from

individual scattering centres (Squires 1996)

V(F) = 27” ibﬁ(? —7) (2.26)
m

J
J

where b, is the scattering length of the jth scattering centre and 5(? - FI) is a Dirac delta

function. The scattering length is a constant only if the free Schrodinger equation is
satisfied. This is not the case for the scattering of X-ray photons by electrons as the
interaction between them is the long range Coulomb interaction. However, in real
experiments the Coulomb potential is shielded by the neighbouring scattering centres
and thus at a large distance (the order of laboratory dimensions) from the scattering
centre, the wavefunction can be assumed to have the form of equation 2.26 but with a Q

dependent scattering length. Substituting this potential function into equation 2.25 gives
< A= = =\ 43
rf@=- j exp(~iQ.F)b, 8(F 7 ))d’r, (2.27)
j
and since [ F(%)8(% - #')dx = F(¥'), then

N -
f©Q)=->'b, exp(-iQF)). (2.28)
J
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From equations 2.19 and 2.28, the differential cross-section can be expressed as

2

(2.29)

22— 7@ =[Xb, exn(-i07)

Taking the thermal average over the co-ordinates gives

2
0.7, > (2.30)

e =<Z_2b,-b,~ expl-i0.7, —7,)]> (231)

i

and finally

izj

% = [(zﬁ) + <b>2<22exp[—- iQ.(F, - ?,)]>] (2.32)

where <b2> =Y c;b? and (b)= c,;b; and ¢; is the atomic fraction of element j. The
j J

first term in equation 2.32 corresponds to i =j (self scattering) and the second term

corresponds to i # j . Adding and subtracting N(b) in equation 2.32 gives

Z—E =N [«bz) ~(8)" )+ (o) <Zi,;exp[- i0.(F, - F,-)]>] . (2.33)

The first term, <b2>—(b)2, in this equation represents the random fluctuations of the

scattering lengths from the average scattering length of the particles. This term does not
contain structural information and is referred to as incoherent scattering. The second

term is a function of the relative positions of the scattering centres, and thus contains the
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structural information. This term is referred to as coherent scattering. In a conventional

diffraction experiment, the coherent scattering term is therefore extracted.

The exponential term in equation 2.33 can be simplified further if the target

system is isotropic i.e. the position vector,7, =(# —7;). In this case the exponential

term may be written as

sin(Qr; )

o (2.34)

(expl-i0. -7)]) =

Inserting this expression and introducing the density function, p (r) = p,g(r), in the

second term of equation 2.33 yields

<b>2 <22exp[— iQ.(F, - F, )]> J‘4 25(r) sméQr)

Sin(Q’) dr (2.35)

=(b)’ [4mpog ()

- b>214’”2po[gab(r)-us MO i+ o) [amrp, S

As the second term in the final expression represents forward (zero angle) scattering
which is unobserved or can be calculated and subtracted from the experimental data, the

above equation may be reduced to
A = in
b)2<zzexp[-lQ-(r,- —r,»)]> Y [4mrp, g, () - 1172 éQ’)d 2.36)
Y

Inserting this result into equation 2.33 gives

d ) :
( dg] (62)+(b)’ [4m polgy(r) 1) S“‘g’) dr @37)
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Now we can define the static (Faber-Ziman) partial structure factors (Faber and Ziman

1965) S,,(Q), which represent the structure of the system in reciprocal-space

[rlgs (1) —11sin(Qr)dr , (2.38)

0

4p,

Sab(Q)=1+

Two further functions, the total (Faber-Ziman) structure factor (Faber and Ziman 1965)
F(Q) and the total pair distribution function G(#), can now be defined as

F(Q)=YY c.c;b,b,[S,,(@-1] (2.39)
a b
G(r) =YY c,cb,bylg., () -1] (2.40)
a b
and the partial pair distribution function can be written as:

1
m’rp,

gun(r) =1+ —— [ 0[5,,(0) - sin(@r)a0 @41)

and finally the differential cross-section can be rewritten as:

(;%} p)-Fo). 2.42)

Therefore F(Q) is a quantity that is directly accessible from a single diffraction
experiment, and a single diffraction measurement yields a weighted sum of partial
terms S;5(Q). The total structure factor F(Q) is related to the total pair distribution

function by a Fourier transformation

1

2r’rp,

G(r) =

j F(Q)Qsin(Qr)dQ. (2.43)
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Given the definition of g,(7) (see Equation 2.11), the average number of atoms of type
b lying between a volume defined by two concentric spheres of radii »/ and »2 centred

on an atom of type a is given by

4mr’e,py

r2
n,,,,(r):mj G(r) dr, (2.44)
a b

rl

Hence, the radial distribution function can be extracted from the experimental
data if F(Q), hence I(Q), is obtained for a large range of Q-values (ideally an infinite
range of O, but in practice this is not possible). So far, we have considered an idealised
case of a beam of particles being scattered from static target centres. However, this is
rarely the case and experimental data must be corrected to take into account various
factors including incoherent scattering contributions before F(Q) may be extracted. The
data analysis procedures employed to extract F(Q) from the X-ray and neutron

diffraction data will be discussed in chapter 4.
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2.3 Neutron diffraction

2.3.1 General properties of thermal neutrons

The neutron is a subatomic particle that has no electric charge and a mass only slightly

greater than that of protons (1.675x10"kg). The de Broglie wavelength of a neutron

moving with velocity, v, is given by

2
E=kBT=lmv2= h >
2 2mA

(2.45)

where k; is the Boltzmann constant. The wavelength of thermal neutrons with T =20 K
to 300 K is thus comparable to the interatomic separations in condensed matter, and
results in interference when a beam of neutrons passes through solids or liquids.
Furthermore, because the neutron is uncharged it interacts with unpaired electrons
through the relatively weak magnetic moment interaction and it can penetrate through to
the nucleus of the target atom and scatter by nuclear interactions. The nuclear
interactions act over a short range, and hence the neutron scattering length can be

regarded as independent of Q.

The value of the scattering length depends on the particular isotopic nucleus, and
on its spin state with respect to the neutron (Squires 1996). If the nucleus has spin / then
the total spin of the neutron-nucleus system is /+1/2 or I-1/2 (the neutron possesses spin
Y4) with associated scattering lengths denoted by " and ”. The mean value of b is then

expressed as

(b)=p,b* +p_b (2.46)
I+1
- 2.47
P =ore (2:47)
I
_ 2.48
P-=5ra1 (248)
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where p, and p. represent the relative probabilities of corresponding scattering lengths.
The scattering length can be either positive or negative (a negative scattering length

corresponds to 180° phase shift) and complex i.e. b, =b';+ib" ;. The imaginary part of

b represents absorption of the neutron due to the formation of a compound (resonance)
nucleus. For most cases b’’ is small in the thermal neutron energy region and the
scattering lengths can be considered to be a real quantity and independent of the
incident neutron energy. The measured values of neutron scattering lengths are

tabulated in Sears (1992) and relevant examples are given in table 2.1.

Element Scattering length, b (fm)

H -3.74(1)
D 6.671(4)
o -1.90(2)
SLi 2.00(11)
C 6.646(1)
N 9.36(2)

Table 2.1 Values of bound neutron scattering lengths taken from Sears (1992)

Important characteristics of the neutron scattering in the study of the structure of

multicomponent amorphous systems are

i)  In principle, the partial structure factors of the system can be extracted by means
of the isotopic substitution method - because isotopes of an element often have
markedly different scattering lengths. When elements in a system are replaced
with one of their isotopes this can alter the weightings of the correlations in the

total structure factor. Hence, contrasting two or more total structure factors
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obtained from samples that are identical in every respect, except for the isotopic

composition, enables some or all of the partial structure factors to be extracted.

ii)  If a binary system is composed of isotopes with positive and negative coherent
scattering lengths, then it can be made to have zero (null) average scattering
length. For example, titanium/zirconium alloy of Tipe76:Zr0324 has a null

coherent scattering length.

iii)  As the neutron scattering lengths are not related to the atomic number, Z, it is
possible to investigate the correlations of light elements in a system (see figure
2.4). An important example of this is hydrogen, which is nearly transparent to X-

rays but scatters neutrons strongly.

2.3.2 Static approximation

In the basic diffraction theory it was assumed that the phase differences of the scattered

waves depend only on the position of an atom and not on its dynamics i.e.

F(Q,0)= F(Q,0) (2.49)

where F(Q,w) is the time-dependent structure factor which can be inverted by a
Fourier transformation to give the time-dependent pair distribution function G(r,t).
This approximation is known as the static approximation, and it applies if the speed of
the incident particles is fast enough so that in the interval between scattering events, the
atoms have not had time to move (and obviously if the scattering is elastic i.e. no energy
transfer between the target and the scattering particles). For X-ray scattering this is valid
as the time it takes for photons to travel the interatomic distance (107 m) is much

shorter than a typical thermal oscillation of atoms in condensed states (~10"2-10"25). In
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2.4 X-ray diffraction

X-rays are member of electromagnetic radiations that have wavelengths in the range of
0.1 to 10 A, which are comparable to interatomic separations in condensed matter. The
scattering of X-rays takes place primarily with atomic electrons and thus the strength of
scattering per atom increases linearly with increasing atomic number (figure 2.4). This

makes it difficult for X-rays to detect light atoms, especially hydrogen, in the system.

The interaction mechanism of X-rays and atomic electrons is complex and in
addition to X-rays being elastically scattered, they can be inelastically scattered
(Compton effect: Scattering process where a fraction of the X-ray photon’s energy is
transferred to the atomic electrons) and/or absorbed (photoelectric effect/resonance
effect: Absorption of a photon by an atom, followed by emitting of either another
electron or fluorescence X-rays whose wavelength is characteristic of the atom) by
atomic electrons. In the case of conventional X-ray diffraction, the energy of the
incident X-ray is small compared to that of the absorption edges of atoms, and therefore
it is not necessary to take into account the resonance effect. For this reason the

resonance effect will only be discussed briefly in this section.

The scattering from a free electron in a parallel beam of photons of intensity 7, is
described by the Thomson differential cross-section. Classically, the Thomson formula
has been derived by regarding the scattered X-rays as the radiation emitted by free

electrons when they are accelerated by the E-field of the incident beam.

If the incident X-rays are unpolarised, the Thomson differential cross-section in SI units

is given by

a0 dre,m,c’ 2

(dd) =[ e’ ]2 (1 +cos?6) (2.50)
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and the scattered intensity, /(6), at the distance R from the scattered electron is

13(9)=%( e’ ] (1+(.‘¢0S2 9) (2.51)

4re m,c’ 2

where the factor (1+c0520)/2 is known as the polarisation factor, which gives the
average direction of polarisations with respect to the incident beam. However,
according to quantum theory, scattering from a free electron occurs only through the
Compton effect and a factor known as the Breit-Dirac recoil correction factor (Wright

1974) must be included in the classical Thomson formula.

The Compton scattering can be considered as a collision between a photon with
momentum AV/c, and an electron at rest. After the collision, the momentum and hence
the wavelength of the photon will change and the electron recoils. The change in the

wavelength of the X-ray photon is given by

2h
m,c

e

dA0)=A'-A = =—(1-cos(20)). (2.52)

dA is independent of the incident wavelength, and as X-ray photons that are Compton
scattered do not have definite phase relationships, Compton scattering is classified as

incoherent scattering.
Now consider the coherent scattering from an atom containing a single electron

whose charge is characterised by a smooth spherical charge distribution function, p(r).

The amplitude of the coherent scattering from this atom is then given by

/. = [ p()exp(-iQF7)av (2.53)
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where f, is known as the electron scattering factor and exp(— iQ.F) is the phase of a
wave scattered from volume element 4V at 7 with respect to the centre of the atom. If

the charge distribution function has spherical symmetry i.e. p(¥)= p(r), equation 2.53

is reduced to

f.= I4W2p(r)%dr (2.54)

For an atom with several electrons, the amplitude of the waves scattered by the atom is

simply the sum of equation 2.54
=31 =2J‘4n‘r2pj(r)%dr (2.55)
J J

where f; is the scattering factor of the jth electron and the term fis called the atomic
scattering factor. In this case, the amplitude of the coherent scattering is a function of
the scattering vector and tends to the number of electrons, Z, as Q tends to zero

(sin(Qr)/ Qr —1). A schematic illustration of Q) is shown in figure 2.5.

: . L . : do .
As the differential cross-section in electron units (e.u.) is expressed as (d_ﬂ)z fr

(see equation 2.19), the differential cross-section of X-rays being scattered elastically

from a group of atoms in a condensed state is given by

do)  _
dQ elastic

where f; is the atomic scattering factor of the jth atom at position 7, from an arbitrary

2

(2.56)

2 f/(@exp(-iQF)

origin. This equation is analogous to equation 2.29 and therefore may be written as
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(Z_?z) . =[<f 2>+<22f,-ﬁ exp(—iQ(F,-—F,.)>] (2.57)

J#i

and
%(Z—g) =) [ample, - F 2 ar = (1) PO @59
OF(©Q) =Y. 3 %51,/ [47*p [, ) - ]sin(0r)ar
where s NO
=X X x5S /[ Gursin@rdr = 3 Y 0F (0)
therefore

OF ,(Q)=x,x,1, 1, j G, (r)sin(Qr)dr . (2.59)

This equation can be inverted by a Fourier transformation to give

= QF
f Ji (Q) Sln(Qr) (2.60)
0
which for a monatomic system reduces to (Levy et al 1966; Wright 1974)
2 TOF(Q)sin@r) ,
== dQ (2.61)
n 'o[ V()

This equation is analogous to equation 2.43 apart from the factor 1/ £*(Q) which is

retained in the integral, since the scattering length in the case of X-ray scattering is
dependent upon Q. For a polyatomic system the total pair distribution function may be
expressed as (Wright 1974)
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G(r) = %IQM (Q)F(Q)sin(Qr)dQ (2.62)

where M(Q) is the modification factor which has the form [Zx 110/ Zx W j(Q)]z
j j

xexp(—aQ?) - the first term is a sharpening function which improves the real-space

resolution and the second term is the damping factor (0 < a < 0.01) which minimises the

spurious peaks in the real space caused by the truncation errors.

Coherent scattering factor

Incoherent scattering factor

N

1 L T
0 5 10 15
Q@A™

Figure 2.5 Schematic illustrations of the atomic scattering (coherent) and the Compton
scattering (incoherent) factors. The atomic scattering factor falls as Q increases because
the electrons are distributed over a volume which is comparable to the wavelength of X-
rays. At low Q-values, the electrons are strongly bound and coherent scattering is
relatively intense. As Q increases the electrons become extended and f'tends to zero. By
contrast, incoherent (Compton) scattering is zero for Q = 0 and increases steadily with

Q. Thus at large Q-values only incoherent scattering is observed.
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As yet we have only considered cases when the energy of incident X-rays is small
compared to that of the absorption edges of the scattering atoms and we have assumed
that the scattering factor is solely a function of Q. This is not entirely correct however,
and the scattering factor is in fact a function of Q and of the energy of the incident beam

(Guinier 1994)

f=h+fD)+i"A) (2.63)

where fj is the Fourier transform of the electron charge densities and is independent of
A f(A) and f(A) are the dispersion factors. The dispersion corrections are only
significant when the energy of the incident X-rays is close to an absorption edge of the
atom and they are generally taken to be constant for any given A. A detailed discussion
of the dispersion effect (anomalous scattering) is given in James (1948) and Guinier

(1994).
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CHAPTER 33

Experimental

3. 1 Sample preparation

In all our experiments, metal-solutions were prepared in-situ by condensing high purity
anhydrous solvents onto alkali metals, using the stainless steel gas-rig shown in figure
3.1. In this section, the techniques used to prepare metal-solutions and details of the
instruments used in this study are given. It should be noted that stable metal-solutions
are technically difficult to prepare and establishing in-situ sample procedures for X-ray
and neutron experiments turned out to be one of the most problematic areas of this

research.
The main experimental difficulties in preparing metal-solutions are:
i)  Pure solvents (ammonia and methylamine) are highly corrosive and toxic gases
at standard temperature and pressure, and require low temperature or high

pressure to maintain metal-solutions in a liquid state.

if)  Alkali metals are flammable, corrosive and air sensitive and need to be handled

under an inert atmosphere.
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iii)  Metal-solutions are metastable systems and they are extremely sensitive to the
presence of impurities: impurities could act as decomposition catalysts and

increase the decomposition rate of solutions. The decomposition reaction is:

NH, +e; — NH; +%H2(g).

This reaction therefore removes solvated electrons from the solution and forms

the amide ( NH; + metal cation) and hydrogen (g).

3.1.1 Basic procedure

i) Preparation:
The gas-rig was set-up as shown in figure 3.1 and was evacuated for at least 12 hrs prior
to the experiment. At this stage, a careful leak-test on the gas-rig was carried out. A

typical base pressure of the system after pumping was about 10" mbar.

A sample cell and tools used for cutting alkali metals were cleaned by washing
them thoroughly with acetone and iso-propanol. These items were then dried and
outgassed in a vacuum oven at about 80 °C for at least 12 hrs before placing them in a
dry inert atmosphere glove box, containing less than 10 ppm (parts per million) of

oxygen and water contaminants.

ii) Condensation:

In a dry inert (argon) atmosphere glove box, an ingot of alkali metal (lithium) was
mechanically cleaned to reveal a shiny clean surface from which small pieces were cut
out and weighed. These pieces were then loaded into the sample cell and an indium or
gold o-ring was used to seal the cell. In all the glove-boxes I used, the surface of the
lithium remained shiny for a long period of time (> 24 hrs). The cell was then removed

from the box, attached to the gas-rig, and the inert atmosphere in the cell was evacuated
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to the base pressure of the system. The cell was attached to the cold head of the cryostat
or the CCR and cooled to a temperature below the boiling point of the solvent (~ 230
K).

A measured pressure of solvent gas (ca. 1-3 bar) was introduced into the 300
cm’® buffer i.e. all the valves except for V2, V3 and V4 were closed. The solvent in the
buffer was then condensed into the cell by opening V7 and controlling its flow using V4
and V7. When the required amount of the solvent was condensed into the cell, V4 was
closed and the pressure in the gas-rig was allowed to equilibrate with the vapour

pressure of the solution. If further gas was required, this step was repeated.

By monitoring the change in the solvent pressure, AP, before and after the
condensation it was possible to calculate the number of moles of the solvent condensed
on to the metal, An, from the ideal gas equation

AP = An RT 3.1
|4
where R is the molar gas constant, V' is the volume of the buffer and T is the temperature
of the buffer.

After the required amount of the solvent was condensed, diffraction data were
collected to monitor the dissolution of metal in the solvent (see figure 3.2). In the case
of lithium in methylamine, the dissolution process took quite a long time (~18 hrs) and
in some cases the solution was slightly warmed to increase the rate of dissolution.
However, as the decomposition rate of metal-solutions also increases with increasing
temperature, this was avoided as much as possible. Once the dissolution process was
completed, a set of diffraction data was collected. If the pressure in the gas-rig increased
significantly over time due to hydrogen liberation, or if the diffraction data was not

consistent with the previous data, then this data was discarded and the experiment was

-56-



+/ 0%

&N 3

1

101 3

% 4

22 6!

C-



CHAPTER 3. EXPERIMENTAL

3.2 Neutron diffraction experiments

3.2.1 Introduction

The neutron diffraction data presented in this work were taken using the SANDALS
instrument of the ISIS pulsed neutron source, Rutherford Appleton Laboratory (UK)*.
ISIS is the most powerful pulsed neutron spallation source in the world. Neutrons are
produced by bombarding a heavy metal target, such as tantalum, with pulses of highly
energetic protons, which are ejected from the synchrotron ring. This process excites the
target nucleus, which then decays either immediately on impact or following a delay,
emitting neutrons with a wide range of energies: The former types produce pulses of
neutrons (>1 Us) that are used for experiments and the latter types generate a low level
time-independent background. The neutrons produced at the target are then slowed
down by a series of moderators, so that they become useful for condensed matter
studies, and collimated towards sample positions. For the time-of-flight (zof)
experiments, neutrons are not monochromated and are scattered from the sample into
fixed detectors. Neutrons of different energies will arrive at the fixed detector at
different times, as they have different toff The momentum transfer Q for the elastic

scattered neutrons can be calculated from their zof:
The time-of-flight may be expressed as:

m'l

=—*LA. (3.2)

tof _L
12

* During the course of this work, another neutron facility, the reactor source at the
Institut Laue Langevin (ILL) in Grenoble was also used. At the ILL (D4B
diffractometer), the author helped to conduct experiments on concentrated lithium-
ammonia solutions. Only the results from the ISIS experiments are presented in this

thesis.
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L
Therefore Q=4r e sin@ , (3.3)
hXx tof

where L is the total flight path length, v is the velocity of the neutrons and m, is the
neutron mass. Hence, fof measurements of the non-monochromatic neutron beam from

the moderator to the detector can be used to measure the structure factor as a function of

0.

3.2.2 The SANDALS instrument

The SANDALS (figure 3.3) at the ISIS facility is a Small Angle Neutron Diffractometer
for Amorphous and Liquid Samples optimised for measuring: i) the structure factor of a
system for over a wide range of momentum transfers and ii) the structure factor of
systems containing light atoms, such as hydrogen and deuterium (Benmore and Soper
1998).

SANDALS uses neutrons that have been slowed down by a liquid methane
moderator (ca. 100K) to produce wavelengths in the range 0.05 to 6.5 A. Scattered
neutrons are picked up by 18 detector groups, containing a total number of 1260 zinc
sulphide detectors, which give angular coverage from 26 = 3.8° to 39° (figure 3.3). An
extensive number of detectors at low scattering angles minimises the need for
inelasticity corrections and makes SANDALS well suited for the measurement of
systems containing light atoms (Benmore and Soper 1998). The grouping of the 18
detector groups permits continuous Q-range measurements from 0.1 to 50 A, The full
beam size on SANDALS is a circular beam of diameter 32 mm and for this work this
beam size was confined to a rectangle shape using a B4,C movable jaw to irradiate the

sample cell only.
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CHAPTER 3. EXPERIMENTAL

3.2.3 Sample environment

i) Sample cell

For this work, specially designed titanium-zirconium (Ti/Zr) flat plate cells with the
mixing volume shown in figure 3.4 were used. An alloy of Ti/Zr with 68% Ti and 32%
Zr has “null” coherent scattering (br; = -3.438 fm, bz = -7.16 fm). During the course of
this work, it was successfully demonstrated that the Ti/Zr alloy is a suitable container
material for metal-solutions. The mixing volume provided a space for loading alkali
metals (a standard cell had a 1mm slit only and the loading of metals into this slit was
found to be rather difficult) and permitted further dilutions of solutions. The can was

sealed with a gold o-ring.

ii) Closed Cycle Refrigerator (CCR)

All the neutron experiments presented in this work were performed at temperatures in
the range 200 to 230 K. This was achieved using a standard Closed Cycle Refrigerator
(CCR) provided by the ISIS sample environment. The CCR operates mechanically by a
cycle of compression and expansion of helium gas which cools a cold head to as low as
10 K. Thermal contact between the cold head and the cell was made by a copper frame
attached to the top and bottom of the cell to minimise temperature gradients across the
sample (figure 3.5). The copper frame also positioned and aligned the cell in the centre
of the beam. The temperature control of the sample was provided by computer
controlled heaters and thermocouples which were inserted into the top and bottom of the
copper frame. Once the required temperature was reached, a stability of better than

1+0.1K for many hours was possible.
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CHAPTER 3. EXPERIMENTAL

3.2.4 Experimental measurements

In order to obtain the normalised structure factor of the sample, the following diffraction

measurements need to be made:

i) Sample in the cell + CCR

ii) Empty cell(s) + CCR - for each cell used.
iif) CCR - with the sample cell removed.

iv) Vanadium rod —no CCR

v) Empty instrument - with the CCR removed.

These measurements should be taken, if possible, under the same conditions as the
sample, and each measurement must be collected over a long enough period in order to
ensure the same order of magnitude of statistical error (~0.5-1 %). The vanadium
measurement is used for the normalisation of the sample data to an absolute scale (see
section 4.1), as its scattering cross section is almost entirely incoherent and its
diffraction pattern is well known. The neutron data analysis procedure is discussed in

chapter 4.
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3.3 X-ray diffraction experiments: Philips X-Pert 6-0 diffractometer

The X-ray diffraction measurements presented in this work were taken on the in-house
Philips X-Pert 6-0 diffractometer, optimised for studies of liquids and disordered
systems. The optics of this diffractometer used the Bragg-Brentano para-focusing
geometry with X-rays reflected from the free horizontal surface of a sample. The
goniometer arms, fitted with the primary and secondary optics, rotate at an angle 6 to
the horizontal surface as shown in figure 3.6. This arrangement allows use of a
divergence beam which offers a considerable increase in the scattered flux compared
with that from a collimated beam or transmission methods. However, this set-up is very
sensitive to sample height errors and therefore requires the sample level to be kept
constant during the data acquisition. The details of both primary and secondary optics

are discussed below.

3.3.1 Bragg-Brentano para-focusing optics

i) Goniometer arms

The X-Pert diffractometer used high precision Philips goniometer arms (PW3050)
controlled by a closed-loop servo system that continuously monitors their positions. The
goniometer was operated in a 8-8 mode and rotated in a vertical axis. The angular
resolution and reproducibility of the goniometer are quoted as +0.0025° and +0.0001°

respectively and measurements in the range 0 to 167° are possible (Philips 1994).
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CHAPTER 3. EXPERIMENTAL

given by sinBm,y/A. The tube was operated at ¥ = 50 KV and 7 = 30 mA for all

experiments.

iii) Beta filter

In order to perform amorphous diffraction experiments with this diffractometer it is

necessary to monochromate the X-ray beam (Q=4” sin%) before it leaves the

primary optics. A beta filter has an absorption edge falling between the anode K, and
Kjg lines and thus reduces the intensity of the Kg line by a much greater proportion than
the intensity of the K, line. For the Mo tube, a zirconium (Zr) filter of 0.0081mm
thickness reduces the Kg line by 99% and the K, line by 56% (Philips 1993). For all
experiments, a 0.008 1mm thickness Zr filter supplied by Philips was placed in the front
of the tube.

iv) Slits and mask

The slits and mask are used to control the area of the sample to be illuminated and
“viewed” by the detector. Consequently, the intensity of incident and scattered beams
and angular resolution are defined by the slits and mask. In focussed optics geometry,
the incident beam diverges until it reaches the sample and the scattered beam converges
from the sample until it passes through the focal point (see figure 3.6). The length

illuminated by a divergence beam of angular spread ¢ at a scattering angle @1is given by

(3.4)

L=D, sin(g

2 ) sinfp +%)+ sinfp - %7)

where D is the distance from the detector to the sample. The focus dimensions of the

line focus X-ray tube were 0.04 X 12 mm.
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Beam mask
The mask fitted in the incident beam path defines the illuminated width of the

sample. For this work, beam masks of 10 mm and 15 mm widths were used.

Soller slits
The soller slits limit axial divergence of the X-ray beam and are fitted to both
the incident and scattered beam paths. The soller slits with a divergence of 0.04

radians were used.

Programmable divergence and anti-scatter slits

The divergence slit fitted in the incident beam path controls the divergence of
the incident beam. The diffractometer was fitted with a Programmable
Divergence Slit (PDS) that can be operated in two modes: i) constant divergence
angle or ii) constant illuminated length. For this work, the latter was used. The
main advantage of using the constant illuminated length over the fixed
divergence angle was the increase in the incident intensity (divergence angle)

with scattering angle, / o< sin(er) , which compensated for the decrease in

incident
the scattered intensity at high angles due to the fall in the scattering factor. The
Programmable Anti-Scatter Slit (PASS) fitted in the scattered beam path is
operated to match the divergence slit size. This limits the scattered beam with
only the same divergence to the incident beam to enter the secondary optics and

reduces background radiation levels.

Programmable receiving slit

The Programmable Receiving Slit (PRS) is fitted at the focal point of the
scattered beam to improve angular resolution. The slit can be varied in size
between 0.05 and 3.0 mm. The gain in resolution is the greatest for 0.05 mm slit-
size but at the greatest expense of scattered intensity. For this work, the PRS of

0.5 mm was used.
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v) Detector

The diffractometer was fitted with a Philips scintillation detector (PW1964) that
consists of a Nal crystal and a photo-multiplier. This detector is particularly suitable for
detecting short wavelengths such as those from a Mo tube (100% efficiency for
0.7107A) and has a maximum background noise of 8 counts/s (Philips 1993). However,
the energy resolution (the ability to select narrow energy) of the detector is relatively
poor and therefore it requires a monochromator in the secondary optics to prevent any

non-monochromatic (inelastic) X-ray photons reaching the detector.

vi) Monochromator

A monochromator is used to exclude or reduce background and incoherent (Compton,
multiple scattering, fluorescence etc.) contributions from diffraction measurements. The
diffractometer was fitted with a Philips focussing curved graphite monochromator,
which was factory aligned for the Mo K, radiation to focus on the PRS. This
monochromator used the (400) Bragg reflection plane (d = 3.35A, 63 = 12.1°) as
opposed to the more efficient (200) plane. As a result the intensity loss of K, radiation
was in the order of 90 to 95 % (the reflectivity of the (002) plane for the Mo K,
radiation is about 30 to 50%).

Figure 3.8 shows the (400) rocking curve of a flat graphite monochromator measured
using Mo radiation by Philips. The rocking curve can be used to estimate the fraction of
Compton scattering excluded from measurements by the monochromator:

The wavelength of the Compton scattering shifts to larger values with increasing angle

AAMB) =2, (1-cos(20)) (3.5)

ar . (1 AL
and O.omm =Tsm(5cos 1(1— 2 D (3.6)

(4
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As the detector is focussed on the Bragg reflection from the monochromator

A =2dsin(8,) (3.7)

AA =2d cos(8,)A6, (3.8)

where Op is the reflection angle of the monochromator and A8z is the width of the
reflected peak, which can be extracted from the rocking curve. Therefore, the fraction of
Compton scattering excluded is a function of 20 and it is the largest at high angles. At
small angles, the shift in the Compton wavelength from the K, radiation is too small for
the monochromator to separate the inelastic contributions from the scattered intensity.
The comparison between the theoretical and discriminated Compton scattering profiles

of water is shown in figure 4.12.

250K
] Flat Crystal

Counts ]
FWHM = 0.374 deg

(004)

Mo - Radiation

Figure 3.8 The rocking curve of the flat graphite monochromator.
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3.3.2 Alignment

Although the Philips engineers regularly serviced the diffractometer during the course
of this project, the optical alignment of the diffractometer was also carried out by the
author to ensure that the diffractometer was working efficiently. The instructions for full

alignment of the optics can be found in the X-Pert service manual (Philips 1994).

i) Adjusting the X-ray tube height

The height of the X-ray tube was aligned to the centre of the goniometer using a
fluorescent disc. A fluorescent disc was mounted on a standard sample platform
and the PDS was set to give a narrow image (~5 mm) on the disc. It was
assumed that the tube height was correctly aligned when this image was on the
middle of the central line marked on the disc. This check was made at various

angles and with different beam sizes.

ii) Zero point calibration of the Goniometer arms

A metal block with a horizontal narrow channel (~70 mm long, ~0.01 mm wide)
milled through it was used to level the goniometer arms. The metal block was
mounted in the sample position and Cu filters (~0.2 thickness) were inserted in
both the primary and secondary optics to prevent the overloading of the detector.
The slits were then opened up (PDS = PASS = 4°, PRS = 0.5 mm) and the
goniometer arms were rotated until the intensity reached its maximum. Next the
PASS and PRS were narrowed (PASS = 1/32°, PRS = 0.05 mm) and only the
secondary arm was rotated until it was aligned with the collimated beam. Finally
the PDS was narrowed (PDS = 1/32°) and the primary arm was rotated until the
intensity reached its maximum. This procedure checks for slit zero point and

aligns the tube, the goniometer centre and the detector in a horizontal line.
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iii) Linearity test

After aligning the diffractometer, the linearity of the goniometer was checked by
comparing the peak positions measured using a silicon disc with the theoretical
values. The program provided by Philips automatically searched for the peaks,
measured their intensities and calculated the difference between the theoretical
and measured peak positions. The linearity was checked in the range 20 =12 to
75° (12 peaks) and deviations of about £0.01°, which can be due to the effects of

finite particle size and absorption, were accepted.

3.3.3 Continuous flow Liquid Nitrogen Cryostat and Sample cells

The liquid nitrogen cryostat specifically designed by Oxford Instruments for the X-Pert
diffractometer for this work was used to prepare the samples in-situ (Oxford
Instruments 1998). The cryostat has been designed to allow gases or liquids to be
introduced directly into the sample cell and the sample temperature to be continuously
varied between 80 and 300 K. A schematic diagram of the cryostat is shown in figure
3.9.

The cryostat is mounted upright to the centre of the goniometer arms and the X-
ray beam enters through the 190° clear mylar window on the outer vacuum chamber
(OVC) and through the window on the sample cell (see figure 3.10). The OVC
thermally isolates the sample cell and the cold head from the surrounding environment.
The clear windows allow visual access to the sample space, which was vital to the in-
situ sample preparation. The height of the cryostat (the vertical sample position) can be

adjusted by approximately 10 mm via the nuts on the supporting frame.

The sample cell is attached to the cold head, which is cooled by a continuous

flow of liquid nitrogen through it. The temperature of the sample is maintained by a
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thermocouple and heater mounted on the cold head which are controlled by the Oxford
Instruments ITC temperature controller. The cryostat cooled to 200 K within 30 minutes
and a stability of better than +0.5 K was possible.

Two types of inner sample chambers (ISC) and sample trays were specifically
designed by the author for this work (see figure 3.11). Both the cells have been designed
so that they may be dismounted from the cryostat and isolated from the surrounding

environment. The in-situ sample preparation procedure is given below

i)  The inner window chamber and the back plate/sample tray were demounted and
they were placed in a glove box. At this point, the fitting between the polyline

and the sample cell (the hex nut) was carefully checked.

ii) A freshly cut alkali metal ingot was loaded into the sample tray and the sieve-
cover was placed over it. The sieve-cover prevented the metal from falling out
during the loading process and prevented the metal from floating to the surface

of the solution.

iii)  The inner window chamber and the back plate were sealed with indium o-rings

by the 8 cap head bolts.

iv) A Hoffman clip was placed on the polyline to make a hermetic seal.

v)  The sample cell was removed from the glove box and mounted on the cold head.

Then the polyline was connected toV8.
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